Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

ISSN: 2377-3634

International Journal of

Diabetes and Clinical Research
Review Article: Open Access

The Crossroad of Inflammation and Diabetes: Role of Toll-Like Receptor
Behrouz Salehian1* and Vahid Mahabadi2
Department of Clinical Diabetes, Endocrinology and Metabolism, City of Hope Diabetes & Metabolism Research
Institute, USA
2
David Geffen School of medicine, University of California, Los Angeles, USA
1

*Corresponding author: Behrouz Salehian, Department of Clinical Diabetes, Endocrinology and Metabolism, City
of Hope Diabetes & Metabolism Research Institute, Los Angeles, USA, E-mail: bsalehian@coh.org

Introduction

Abstract
A different facet of type 2 diabetes was recognized in the early 80s
with the demonstration of the “state of coagulation activation” and
“endothelial dysfunction / activation” in not only type 2 diabetes but
also in obesity. The discovery of tumor necrosis factor (TNF) alpha
and its physiological role including many aspects of coagulation
activation and endothelial dysfunction was later found to have a
correlation with adiposity and type 2 diabetes. Further knowledge
in the metabolic function of TNF and concomitant discovery of
elevated cytokines released from adipose tissue suggested the
integral involvement of inflammation in the pathogenesis of type 2
diabetes and obesity. The increased influx of monocytes in adipose
tissue, an inflammatory state, elevates TNF alpha secretion leading
to the induction of insulin resistance through the release of free
fatty acids from visceral adipose tissue; furthermore, TNF alpha
directly causes insulin receptor signaling dysfunction by shifting the
phosphorylation residues.
The fundamental question of why excess adiposity stimulates
inflammatory response, thereby insulin resistance, lingered for a
decade. The demonstration of free fatty acids (lauric, palmitic and
stearic acid) engaging Toll Like Receptor 4 to stimulate innate
immunity has some similarity to bacterial lipopolysacharides;
providing the link of visceral adiposity to inflammatory syndrome.
This article provides a historical review of the progression of
knowledge in unmasking the inflammatory aspect in diabetes
and visceral obesity, which were diseases often associated with
hyperglycemia. In fact, it is the inflammatory aspect of the disease
that governs the basic pathophysiology with complex interplays at
the cross road of inflammation and metabolism.
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Part 1- Early Findings in Type 2 Diabetes: How
the shift was made from a metabolic disease to an
inflammatory disease
Coagulation Activation and Endothelial Dysfunction
in Type 2 Diabetes Mellitus
Since the mid-80s, it has become progressively accepted that
patients with type 2 diabetes are in procoagulant state with elevated
Tissue Factor in their plasma, which has been suggested to activate
the coagulation cascade. Increased thrombin activity as measured by
fibrinogen peptide derivative B beta [1], or Thrombin-antithrombin
complex (TAT), points to a constant and latent activation of
coagulation, and an inability of endothelium to defend itself by
adequately releasing tissue plasminogen activator (tPa) in type 2
diabetic patients. In one study, it has been shown that the state of
activation of coagulation are promoting clot formation in person
with diabetes and stable angina, as oppose to non diabetic, nonobese person with stable angina [2]. Furthermore the tpA release
from the endothelium, one of the last line of defense against formed
clots, is abnormally absent or low in diabetic patients with angina [2]
or without angina [3]. Other elements of coagulation activation in
type 2 diabetes are fibrin degradation product, factor VIIa, thrombin
activation product and fibrinogen [4]. The procoagulant state in type
2 diabetes is unrelated to the presence or absence of complications
[4]. In particular, plasma plasminogen activator inhibitor type 1 (PAI
1) is constantly elevated among patients with type 2 diabetes [5],
whereas the markers of fibrinolysis are insufficient, and the balance
usually tilt towards procoagulant state.
Use of invasive and non-invasive methods demonstrated an
inability of arterial vasodilatory response when exposed to ischemia in
patients with type 2 diabetes. As a prelude to an extensive examination
of endothelium as a culprit to abnormal coagulant response in
diabetic patient; earlier work clearly demonstrated von Willebrand
factor (VWF) as an endothelial distress signal [5] and E-selectin
as an index of endothelial activation released from endothelium
(and promoting the activation of platelets) in diabetic patient with
coronary artery disease [6]. Interestingly, better glycemic control has
no impact on improving endothelial activation and procoagulant
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state [7]. However, in a cross-sectional study, the levels of thrombin
generation after platelet activation with calcium chloride tend to be
associated with the degree of glycemic control, where subjects with
poor glycemic control (HbA1c ≥9) were associated with higher
thrombin generation and shorter clotting time [8] in comparison
to the control and subjects with good glycemic control (HbA1c <9).
It has been shown in another study that improvement of glycemic
control with troglitazone, a first drug of the thiazolodinedione, was
associated with decrease thrombogenicity [9] as measured by clot
generation using Badimon perfusion chamber to mimic abnormal
rheology of coronary arteries. Troglitazone, a PPAR gamma agnonist
is known to have anti-inflammatory effect through adiponectin
synthesis [10] and decreases TNF alpha level [11]. It is unknown
whether this antithrombogenic effect is mediated by improvement
of glycemic control or the reduction in inflammatory cytokines.
E-Selectin represents activation of endothelium, an event that usually
takes place with inflammatory response. As a marker of endothelial
activation, E-selectin correlates with visceral obesity, while glycemic
control has no or minimal effect. Waist to hip ratio has been shown to
be correlated to E-selectin, and interestingly, weight reduction causes
E-selectin reduction suggesting the process of endothelial dysfunction
and procoagulant state is related to adiposity and inflammation but
not as the result of hyperglycemia per se in type 2 diabetics [12].
Furthermore, elevated levels of intercellular adhesion molecule-1
(ICAM-1), vascular-cell adhesion molecule-1 (VCAM-1), P-selectin
and major cytokines (TNF alpha and IL-6) were found in obese
women and is associated with visceral obesity. Conversely, weight
loss leads to decrease in the serum level of cytokines (TNF alpha
and IL-6), E- selectin, and normalization of endothelial response to
vasodilators [13]. Thus, not only obesity is associated with activation
of coagulation, but also the involvement of cytokine signaling, while
the role of hyperglycemia seems absent in this complex interaction.
Both the activation of coagulation and elevation of pro-inflammatory
cytokines level are interconnected with visceral adiposity; therefore,
endothelial dysfunction and coagulation activation poses a greater
risk for a diabetic obese patient for cardiovascular events.

Cytokines and Coagulation Activation
Cachectin is a hormone secreted by macrophages with the ability
to suppress lipoprotein lipase (LPL) activity in 3T3-1 adipose cell line
[14]. This hormone later became widely known as tumor necrosis
factor (TNF) Alpha [15,16] and has been shown as a prototype
of inflammatory cytokines to promote tissue factor activation,
and promoting coagulation pathway activation. Tissue factor is
believed to be a major initiator of coagulation in vivo. TNF alpha
concomitantly decreases activation of protein C, and increase the
release of protein S from endothelium. During active inflammation,
thrombin mediated protein C activation and formation of functional
activated protein C-and Protein S complex on the endothelial
lining were attenuated, promoting shift toward coagulation, while
natural anticoagulants (protein C and S) are ineffective to protect
endothelium [16]. Interestingly, both TNF and Interleukin(IL)1 were
found to increase the level of PAI-1 and decrease the tPA release
from endothelium in a dose dependent manner [17]; a condition
that was frequently observed not only in type 2 diabetes mellitus but
also in visceral obesity and further demonstrates the improvement in
endothelial fibrinolytic reaction due to attenuation in inflammatory
syndrome. While the role of TNF alpha released from macrophage
as a response of host to the lipoproteins of bacterial cell wall in septic
shock was well known in late-80s [18], some 20 years later, TNF alpha
is providing the link between obesity and diabetes, with the discovery
of Toll Like Receptors (TLR).

Cytokines and Endothelial Activation
Tumor Necrosis Factor alpha as described has been shown to
activate endothelial cells in vitro and promote platelet thrombus
along with fibrinopeptide A and fibrin deposition on endothelial
surface [19], which led to the discovery of vascular permeability factor
induced by cytokines in mouse bearing TNF sensitive tumor. This
vascular permeability factor was found to have the ability to activate
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macrophages and monocytes with chemotactic effect on crossing
the endothelium [20], which plays a major role in atherosclerosis.
The effect of TNF on endothelium is mediated mostly through
the P55 endothelial surface receptor for expressing cell adhesion
molecules, mediating macrophages migration in atherosclerosis and
accentuating inflammatory response in and around endothelium e.g.
smooth muscle cells [21].
Interestingly, similar changes and endothelial activation was
found to be induced by advanced glycated byproducts, glycated
proteins that accumulate in rapid rate in the vasculature of diabetic
patient [22]. Treatment of poorly controlled diabetic patients in a
randomized cross-over study using insulin and sulfonylurea over
a course of 16 weeks each did not attenuate the increased levels of
markers of activation of endothelium, coagulation and inflammation
despite improved glycemic control [23]. It was already known that
many aspects of endothelial activation and state of inflammation
found in diabetes has a counterpart in patient with obesity. Similar to
diabetic person, obese person who has visceral fat, not only has similar
dyslipidemia as a person with diabetes/ metabolic syndrome, but
also exhibit increase in tissue factor VII, elevated PAI -1, endothelial
dysfunction, along with features of inflammatory syndrome including
IL-6 levels, C- reactive protein [24]. The similarity of endothelial
response in inflammatory condition with visceral obesity and type 2
diabetes led to the concept of inflammation induced insulin resistance
[25].

Inflammation and Adipocytes
One of the characteristic effects of TNF recognized early on
was the suppression of LPL synthesis in 3T3-L1 adipocytes cell line,
which was later found to be an oversimplification. The synthesis of
the enzyme and its activity actually increases in the liver and overall
in the blood of animals (mouse, rats and guinea pigs) [26]. After
one single TNF infusion, the adipocytes’ LPL synthesis and activity
were suppressed for 48 hours and resumed after 1 week, while the
adipocytes LPL activity and synthesis declines [26]. However in
human adipocytes, TNF alpha has no effect on LPL synthesis and
activity [27]. TNF has been shown to increase lipid production,
triglycerides, liver LDL production, and hepatic sterol synthesis in
humans [28]. Obesity in humans is associated with alteration of
metabolic function of adipose tissue with release of free fatty acids,
cytokines and change in certain hormones such as resistin and
adiponectin levels. Adipose tissue of obese subjects compared to lean
subjects has increase expression of TNF alpha, IL-6, iNOS, TGFB,
C-reactive protein [29] monocyte-derived chemotactic protein
-1(MCP-1) [30]. MCP-1 has been shown by itself affecting the
function of adipocytes, decreasing insulin stimulated glucose uptake
and expression of several adipogenic genes including lipoprotein
lipase, adipsin, glucose transporter-4, beta 3 adrenergic receptors, and
most importantly, PPAR Gamma expression [30]. The interaction
of TNF and monocytes is self-perpetuating, causing MCP-1 release
and further deterioration of glucose uptake and release of free fatty
acids. Furthermore, hyperinsulinemia, which is the hallmark and
companion of visceral obesity, also stimulates secretion of MCP-1
[30]. MCP-1 is an insulin sensitive hormone, similar to procoagulant
factor, PAI -1[30]. The numbers of monocytes and macrophages
derived from bone marrow in the adipose tissue positively correlated
with adipocyte size and body mass; furthermore, adipose tissue
macrophages accounts for almost all of the adipose tissue TNF alpha,
IL-6 and iNos expression [31].
In fact, the inflammation that ensues from accumulation of fat
is dramatically causing elevation of serum level of insulin in mouse
and in humans, initiating the process of diabetogenesis [32]. In
genetic mouse model of obesity( db/db, ob/ob) and in fat induced
obesity, upregulation of genes and macrophage specific genes such as
MIP-1 alpha (macrophage inflammatory protein 1 alpha), ADAM8
(a disintegrin like metalloproteinase), MCP-1, and macrophage
antigen -1 (CD 11b) in white adipose tissue precedes the migration
of macrophages to adipose tissue, lipolysis and giant cell formation,
and dramatic increase in serum insulin levels [32]. The expression
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of inflammatory genes are restricted or enriched in macrophages
[32]. MCP-1 expression is also increased in isolated adipocytes from
obese subjects and is associated with insulin resistance. Weight loss
is accompanied with not only decrease in serum insulin levels but also
the serum levels of MCP-1 [33].

sensitizing and anti-inflammatory hormone in humans, while resistin
was found to be acting against adiponectin. Thus, adipose tissues are
engaged in complex interactions to protect insulin sensitivity, when
the system is driving the metabolic system toward insulin resistance,
diabetogenesis and promotion of atherosclerosis.

Interleukin 6 has a pleotropic inflammatory response and
increases acute phase reactant proteins from the liver; however, it
also has anti-inflammtory effects as well [34]. IL-6 secretion during
inflammatory process is an association within the inflammatory
response of the host, but in fact it is key in controlling the downward
spiral of the inflammatory response. It has been shown that weight
loss is associated with a decrease in expression of TNF alpha, IL-1
beta, IL-1Receptor and IL-18 in peripheral mononuclear cells,
however compared to the control group without weight loss, an
increase in expression of IL-6 was observed among those who are
loosing weight and sustaining their weight loss [35]. Interestingly,
there is a negative correlation between peripheral blood mononuclear
cells (PBMC) [35] expression of IL-6 and of insulin levels (tertiles)
among subjects with sustained weight loss. This demonstration
further highlights the inflammatory components in obesity, and
improvements in glycemic control and insulin resistance can be
achieved by reducing proinflammatory cytokines and increasing
anti-inflammatory cytokines such as IL-6. In another study among
obese subjects, increased in serum IL-6 was observed [36]. IL-6 has
been demonstrated to improve insulin sensitivity when infused to
human volunteers by increasing glucose disposal without affecting
endogenous glucose production [37]. IL-6 increases fatty acid
oxidation, increases glucose transporter 4 translocation and thereby
increases insulin mediated glucose uptake, all through AMP Kinase
(AMPK) pathway [37].

Adiponectin

Adipokines
Not only inflammatory cytokines such as TNF alpha, IL-6 and
MCP-1 are secreted from adipocytes but also a plethora of other
hormones. Leptin, the first adipocyte-derived hormone to be
discovered, is a major hormone affecting resting energy expenditure
and satiety. Next, adiponectin was discovered as a major insulin

Adiponectin, found abundantly in plasma of healthy humans, is
an exclusive adipocyte-derived cytokine, which is composed of a long
polypeptide with 244 amino acid (30-kDa), initially characterized by
Scherer PE et al. in 1995 [38-40]. The Adiponectin gene is located
on chromosome 3q27 [41], which has been linked to metabolic
syndrome, type 2 diabetes, anti- atherosclerosis and plays an
immunomodulatory role as well (Figure 1).
Adiponectin is produced in two structurally distinct forms in
plasma, which is globular and full-length with 3 species of multimers
that are all biologically active. Adiponectin exerts its effect by
binding to three receptors discovered so far (AdipoR1, AdipoR2, and
T-cadherin-CDH13), with distinct tissue specialties and affinities.
In some studies, the cut-off value (in microgram/ml) of adiponectin
has been used to determine the development of metabolic syndrome
and diabetes mellitus, although it’s not fully functional and not
a standard for routine practice. Kadowaki et al. showed that
hypoadiponectinemia is caused by interactions between both genetic
factors such as SNPs in adiponectin gene and environmental factors
such as sedentary lifestyle, which leads to obesity [42].
Many observational studies showed beneficial effects of
adiponectin in fuel metabolism. Its production by adipocytes
directly affects insulin resistance, insulin level, lipid metabolism, and
inflammatory responses that are involved in many different pathways
by diminishing TLR-4 signaling as a culprit in this process, which will
be discussed in more details below.
There is a strong association between adiponectin and the risk
of developing type 2 diabetes. Studies showed that in subjects with
insulin resistance and hyperinsulinemia, the level of adiponectin is
considerably lower. Lower adiponectin level plays a more crucial role

Hepatoprotective actions of
Adiponectin
Adiponectin

FAS(-)

ACC(-)

CPT1(+)

CD36(-)

TNF(-)

FA Influx (-)
Lipogenesis (- -)

FA Oxidation (++)

Inflammation, IR

Figure 1: The metabolic function of adiponectin. After release from adipoblasts and adipocytes, adiponectin inhibits Fatty-Acyl synthesis both in the liver and
muscle, inhibits Acetyl Co-A carboxykinase, while stimulating Carnitine palmitoyl transferase 1 to promote transfer of fatty acid to mitochondria for beta oxidation.
The end result is decrease in fatty acid synthesis, promotion of fatty acid oxidation. Adiponectin, by down regulating CD36 receptor, decreases Fatty acid influx
to hepatocytes and myocytes, and by inhibition of TNF alpha release and action, decreases inflammatory influence of TNF alpha on free fatty acid release to the
circulation and attenuates the insulin resistance.
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in the development of diabetes even when compared to the degree of
adiposity and glucose intolerance [43].
Tsuchida et al. showed that the expressions of both adiponectin
receptors (AdipoR1 & AdipoR2) are significantly decreased in the
muscle and adipose tissue of insulin resistant ob/ob mice, which could
be due to obesity-linked hyperinsulinemia [44].
Beside diabetes, adiponectin can exert its anti-inflammatory
effects and protection in other disease models. Yamaguchi et
al. investigated the potent inhibitory action of adiponectin in
inflammatory response and its negative regulation on macrophagelike cell response toward toll-like receptors. They demonstrated the
regulatory functions of adiponectin as anti-inflammatory molecule
in bacterial and viral infections [45]. Along the same line, Jenke
et al. demonstrated in an experimental autoimmune myocarditis
mouse model, adiponectin protects against interaction of cardiac and
immune cells by diminishing the TLR4 signaling and attenuation
of inflammatory response [46]. This work showed adiponectin
mediates cardioprotection by modulation of inflammatory response
and decreasing the cardiac injury following ischemia. Systemic
overexpression of adiponectin resulted in reduction of cardiac
expression of TLR4, immune cell infiltration, myocardial injury, NFКB (which controls pro-inflammatory targets such as TNF-α, IL-6,
ICAM-1 & CCL-2), activation and migration of immune cells, and
subsequently cardiomyocyte apoptosis [46].
In addition, it has been shown that adiponectin is involved
in anti-inflammatory pathways in alcohol liver disease and serves
a protective role. Working models showed that chronic alcoholdependency causes sensitization of TLRs with subsequent cytokine
production (TNF-α) by Kupffer cells and liver injury. Adiponectin
exerts it anti-inflammatory action through adiponectin receptors on
Kupffer cells in the liver [47].

Leptin
Leptin from Greek leptos, which means thin, is a hormone
produced by adipose tissue with a crucial role in energy homeostasis
in central and peripheral tissues mainly on weight and appetite
control. Leptin is the first multifunctional adipose-derived cytokine
discovered in 1994 and the gene is located on chromosome 7 in
humans and called ob (Lep) gene. The gene codes for production of this
polypeptide hormone, which consists of 167 amino acids. Its effect on
body exerts through both leptin itself and its receptor (LEPR), where
deficiency of either one could cause profound hyperphagia, obesity
and strongly correlated with body mass index (BMI) and body fat.
Leptin serum concentration reflects the proportion of adipose tissue
[48,49]. Subsequent studies demonstrated that leptin is involved
in other pathological conditions including cardiovascular disease,
immune system, reproductive system, and most recently recognized
as a potent angiogenic factor [50]. Leptin acts both centrally and
peripherally to exert the above mentioned effects. Centrally, at
hypothalamus, leptin can interact with six types of different receptors
that are present on hypothalamic nuclei in order to counteract the
effect of neuropeptide Y on mediobasal aspect of arcuate nucleus as
potent hunger stimulator and activating alfa-melanocyte-stimulating
hormone on lateral aspect of arcuate nucleus as hunger suppressant.
In the recent work of Wagner et al, the triggering effect of TLR4 mediated activation of these receptors and disruption of leptin,
ultimately leading to regulation of feeding behavior [51]. In fact a
hypothalamic inflammation induced by TLR-4 activation (see below),
is possibly involved in leptin resistance and eating behavior as a novel
underlying mechanism of obesity [51].

Resistin
Resistin is an adipose-derived peptide hormone encoded by the
RETN gene and consists of 180 amino acids, rich in cysteine with
molecular weight of 12.5kDa, secreted by the adipose tissue in rodents
and by the macrophages in humans.
Resistin inflammatory profile shows that it participates in
inflammatory states, such as infection and encounter of bacterial
Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

lipopolysaccharide, or chronic conditions like atherosclerosis,
lung or liver disease with subsequent increase in expression of proinflammatory cytokines such as IL-1, IL-6, IL-12, and TNF alpha. The
other inflammatory function of resistin is upregulation of ICAM-1
and VCAM-1 in the recruitment of leukocytes to the site of infection
[52,53].
Resistin’s correlation with obesity and insulin resistance has
been demonstrated in many studies and is the subject of more
controversies. It has been demonstrated that serum resistin level is
increased in obesity and central obesity is one the major contributing
factors [52,54]. Also, it has been shown that leptin administration
decreases resistin expression and subsequently glucose homeostasis
[55]. Altogether, resistin seems to exert its role in adiposity by
inhibiting adipocyte differentiation and ectopic fat accumulation of
non-adipose tissue leading to development of type 2 diabetes. But
there are robust evidence that overexpression of resistin impairs
insulin action in insulin sensitive tissues. The role and contribution
of TLR-4 in the pathogenesis of obesity and insulin resistance in
association of resistin has been demonstrated [56].

Excess Visceral Adipose Tissue Induces Insulin
Resistance
In 1963, Randall proposed that free fatty acids (FFA) inhibits
glucose use, and increases production of acetyl co-A, which in turn
inhibits mitochondrial function of pyruvate kinase in muscle. In
obesity and type 2 diabetes, there is decrease glucose response to
insulin. In normal metabolic state, insulin increases uptake of glucose
by muscle, adipose tissue and suppresses gluconeogenesis from the
liver and blocks glucose output from the liver. In adipose [57] tissue,
insulin stimulates LPL, activating clearance of triglycerides rich
lipoproteins to FFA and monoglycerides, while suppresses hormone
sensitive lipase, the enzymes that is responsive to glucagon, adrenalin
and glucocorticoids, and causes release of FFA. However, there is
an increased release of FFA in the portal and systemic circulation
in the context of obesity and type 2 diabetes, where TNF acts as an
insulin antagonist, stimulating the release of FFA which in turns
inhibit glucose uptake by their insulin sensitive tissue [33]. In fact,
the failure of insulin to suppress FFA release is the early event in the
process of insulin resistance. Increase FFA leads to impaired insulin
signaling as well. Concomitant to increase TNF secretion impairing
insulin function, the decrease in adiponectin level in viscerally obese
person also play a crucial role for deepening insulin resistance. As
described above, adiponectin suppress fatty acid synthesis, decreases
the activity of Acetyl Co-A carboxykinase in liver and muscle,
consequently improving lipid oxidation; concomitantly increases
free fatty acid beta oxidation through Carnitine palmitoyl transferase,
while inhibiting TNF alpha and inflammatory cytokine release and
suppressing CD36 as mediator of fatty acid uptake in hepatocytes,
preventing both steatohepatosis and steatohepatitis. Inadequate
adiponectin and development of leptin resistance further promote
both visceral fat accumulation and aggravation of insulin resistance.
Skeletal muscle accounts for 80-90% of insulin mediated glucose
disposal [58] and is affected by insulin resistance; however, the more
important element in metabolic disturbances is the inability of insulin
to block FFA release from adipose tissue and the inability of insulin
to block hormone sensitive lipase, which is stimulated by counterregulatory hormones.
Increase in FFA, which is taken up by myocytes, impairs insulin
stimulated glucose disposal in skeletal muscle [59] through impaired
phosphatidylinositol-3-kinase (PI3K) phosphorylation, inhibits
insulin suppression of glucose production by the liver (glycogenolysis)
[60] and causes compensatory increase in Beta cell insulin release to
overcome the insulin-mediated glucose disposal defect. In addition,
excess FFA promotes hepatic neoglucogenesis [61] and formation of
triglycerides in hepatocytes, and release of VLDL from the liver and
hepatic glucose output. FFA excess by itself inhibits endothelial LPL
[62] as well. In fact, as a result of excess TNF alpha, FFA release has
been shown to start well before development of type 2 diabetes [63].
ISSN: 2377-3634
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Figure 2: Pathways involve after insulin binding to its insulin receptor. The metabolic pathway is mediated through PI3K and mitogenic function mediated by
mitogen activated protein (MAP) kinase pathway. The metabolic pathway stimulates glucose uptake through activation of glucose transporter-4 recruitment to cell
membrane, along with lipid synthesis in adipose tissue, protein synthesis in most organs and glycogen synthesis in liver and kidneys.

Taken together, the inflammatory process by virtue of
inflammatory cytokines that started in adipose tissue promotes FFA
release, causes insulin function defect in term of glucose disposal,
inability to block glucose output from the liver, and inhibits FFA
release from the adipose tissue resulting ultimately in lipo- and glucotoxicity, which leads to beta cell failure and diabetes. The impaired
insulin signaling is the hallmark of insulin resistance.

Molecular Aspect of Impaired Insulin Signaling
In the early-90s, with the discovery of the role of skeletal muscle
in insulin resistance some molecules emerged as likely candidate of
insulin signaling defect, e.g. insulin receptor itself, insulin related
phosphatases, insulin receptor substrates dysfunction, glucokinases,
glycogen synthases, and glucose transporters [64]. Both the oxidative
glucose utilization and non-oxidative glucose utilization (glycogen
synthesis) as well as glucose transport are impaired during early
phase of prediabetes [65]. While the binding of insulin to insulin
receptor is unchanged, the insulin receptor substrate and insulin
receptor kinases in patient with type 2 diabetes does not respond to
the same extent as a normal person. Human insulin receptor occurs
in two insulin isoforms with type A and B. A normal person has
only one isoforms of insulin receptor exclusively, where as diabetic
person has both isoforms [66]. The role of regulatory influence from
hyperglycemia and TNF factor on insulin receptor isoforms has been
shown in skeletal muscle. In fact, both acute hyperglycemia and
TNF exert inhibitory effect on insulin signaling, specially on insulin
receptor kinase, induced by protein kinase C activation [65].
Insulin binding to insulin receptor alpha subunit induces
conformational changes in the beta subunit, which leads to tyrosine
phosphorylation of downstream intracellular proteins as shown in
(Figure 2) [67]. It was shown that impaired tyrosine phosphorylation
was one of the molecular mechanisms of insulin resistance. TNF alpha
diminishes tyrosine phosphorylation of insulin receptor substrate
1 (IRS-1) and promotes serine residue phosphorylation. The shift
from tyrosine to serine phosphorylation by inflammatory cytokines
shifts the metabolic pathways mediated by phosphatidylinositol
Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

kinase to mitogenic pathway and MAP kinase pathway [68]. In
mouse model of obesity, blocking TNF restores insulin sensitivity,
and PPAR Gamma activator reverses TNF mediated IRS-1 tyrosine
phosphorylation inhibition [68]. Furthermore, TNF has the ability
to inhibit insulin signaling through P55 and P75 TNF receptors by
increasing sphingomyelinase activity which converts sphingomylein
to ceramides and cholin; an increase in intracellular ceramide,
similar to TNF alpha, ultimately suppresses insulin induced tyrosine
residue phosphorylation of the insulin receptor and IRS-1 [69].
Thus, providing a molecular mechanism of insulin resistance in
inflammatory syndrome associated obesity.

Part 2 - Why Excess of Natural Fat is Associated with
Inflammation?
Innate Immunity
When chemicals from non-living or living prokaryotes are
exposed to an organism of higher evolutionary state, a set of reactions
follows; the reaction seems to be a product of evolutionary experience
of the host. The primordial response to a foreign antigen is called
“The Innate Immunity Response”, it is mostly reactionary, pattern
recognition/ signature recognition; however, it evolves to direct the
host organism to develop a more sophisticated response (in case
the host organism achieved evolutionary steps) to generate the so
called adaptive response to target the invasive microorganism in a
more specific manner. Though in its primitive form, the innate
immunity is still able to distinguish self, commensal bacteria from
invasive pathogens and cellular debris from necrosis or apoptosis.
The reaction sometimes is costly, highly destructive, and may cause,
in certain condition, a massive cytokine storm leading to septic shock.
In humans, the innate immunity is comprised of different modality
of responses. Cells and proteins residing in mucosal membrane and
skin act as a barrier with ability to distinguish between commensal
bacteria versus pathogens. Receptive cells such as phagocytes,
dendritic cells, mediate their defensive function by their non specific
recognition receptors. The effector cytokines secreted from receptive
ISSN: 2377-3634
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Table 1: Major Toll like Receptors characteristics, functions and targets
TLR

Physiological
Function

Target (ligand) Molecules

Target (micro)
Organism

Co-Receptors

TLR1

Sensing of bacterial lipopeptides

Tripalmytated lipopetide
(Triacetylated lipoproteins)

Mycobacterium tuberculosis [89]
Borrelia Burgdorferi [90]

TLR2 [90]

TLR2

Sensing the antigen,
Enhancement of inflammatory
response, depletion of IRAK1 and
subsequent inhibition of type 1
IFNs secretion in viral infection

Tripalmytated lipopeptides, lipoteichoic acid,
peptiglycan bacterial, mycoplasma lipoprtoeins,
lipoarabinomannan of mycobacterium, soluble
modulin from staph epidermidis, zymosan of
yeast wall glycosylphosphatidyl inositol, viral
lipoprotein and glycoproteins
Alarmins ( product of cell destruction, apoptosis,
necrosis and tumor cells)

Gram positive and negative bacteria,
mycobacterium
Mycoplasma [91], hepatitis B and C
virus

MYD88, TIRAP

TLR3

dS RNA, viral antigens and
Apoptotic derived RNA

Endosomal, senses endocytosed
exogenous viral dSRNA, Poly I:C
(Polyribinosic:polyribocytidylic, extracellular in
certain cells [92]

Viruses e.g. positive strand RNA virus
polio, coxakie encephalomyocarditis
virus, HIV gag mRNA,
Epithelial TLR3 in Sjogren syndrome
[93].

Cytoplasmic domain
dimerization, downstream
activation through TICAM-1
[92]

TLR4

Bacterial lipopolysaccharide
sensing , Free fatty acids,

LPS lipid A consist of glucosamine, acyl chain
(FA residue) carbon chain length of 10-16
[94,95]
FFA chain of 12 Laurate or 16 palmitate [95]

Gram negative bacteria, endogenous
fatty acid from apoptosis of adipose
tissue
Contribute to obesity associated
inflammation and metabolic syndrome
[7]

CD14,
MyD88 [94], IRAK(IL-1
associated Kinase), TRAF 6

TLR5

Flagelin [96] Mucosal protection
of intestine, airway urogenital and
eye, distinct response to different
bacteria including antiapoptotic
activation

Flagelin monomere

All intestinal bacteria containing flagelin, MyD88
15000 different species with a 2X 10 6
distinct genes.
Flagelin Ipaf/ Naip 5 in
Responding according to the bacterial macrophages inflammome
toxicities

TLR6

A sensing and responding to
a certain categories of bacteria,
protozoan, and viruses after
heterodimerization with TLR2.
Soluble TLR2 has modulating
effect on TLR2 anchored to cells

MALP2 (mycoplasmal macrophage-activating
lipoprotein), molecules with Diacylglycerol,
triacylglycerol moities

Mycoplasma
Gram positive bacteria [97]
Cryptoccocus neoforman , Candida
albicans
Saccharomyces Cerevisiae
Entamaeba histolytica, cytomegalovirus,
Hepatitis C, Measles, herpes simplex,
respiratory cynstial virus [9]

MyD88CD14, CD36, TIRAP
RP 105, by decreasing
the threshold of the
concentration needed for
recognition and signaling

TLR7

Sensing of intracellular
ribonucleotide and in certain
circumstances extracellular
receptor mediated

Oligoribonucleotide, rich in adenosine and uracil Endocellular oligonucleotide from debris
of apoptosis, viral single stranded
RNA derived from viral RNA’s, (after
uncoating of viral RNA genome,
contribute to autoimmune disease

Unc93b1 a 12 pass integral
membrane protein on
Endoplasmic Reticulum.
with TLR9 traffic through
the Golgi [98] apparatus to
become endosome [10]

TLR9

Sensing of intracellular
deoxynucleotide

Non-methylated deoxynucelotide rich in
cytosine-guanine

Unc93b1, MyD88, TLR9
dimer in endosomal
compartment that enable
signaling [98]

cells are composed of different degrees of inflammatory activation
based on the type and amount of cytokines released with the acute
phase protein secretion from the liver and the complement system
activation with activation of inflammatory response. Furthermore an
array of cells initially known as dendritic cells and natural killer cells
engage and promote host defense. Other cells of innate immunity
such as basophils, eosinophils and mast cells are to defend cells, or
limit the degree of exposure of the living organism to parasites.
The key to the function of innate immunity are TLRs. Various
non-communicable diseases such as obesity, and its byproduct, type
2 diabetes, coronary artery diseases, and Alzheimer’s Dementia,
the so-called “cardiometabolic syndromes” are associated with
increased serum cytokines and c-reactive proteins. The interplay
of dysmetabolic condition and innate immunity is related to
activation of TLR, specifically TLR4, which set the stage for a chain
of inflammatory and consequently, an array of metabolic response
to support the cost of inflammation, setting another stage for more
chaotic cell response, which may emerge down the road as certain
cancers.

The Toll Like Receptors
Receptors in innate immunity
Receptor’s encounter with an antigen can result in activation of
innate immunity or building tolerance and in some cases ignorance of
antigen. The initial receptor binding response in innate immunity is
based on evolutionary preservation of a memory to recognize certain
characteristics of antigen, preserved from ancient time and evolve to
react accordingly. It is non-specific, has pattern recognition elements
and is able to react to extremely wide array of antigens.
Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

Intracellular DNA virus e.g herpes
simplex, can distinguish 2 CpG motif.
Recognition of Chromatin fragment to
protect against autoimmune disease

Receptors attached to the cells are categorized as pattern
recognition receptors which recognize pathogens associated
molecular patterns. The type of receptor that recognizes the antigen
and the cell that encounters the antigen are two elements with
important ramifications that dictate processes such as secretion
of cytokines or opsonins, and invitation of phagocytes and other
elements to the scene of encounter.
The major cellular membrane receptor known to be involved
in the innate immunity is TLR, which is comprised of 10 different
receptors each responsible for pattern recognition with TLR4 as
the most notable receptor. A list summarizing TLR’s physiological
functions, their target ligand, the most common target e.g. microbial
or endogenous pathological condition associated with their
activation, and their co-receptors site are listed in table 1. TLR’s
residence on different immune cells and the known pathological
response or pathological condition associated with their activation is
summarized in table 2. Apart from TLRs, there is a set of receptors
known as scavenger receptors, macrophage mannose receptors and
Dectin-1 as well.
The innate immunity can execute its function in the
following ways: 1) express on the surface of cells such as Toll Like
transmembrane receptors; 2) free flowing soluble receptors such as
c-lectin molecules either bound to membrane or soluble to recognize
certain glycoprotein associated to pathogenic antigens; or 3) being
cytosolic receptors, where they can recognize DNAs or phagocytosed
antigens. The innate immunity can also be categorized based on
their function and types of antigens recognized in the following
categories: 1) foreign pathogenic antigen (antimicrobial response), 2)
foreign non-pathogenic antigens (allergens, obesity), 3) self-antigen
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Table 2: Toll-Like co-receptor and their characterization
TLR

Co-Receptors/ other characteristics

TLR1

TLR2 [90]

TLR2

MYD88, TIRAP

TLR3

Cytoplasmic domain dimerization, downstream activation through TICAM-1 [92]

TLR4

Lipoprotein binding protein, CD14, MD2
MyD88, [94] IRAK(IL-1 associated Kinase), TRAF 6, TIRAP , PI (45) p2

TLR5

MyD88
Flagelin Ipaf/ Naip 5 in macrophages inflammome

TLR6

MyD88CD14, CD36, TIRAP RP 105, by decreasing the threshold of the concentration needed for recognition and signaling

TLR7

Unc93b1 a 12 pass integral membrane protein on Endoplasmic Reticulum. with TLR9 traffic through the Golgi [98] apparatus to become endosome [10]

TLR9

Unc93b1, MyD88, TLR9 dimer in endosomal compartment that enable signaling [98]

(autoimmunity), 4) altered self-antigen (cancers), and 5) foreign nonpathogen tolerance (commensal bacteria) [70].

Co-receptor of innate immunity and signaling pathways
Innate immunity, mostly through TLR, direct the first line of
defense against invading antigens, intracellular DNAs, and large
number of host and exogenous antigens by pattern recognitions,
setting the stage for more specific approach against the pathogen or
perceived pathogen (e.g. anti-DNA in Systemic Lupus Erythematosus).
This highly conserved pathogen-associated recognition molecules
necessitates co-receptor for activation leading to cytokines or
chemokines secretion through signal transduction, or in the opposite
end, to prevent activation when exposed to self-antigens or antigens
that needs to stay and promote biological entity proliferation (sperm)
without causing harm to the antigen or surrounding tissues. Table 2
summarizes the co-receptor associated with each TLR.
The function of TLR4 in sensing lipopolysaccharide (LPS) of
bacteria, which is a prototypical sensing machinery of TLRs. The
acute phase protein, Lipoprotein Binding Protein (LBP), binds to LPS
and transfer the LPS to the membrane anchored TLR by mediation
of CD14. This crucial part of transfer of LPS is a product of different
level of interaction that starts from the concentration of LBP, the
ligand co-receptor interaction which triggers PKC to activate PI
(4,5) p2 to start a chain of phosphorylation at cellular membrane,
endosomal membrane, or simply a lipid raft, to trigger the formation
NF kappa B and AP1. The seminal discoveries of TLR4 and its
associated co-receptor MD-2 contributed to the establishment of a
model in which CD14 acts as an LPS sensing receptor that accepts
LPS monomers from LBP and then transfer to TLR4:MD2 complex,
thereby promoting its ligand-induced dimerization.
Acute phase reactant, LBP in high concentration inhibits LPS
recognition, protecting the host from LPS-or gram-negative septic
shock. Interestingly, it seems that LBP exert this inhibitory action at
least partly by transferring LPS to serum Lipoproteins, such as HDL
or by forming inactive aggregates [71].
LBP acts similarly in the activation of TLR once exposed to the
product of adipose tissue lipids (e.g. palmytoil) in chronic obesity.
Decreased level of HDL in visceral obesity and during the process
of diabetogenesis is thought to be due to rapid clearance of HDL,
but factor as described above may explain the rapid clearance of the
lipoproteins from circulation, to prevent further TL4 activation, and
acts as compensatory mechanism.

Toll-like receptor 4: The link between obesity and
inflammation
As discussed earlier, viscerally obese subjects have activated
pro-inflammatory signals, increased downstream markers of
inflammation, activated anti-inflammatory signals to counteract
the inflammation, and hyperglycemia as a byproduct due to insulin
resistance induced by cytokines and beta cell failure. The question is
why do we have an inflammatory syndrome when we have an excess
of visceral adiposity and excess of circulating FFA? And what is the
link?
TLR-4 is known to bind to LPS of gram-negative bacterial cell walls
Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

[72,73]. Upon binding to LPS, its co-receptors trigger a downstream
signaling cascade leading to activation of NF Kappa B pathway, which
then activates the transcription of many proinflammatory genes
that encodes proinflammatory meolecules, including cytokines,
chemokines and other effectors of innate immune response [73]. The
majority of LPS is acylated with a moiety (Lipid A) that is saturated
fatty acids and removal of the Lipid A results in complete loss of
endotoxic activity.
Further research revealed that TLR4 is able to profile palmitic,
stearic and lauric acid of FFA [74,75]. LPA and lauric acid enhances
the association of TLR-4 with MD2 and downstream adaptor
molecules, MyD and TRIF, lead to activation of NF-kappa B [76].
Interestingly, hexadecanoic acid and other polyunsaturated fatty
acids downregulate TLR-4 activation. Palmitate and oleate, two of
the most abundant nutritional fatty acids, can also activate TLR-4
signaling [77]. Activation of Nf Kappa B activates the transcription
of many proinflammatory genes [78]. It has been shown that FFA
activates NF Kappa B in macrophage cell lines and causes cytokine
expression via TLR4 signaling. Not only lauric acid, but medium
chain fatty acids, palmitate and oleate, can also activate TLR-4 of
macrophages. Similarly, FFA activates TLR4 signaling in adipose cells
and tissue from cell culture to animal model of ob/ob, db/db and diet
induced obese mice, demonstrating adipose tissue is functional and
responding to excess adipose tissue [77]. The TLR-4 knockdown mice
adipocytes, once treated with FFA of palmitate and oleates, cannot
generate TNF alpha and IL-6, confirming the central role of TLR on
FFA induced inflammatory response.
As described earlier, FFA have been shown to cause insulin
resistance in vivo, and it appears that fatty acid induced insulin
resistance may be mediated in part by the proinflammatory signals.
How the FFA are sensed by adipose tissue in order to activate
inflammatory signal is unknown.
It is thought in humans that acute elevation of FFA activates
inflammatory signals through adipocytes mediated by TLR-4
signaling pathway [79]. Recently, a monoclonal antibody against fatty
acid lipid binding protein was described [80]. Fatty acid lipid binding
proteins are a homologous polypeptide of 14-15KD protein that
facilitates bindings of lipids to lipid membrane vesicle. It facilitates
solubilization and lipid transfer in adipocytes and has been found
as essential factor in adipose tissue metabolic response [81]. It is
the most abundant protein in adipose tissue and was considered a
possible target in adipose inflammatory disease e.g. obesity-diabetes.
The monoclonal antibody against fatty acid lipid binding protein has
been shown to attenuate the inflammatory response (TNF alpha,
IL-6 and MCP-1) through inhibition of TLR4 in diet-induced obese
mouse model [80] and could play a crucial role in the development of
treatment for obesity/inflammation induced type 2 diabetes.
High fat diet in both wild animal mice and TLR null mice causes
weight gain and similar fat accumulation. Wild animal elicits
inflammatory cytokine response in the aortic lysate with activation of
IKK Beta upstream of the signaling cascade, whereas TLR-4 null (TLR4 -/-) mice does not demonstrate inflammatory cytokine expression,
without activation Ikk Beta activity, and no down stream activation of
universal marker of cellular inflammation: the NF Kappa B activation.
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In wild animal mice, insulin induced phosphorylation of eNOS (a
unique aspect of endothelium) takes place, as compared to TLR 4 null
mice which has aborted response [82]. This landmark study clearly
demonstrated that NFkappa B is a mediator of activation of TLR-4
receptor in endothelial tissue. In human microvascular endothelial
cells, free fatty acid palmitate, subsequent to the activation of TLR-4
mediated IKK beta and downstream activation of NF Kappa B, causes
IL-6 and ICAM mediated insulin resistance. Insulin resistance can
be blocked by inhibiting TLR-4 function by siRNA or through My 88
(TLR-4 co-receptor) blockage [82]. These results demonstrated NF
Kappa B is downstream of TLR-4 receptor signaling pathway [82].

Role of Glucocorticoids in Obesity and Inflammation
Since the description of obesity as a “Cushing’s syndrome of
omentum” [83] by Stewart and colleagues, much is known now
that elicit the detrimental anti-inflammatory response to obesity.
As readers may remember, 11 beta hydroxysteroid dehydrogenase
type 1 (11BHSD1) is crucial for converting hydrocortisone which is
inactive glucocorticoid to active cortisol. There is abundance of type
1 oxydoreductase enzyme in omentum and visceral adipose tissue.
The consequence of excess visceral adipose tissue is the localized
production of active glucocorticoid (cortisol) in the adipose tissue,
which generates local anti-inflammatory effect; however, the most
detrimental effect is due to release of FFA from visceral adipose
tissue depots, contributing to excess fatty acid release to the portal
circulation and ultimately, insulin resistance and abnormal glucose
levels [83]. In fact, the 11BHSD1mRNA expression of omental
adipose tissue is 13 times higher in obese subjects when compared
to normal healthy person [84]. However there is no difference in
visceral adipose tissue 11BHSD1 mRNA enzyme of control subjects
and patients with Cushing’s syndrome due cortisol secreting adrenal
adenomas [84]. It is known that in obese Zucker rats, 11BHSD1 is
increased in adipose tissue and decreased in liver [85] while there is
an increased production of corticosterone and 11 oxidated substrate.
Similarly, obese person have excess 24 hour daily cortisol production
and excretion compared to normal weight person [86]; however,
the serum free cortisol level is not different owing to the increased
cortisol metabolization rate. Men have higher cortisol production
rate compared to women, and the excess production is thought to
be due to excess visceral fat in men compared to women [87] and
increases with age. There is a strong relation between intrabdominal
fat as measured by CAT scan and cortisol production rate measured
by dilution isotopes [86]. What is surprising is with weight loss, the
cortisol production rate as measured in crude term or adjusted for
fat mass or intrabdominal fat is increased by 40% and 100% [86],
and the increase in production is during the day as oppose to patient
with Cushing’s disease, where as the 11BHSD1 enzyme expression
decreases with weight loss. Insulin sensitivity correlates with increase
cortisol production and whether this is direct or indirect effect
of excess adipose fat, the increase activity of 11BHSD1 may play a
localize mechanism against inflammation in the visceral adipose
tissue, which by itself causes further accumulation of visceral fat and
promote insulin resistance and decline of insulin secretion leading
to beta cell failure. The increase in 11BHSD activity with weight gain
seems to be a consequence of the visceral adiposity. The alteration
and activation of adrenocorticotopic axis in obesity contribute to the
progression of obesity and diabetes.
The antihyperglycemic effect of metformin is due to decrease
neoglucogenesis in the liver, though the well known effect of
metformin on phosphorylation of AMP activated protein kinase
relationship to glucose metabolism is unclear. However, in a recent
study on metabolomic of metformin in healthy subjects demonstrated
an involvement of neuroendocrine system by change in urine cortisol.
In fact, metformin was found to induce AMPK liver X receptor alpha
phosphorylation followed interestingly by proopiomelancortin
suppression in rat pituitary cells. The decline in 24 hour urine cortisol
after metformin has been reported in humans and explains why
metformin decreases neoglucogenesis, the effect that is associated
with suppression of pituitary adrenal axis [88].

Salehian and Mahabadi. Int J Diabetes Clin Res 2015, 2:3

Conclusion
Visceral obesity is a precursor of an activation of inflammatory
process, the link of obesity to the inflammatory system is activation of
TLR-4 by FFA release induced by the cytokines due to the activation
of adipocytes, and macrophages residing in adipose tissue. The
contribution of 11BHSD as an anti-inflammatory factor in visceral
obesity contribute further to FFA release together leading to insulin
resistance and visceral fat gain, which ultimately leads to development
of type 2 diabetes. The inflammatory metabolic syndrome has
to be prevented in early phase of obesity to avoid diabetes and its
complication.
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