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Abstract: Diabetes mellitus (DM) is a chronic endocrine disease distinguished by hypergly
cemia due to disturbance in carbohydrate or lipid metabolism or insulin function. To date, 
diabetes, and its complications, is established as a global cause of morbidity and mortality. The 
intended aim during the management of diabetes is to maintain blood glucose close to normal 
because the majority of patients have poor control of their elevated blood glucose and are 
highly prone to severe macrovascular and microvascular complications. To decrease the burden 
of the disease and its complications, scientists from various disciplines are working intensively 
to identify novel and promising drug targets for diabetes and its complications. Increased and 
ongoing investigations on mechanisms relating to diabetes and associated complications could 
potentially consider inflammatory cascades as a promising component of the strategy in the 
prevention and control of diabetes and its complications. The potential of targeting mediators 
of inflammation like toll-like receptors (TLRs) are part of current investigation by the scientific 
community. Hence, the aim of the present review is to discuss the role of TLRs as a potential 
drug target for diabetes and diabetes associated complications. 
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Introduction
Diabetes mellitus (DM) is a chronic endocrine disease distinguished by hyperglyce
mia because of deregulations of carbohydrate or lipid metabolism or insulin function. 
The chronic hyperglycemic condition of the disease is correlated with relatively 
specific long-lasting microvascular and macrovascular complications.1,2 Based on 
etiology and clinical presentation of the disease, there are four types of DM; insulin 
dependent, noninsulin dependent, gestational, and other specific types of DM.3,4

Regulating the body’s blood glucose is crucial as complications of the vascular 
system are the major causes of death in diabetic patients. Persistent hyperglycemia 
and diabetes induced microvascular (retinopathy, neuropathy, and nephropathy) and 
macrovascular (heart attack, stroke, and peripheral arterial disease) complications 
are the major characteristic features of all types of DM. Apart from hyperglycemia, 
it is also distinguished by elevated level of oxidative stress indices, eg lipid 
peroxidation, decreased level of antioxidant defenses and dyslipidemia. The integ
rity of the liver is compromised and this is reflected by disturbances in glucose 
metabolism and activities or levels of biomarkers of liver function. Oxidative stress 
in diabetic patients induce the development of macro and microvascular complica
tions causing the incidence of atherosclerosis, kidney diseases, and neuropathy.5
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Diabetic retinopathy (DR), among the microvascular 
complications affects the tiny retinal vessels; arterioles, 
capillaries and veins due to an increase in vascular perme
ability, ocular hemorrhages, lipid exudate, closure of the 
vasculature mediated by the formation of new vessels on 
the retina and posterior vitreous area. This common com
plication of DM is assumed to be the major 
rationale leading to problems in vision and potential 
blindness.6 Patients with diabetes and/or reduced kidney 
function are highly prone to diabetic kidney disease (dia
betic nephropathy), which also might be caused as 
a consequence of hypertensive nephrosclerosis and unre
solved acute kidney failure.7 Diabetic foot ulcer (DFU) is 
ulceration on the foot that is associated with a neuropathic 
condition and/or peripheral arterial disease affecting the 
lower limb in patients with diabetes.4 Neuropathy, ischemia, 
and infection are the most common classical set of causes of 
DFU. Dysfunction in the metabolic mechanisms in the case 
of DM increases the risk of infection and delays wound 
healing. The mechanisms of infection is probably due to 
series of activities involving reduced cell and growth factor 
response, reduced peripheral blood flow and diminished 
local angiogenesis which thereby results in damage to per
ipheral nerve and peripheral vascular disease. Therefore, 
ulcerations, deformities, and gangrene occur.8,9

The prevalence of DM and its complications are con
tinually rising with the ageing population and lifestyle 
changes, which are direct consequences of rapid urbaniza
tion and westernization of countries. The disease covers 
every area of the globe and is rapidly rising. In 2017, 
globally, about 451 million individuals in the age group 
of 18–99 were living with diabetes and the number is 
expected to increase to 693 million by the year 2045, out 
of which 90% of them could have type 2 diabetes.10 The 
worldwide estimation of diabetes in adults (20–79 years) 
was about half a billion with a prevalence rate of 3.2% in 
Africa, approximately 0.8–3.5 million people in Ethiopia 
are living with the disease.11,12 A study on the epidemiol
ogy of complications of DM in Ireland reported the inci
dence of (6.5–25.2%) retinopathy, (3.2–32.0%) neuropathy 
and (2.5–5.2%) nephropathy cases.12 Diabetic neuropathy 
in the eastern Africa; Sudan was about (31.5%) in inpati
ent and (36.7%) in the outpatient clinical scenarios.13 In 
Ethiopia, the abovementioned complications of diabetes 
are also estimated to be neuropathy (35%), retinopathy 
(25%), and nephropathy (15%), diabetic foot ulcer 
(25%), and impotency (44%).14 In order to reduce this 
burden, conventional approaches including certain newer 

agents have been employed in the management strategy 
of DM.

The conventional approaches in the management of 
DM include lifestyle modification and dietary therapy, 
using oral antidiabetic agents and insulin therapy. Since 
prevention of onset and progression of its complications 
are considered as a prerequisitet in order to achieve the 
goal of diabetic treatment; diabetes treatment should 
imply more than simply reducing the blood glucose 
levels.8,15 The older oral hypoglycemics are sulphonyl 
urea, alpha-glycosidase inhibitors and biguanides, 
whereas the newer agents include incretin based agents, 
kidney glucose reabsorption inhibitors (SGLT2 inhibi
tors), glucokinase activators, injectable and glucagon- 
like peptide (GLP) analogs and agonists.16 Although 
insulin and oral hypoglycemic drugs are the first line of 
treatment for DM, they have some undesirable effects 
and are unable to dramatically alter the course of dia
betic complications. In addition, safety of most of the 
presently used drugs is not established during pregnancy. 
A daily intravenous administration and hypoglycemia 
during insulin therapy are also the most frequently 
noted unwanted effects.17,18 The majority of patients 
have poor control of the level of blood glucose and are 
highly prone to severe complications. Therefore, there is 
a huge need to develop novel therapeutic agents with 
reduced level in the development and progression of the 
disease and its complications. However, there are scien
tific advances in biomedicine development and target 
scrutiny, but the treatment of diabetes is still a big chal
lenge. Hence, scientists from various disciplines are in 
intense research to identify novel and promising drug 
targets in the management of DM and its complications. 
Hence, the aim of the present review is to discuss the 
role of toll-like receptors (TLRs) as a potential drug 
target for diabetes and diabetes associated complications. 
TLRs are important immunity sensors or pattern recog
nition receptors (PRRs) for endogenous or exogenous 
ligands and they are involved in crucial cellular path
ways through the activation of intracellular signaling 
molecules. The role of immunity and diabetes in con
nection with TLRs are discussed in the next sections.

Diabetes Mellitus and Immunity
Immunity in Type 1 and Type 2 DM
The body’s immune system is a responsible networking 
mechanism to safeguard the body from pathogens via 
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cellular interactions and humoral factors using multiple spe
cialized cell types such as cytokines. Innate immunity is the 
front line of defense that recognizes common components of 
pathogens to further provoke immune responses. The natural 
immune mechanisms are host defensive actions triggering 
an autoimmune response to antigens of the host’s own tissue, 
in which the responses to these self antigens do not result in 
disease progression rather autoimmune disease occurs only 
when tissue damage occurs as a consequence of the contin
ued autoimmune responses.19,20

The adaptive line of immune mechanism is an antigen- 
specific system that is responsible for producing immuno
logical memory and T cell and antibody responses specific 
to pathogens or infected cells. This course of immunity 
can discriminate nonself molecules by recognizing peptide 
antigens using receptor interaction between T cells and the 
antigen presenting cells (APCs). Responses due to long 
term immunological memory developed by the adaptive 
immunity, triggers the clonal expansion of T lymphocytes, 
to thereby communicate with B cells to induce production 
of antibodies specific to antigens.21 In contrast to the 
adaptive immunity, innate immunity recognizes foreign 
molecules or pathogens not by previous exposure to 
them; rather it is achieved by the use of pattern recognition 
molecules that can recognize the conserved molecular 
patterns found in foreign molecules, as well as several 
cell products that can attack the defenses of our body. 
The membrane bound pattern recognition molecules 
include TLRs.21,22

Type 1 DM is an autoimmune disease as a consequence 
of specific adaptive immunity against the β cell antigens; 
however, the innate line of defense mechanism has a role 
in the establishment of specific β and T cell immunity and 
its maintenance.23 Type 2 DM is distinguished in abnormal 
elevation of blood glucose because of deregulation in 
insulin secretion, glucose intolerance, and hyperglycemia. 
Both innate and adaptive immunity are enumerated factors 
having an important etiological component for insulin 
resistance.24,25

The abnormal innate and adaptive immunity are 
expressed as alterations in proliferation of T cells and 
macrophages, and impairment in function of NK cells and 
β cells in patients with type 2 DM and obesity or both. In 
type 2 DM, inflammatory cytokines having deleterious 
potential on the disease pathogenesis are produced inappro
priately by the immune cells. Increment in the level serum 
inflammatory cytokines such as IL-6, IL-18 and TNF-α have 
been reported in type 2 diabetic patients and associated 

complications. In obese and diabetic cases, it is worth criti
cally understanding that the implication of innate immunity 
and adaptive immunity thereby paves a way in revealing 
novel immunotherapeutic modalities to optimize metabolic 
inflammation and insulin resistance.24,25 Obesity is majorly 
observed in patients with type 2 DM and the risk increases 
in line with a rise in BMI. Basically, obesity is not an 
entirely distinguished risk factor for autoimmunity rather 
glucose intolerance and emergence of insulin resistance 
are enumerated among others. The overlapping existence 
of being overweight and autoimmunity is probably due to 
consequence of dysregulatory mechanisms of immune tol
erance that involves different organs.26,27 B lymphocytes are 
important in humoral immunity, which is part of the adap
tive immune mechanism. In addition to selection of antibo
dies, they can present antigens and also secrete cytokines. 
Murine mouse models have shown B cell involvement in the 
emergence of insulin resistance. An obese null New Zealand 
mice knockout of B cells showed no insulin resistance in 
response to obesity. Likewise, another investigation showed 
that either with the use of drugs or by genetically knocking 
out of B cells is sufficient to dramatically suppress immune 
cell infiltration and inflammation in adipose tissue, finally 
enhancing sensitivity of insulin.28,29

The attempt in the treatment of diabetes is to prevent the 
loss of residual B cell function in type 1 diabetes for protec
tion and/or regeneration. Immune modulation and auto- 
antigen vaccination are the most commonly used approaches 
to restore immune tolerance.26,27 Type 1 diabetes is clearly 
an autoimmune disease and similarly an autoimmune reac
tion with a limited extent contributes to the pathogenesis of 
type 2 diabetes and antigen-specific therapies are still not in 
sight for the treatment of both types of diabetes. However, 
considering the prominent role of activation of innate 
immune system in adipose tissue inflammation and type 2 
diabetes, anti-inflammatory and immune-modulatory thera
peutic strategies may be viewed as relevant in regulating the 
metabolic process in type 2 diabetes. Targeting IL-1β and an 
inflammatory cytokine have shown promising results with 
central role in islet inflammation in type 2 diabetes. IL-1R 
antagonist, anakinra, reverses the effect of inflammatory 
cytokines and showed favorable results in improving glu
cose control in type 2 patients.30

The innate immune mechanism uses pattern recogni
tion receptors (PPRs) to detect microbes. PPRs are identi
fied to recognize microbe specific molecular markers the 
so-called pathogen-associated molecular patterns (PAMPs) 
and self-molecules derived from damaged cells, known as 
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damage associated molecular patterns (DAMPs). PRRs 
stimulate the downstream cascade to provoke innate 
immune responses so as to produce inflammatory cyto
kines; type I interferon (IFN) and other mediators. Hence, 
the process leads to an immediate host defensive mechan
ism including inflammation and initiates production of 
antigen-specific adaptive immune responses. TLRs are 
among PPRs to be targeted in regulating the human 
immune system and inflammatory cascades.31 This review 
tries to describe the relevant roles of TLRs in diabetes and 
associated complications.

TLRs and Diabetes
Overview of TLRs
TLRs are an important immunity sensors or PRRs for 
endogenous or exogenous ligands and they are involved 
in crucial cellular pathways through the activation of 
intracellular signaling molecules. About 10 different 
TLRs (TLR1-TLR 10) are found in humans, whereas 
12 TLRs (TLR1– 9, TLR11–13) are found in mice. An 
individual TLR has an ectodomain with leucine-rich 
repeats (LRRs) which can mediate recognition of 
PAMPs, transmembrane domain, and a cytoplasmic 
toll/IL-1 receptor (TIR) domain that is responsible to 

initiate the downstream signaling pathway. The ectodo
main has horse-like receptors that aids the interaction of 
TLRs with respective DAMPS/PAMPS/TLRs as 
a homo/heterodimer along with a coreceptor or other 
accessory molecules.31

Signaling Pathways of TLRs
TLRs can recognize specific ligands and elicit immune 
response after recognizing specific ligands such as 
PAMPs and DAMPs. Endogenous ligands like saturated 
fatty acids (SFA), modified low density lipoproteins 
(LDL), heat shock proteins (HSPs), high-mobility 
group box 1 (HMGB1), extracellular matrix degradation 
products, and advanced glycation end products, are con
sidered to be DAMPs which are recognized by TLRs 
(especially TLR 2/4). Ligand binding with TLRs can 
trigger a pro-inflammatory response.32 The activation 
of TLR stimulates the signalizing pathway as 
a defense mechanism towards invaders and restores the 
damaged tissues tending to release various inflammatory 
cytokines and immune modulators. TLR cascading 
encompasses at least two separate pathways as illu
strated in (Figure 1), The myeloid differentiation factor 
88 (MyD88) dependent pathway is employed by all 

Figure 1 TLR signalling pathway. 
Notes: Reproduced from El- Zayat SR, Sibaji H, Manna FA. Toll like receptors activation, signaling and targeting: an overview. Bulletin of the national research centre.2019;43 
(187):1-12.32 Creative Commons license and disclaimer available from:  (http://creativecommons.org/licenses/by/4.0/legalcode).
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Table 1 Animal and Human Studies on Toll-like Receptors and Effects on Cardiovascular System

Animal/Human Studies Findings Ref

ECs of aorta from LDLr–/–- mice were revealed to a disturbed 
blood flow

TLR 2 expression was observed in the early atherosclerosis 
plaques.

60

Hyperlipidemia due to large amount of fat ingestion in mice Enhances expression of TLR2, and TLR2 deficit reduces EC 
dysfunction, intimal leukocyte and lipid accumulation.

60

LDLr–/– mice model Deficiency in TLR2 results a half reduction in aortic atherosclerosis 
revealing the immense significance of this receptor.

61

TLR2 depletion in mice Precludes the generation of atherosclerosis when synthetic TLR1/2 

agonist is administered.

61

TLR1 or TLR6 LDLr–/– mice model (TLR2 has linkage with TLRs 1 

and 6 in signal transmission, the model is used to identify the co- 

receptor of TLR2 involved in TLR2 mediated atherosclerosis)

Although, depleting (TLRs 1 and 6) showed no effect on 

development of lesion without exogenous agonists, deficiency of 

TLRs 1 and 6 reduce the progression of atherosclerosis with 
exogenous TLR1 and TLR6 ligands, respectively (probably due to 

response of TLRs 1 and 6 for unidentified endogenous TLR2 

ligands).

81

In Apo lipoprotein E–/– mice model Reduced TLR2 showed protection in the formation of aortic 

atherosclerotic plaque, might be because of reduced lipid 
aggregation and macrophage entry to aortic sinus in addition to 

decreed monocyte chemoattractant protein-1 (MCP-1) levels

82

Hypercholesterolemia rabbit model In the aorta, it was observed that mRNA expression of TLR3 was 

highly upregulated

83

In mice (wild type) and intact TLR3 Function of ECs was impaired due to systemic administration of 

TLR3 agonists

84

In mice model with LDLr–/– TLR 3 deficit in hematopoietic cells produces protection from the 

generation of atherosclerosis while the level of circulating lipids are 

unchanged

85

In Apo lipoprotein E–/– mice model TLR3 showed protection against arterial injury and atherogenesis 

while depletion of the receptor enhances formation of atherosclerosis

86

In mice with TLR3 deficiency It was observed that the amount of collagen and SMS was raised in 

the lesion of atherosclerosis implying the contribution of TLR3 to 
cause disturbance in the area of plaque due to partial controlling of 

the function of MMP-2 and MMP-9 in macrophages.

87

In human platelet It was showed that TLR3 in human platelet can promotes the 

aggregation of platelet, release of ATP release, and stimulation of 

integrin.

88

In patient atherosclerotic plaques TLR4 (predominant expression in blood vessels), TLRs 2 and 4 

antibodies blocked the formation of thrombin mediate by histone 
and pro-coagulant phenotype human platelets, implicating these 

two receptors are involved in the process of blood coagulation.

59

In patient atherosclerotic plaques Based on TLR proteins analyzed with immune-histochemical assay, 

increased TLR5 expression was showed in all the observed 

atherosclerotic lesions.

59

In atherosclerosis mice model Deficiency of TLR5 reduced atherosclerosis due to high fat 

ingestion with decreased TLR4 expression.

59

(Continued)
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Table 1 (Continued). 

Animal/Human Studies Findings Ref

In LDLr–/– mice model Deficiency of TLR5 in hematopoietic cells showed about a 25% 

reduction in the lesion of atherosclerosis with decreased 

macrophage accumulation and defective T cell responsiveness

89

Mice aortic ECs and HAECs in vitro models TLR5 showed no effect on maturation of macrophages, however, 

MCP-1 and IL-6 were expressed. Through MyD88-independent 
pathway, the interaction of TLR5 with Nox4 to stimulate generation 

of peroxide that is induced by bacteria flagellin. Currently, the flagellin- 

TLR5-Nox4-NF-κB axis showed to enhance formation of IL-6 and 
migration of VSMCs via a JNK-Rho A and Rac1 pathway.

89,90

In ApoE–/– mice model Knocking down of Nox4 saves mice from atherosclerosis in 
presence of challenge of TLR5. These findings showed that TLR5- 

Nox4-κB axis has a significant role in atherogenesis.

90,91

In patients with acute ischemic stroke The amount of TLRs 7 and 8 in blood is linked with low outcomes 

and higher inflammatory responses implying that these receptors 

have a contribution in the pathogenesis of inflammatory diseases.

92

High fat diet fed rabbit model There is upregulation of mRNA expression of TLR8 which is linked 

with development of atherosclerosis in the aorta, indicating the 
importance of the involvement of TLR8 in atherothrombotic

83,93

In IFR5 deficient mice model IRF5, mediator in the downstream cascade of TLR7/8/9 in the 
TRAF3 signalling. It was investigated that depletion of IFR5 

promotes atherosclerosis; showing the protective biological role of 

this protein probably due to enhanced secretion of IL-10 in 
response to stimulation of TLR 9.

94–96

In vitro and in vivo studies in human platelets Because TLR9 is found in human platelets, in vitro studies indicated 
that aggregation and activation of platelets I was enhanced while it 

promotes thrombosis in vivo in a MyD88 dependent way.

59

In mice Raw264.7 cells Activation of TLR9 promotes LOX 1 and Nox 1 expression 

through TLR9-p38 MAPK signalling pathway, tending to foam cell 

formation and TLR9 enhances stimulation of macrophages via 
promotes activation of macrophages inj mediating atherosclerosis 

and vascular formation.

97,98

In vitro studies in macrophages Stimulation of TLR9 in macrophages with a CpG- 

oligodeoxynucleotide produces enhanced lipid formation and 

augment foam cell generation via a NF-κB and IRF7 dependent way. 
Besides, its activation on plaque residing plasmacytoid DCs provokes 

increase secretion of IFN-α, a cytokine associated with instability of 

plaque, and enhanced cytotoxicity of CD4+ T cells toward SMCs

99,100

In overexpression of TLR10 cell models and transgenic mice model To date, TLR10 is the newly identified receptor of the TLR family in 
humans . Because the ligands for TLR10 have not yet been identified, 

the functional role of the receptor has not been well studied. There 

are genomic resemblance b/n TLR10, TLR1 and TLR6. 
In overexpression of TLR10 cell models and transgenic mice model, 

suppression of TLR signaling was observed.

59

(Continued)
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TLRs, except TLR3, and provokes the generation of 
inflammatory cytokines while the MyD88 independent 
pathway (TRIF-dependent pathway) is utilized by 
TLRs 3 and 4 and is related to the activation of type 
I interferon. TLR signaling occurs by the expression of 
the different types of TLRs and their specificity is 
achieved by their ability to recognize ligands and invol
vement of adapter proteins. Therefore, the specificity of 
pathway selection during disease condition may result 
various outcomes that can differentiate the phenotype of 
tissue injury or organ damage.33

Implications of TLRs in Diabetes with 
Direct Effect on β Cells
Diabetes is also distinguished with a low grade inflammatory 
condition within islet cells that is assumed to be a major 
determinant in β cell dysfunction and have a role in the 
pathogenesis of the disease. However, to what extent inflam
mation will have a role and the mediators, and using anti- 
inflammatory therapies as a potential target have not yet been 
studied. Currently, the role of TLRs in the pathogenesis of 
diabetes has begun to be unveiled as far as these receptors are 
largely expressed in a variety of immune cells.34

Role of TLR Signalling in β-Cell Function 
and Glucose Homeostasis
TLRs have been identified as involved in mediating 
chronic inflammatory disease, such as obesity and dia
betes. These known receptors are found in a variety of 
cells including the pancreatic islets. Glucose and SFAs 
contribute the expression of TLR and their activation 
in human monocytes, as the cell surface expression of 
TLR4 is upregulated where there is a high level of 
glucose and SFAs can provoke generation of inflamma
tory cytokine through TLR4.35 On the contrary, lack  
of TLR4 prevents mice from high fat diet induced 
obesity.36 Investigations conducted to examine the 
role of MyD88 in glucose homeostasis using mice 
deficient with MyD88 showed that mice have normal 
glucose tolerance and fasting blood glucose levels with 
a decreased βcell mass compared to the wild-type 
controls.37 Studies showed that the TLR signalling 
could contribute in the generation and/or replication 
of βcells. Moreover, it was also indicated that when 
mice treated with a multiple low dose of streptozotocin 
(STZ) so as to elicit βcell death, mice lacking MyD88 
were shown to have glucose intolerance.35

Table 1 (Continued). 

Animal/Human Studies Findings Ref

Hypertensive pregnant rats and mice For instance, in the cases of preeclampsia, the placenta showed 

increased necrosis of trophoblastic cells resulting release of 

mitochondrial DNA that can act as a candidate ligand for TLR9. 
The ligand receptor binding triggers further stimulation of innate 

immune cells to result profound maternal inflammation, vascular 

dysfunction, leading intrauterine growth restriction and 
hypertension. 

Experimental finding revealed that preeclampsia like syndrome is 

manifested in mice due to lack of anti-inflammatory IL-10 and it is 
also suggested that ligands for TLR3 like viral mimetic cause 

endothelial dysfunction, proteinuria and hypertension in rats and 

mice during pregnancy.

101

Hypertensive pregnant rats and mice Experimental findings in spontaneously hypertensive rat revealed 

that anti-TLR4 antibody for 15 days reduced blood pressure, IL-6 
levels in the serum and TLR4 protein in the arteries. 

A study showed that angiotensin II also exhibits central role in 

stimulating the immune response, up regulating TLRs 2 and 4. The 
innate immune system, especially the TLRs, have been distinguished 

to play a significant contribution for the resulted hypertension. 

There are also studies supporting the main contribution of the 
innate immune receptors, particularly of TLR7, to be a pivotal 

regulator of immune complex mediated glomerulonephritis.

84
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TLR2/4 Deficiency in β Cell Mass
TLRs cascading stimulate innate immunity by initiating 
the release of chemokine and cytokine release through 
upregulation of co-stimulatory molecule expression 
along with a combination of other effects.38 Few studies 
showed the role of TLR expression on islets, especially 
TLR 2 and TLR 4, that are involved in the generation of 
an autoimmune diabetes and allogeneic islet transplant 
rejection.39–41 TLR2/4 initiated a pro-inflammatory 
milieu, probably through release of chemokine and cyto
kine at the site of the graft, linked with graft apoptosis 
and early grafts.38 Collectively, studies indicated that 
TLR signalling has a role in inflammatory responses 
due to pre-implantation injuries of pancreatic islets. 
Similarly, it was also observed that cultured islets 
showed a pro-inflammatory and pro-oxidant phenotype 
identified with a high amount of pro-inflammatory mar
kers. In addition, the inflammatory responses have been 
partially dependent on TLR signalling during low 
defense mechanisms and further blockage of TLR4.38

The abnormal clearance and resultant aggregation of 
apoptotic cells can elicit autoimmunity; however, the 
mechanism of action has not been clearly understood. 
In line with these processes, it was indicated that apop
totic cells can undertake secondary necrosis but not 
intact apoptotic cells induce such remarkable immune 
responses, which are mediated by the TLR2 pathway. 
The generation of autoimmune diabetes was largely 
reduced in TLR2–/– mice when compared to TLR4–/– 
mice, implying that TLR2 plays an important role in 
initiating the disease. Injury of β cell due to apoptosis 
provokes the priming of diabetogenic T cells via a TLR2 
dependent, but TLR4 independent activation of APCs. 
These findings suggested that damage to β cell and sen
sing by TLR2 could be a starting point for the activation 
of APCs and generation of autoimmune DM.42

The expression of TLR4 in the islets of Langerhans 
has been documented as deleterious in both murine and 
human β cells. Exposure to LPS induces a loss of β cells 
and decreases the synthesis and secretion of insulin. 
Moreover, it has been observed that the sera of type 1 
diabetic patients exhibit increased levels of endogenous 
TLR4 ligands, such as endotoxins, HSP60 and 
HMGB116. TLR4 expression is also upregulated on 
monocytes from type 1 diabetic patients.43 Additionally, 
in a human cell model, CXCL10, through TLR4 signal
ling, induces β cell death and dysfunction.44 Taken 

together these data provide convincing evidence for the 
deleterious effects on B cells mediated by TLR4 activa
tion. Because of these considerations, it was explored 
whether TLR4 blockade could prevent the development 
of insulitis and the onset of autoimmune diabetes in NOD 
mice. Using CLI-095, a cyclohexene derivative that inhi
bits TLR4 signalling, it was possible to observe 
a protective effect mediated by the decreased activation 
and proliferation of the diabetogenic autoreactive CD4+ 
T lymphocytes as well as IFN-g production by these cells, 
both in the pancreatic lymph nodes and in the spleen, and 
consequently the inhibition of the autoimmune process. 
Interestingly, this was specifically observed in CD4, but 
not CD8 T cells.45

Implication of TLRs in Macrophage 
Polarization, Obesity and Inflammation
Among the promising and emerging treatment mechan
isms for both types of diabetes, cellular replacement and 
regeneration therapeutics are those being investigated. In 
animal and human studies, maintenance of β cells in the 
pancreas are accomplished by the process of neogenesis of 
β cells from the ductal precursor cells and replication of 
the preexisting β cells. Neogenesis usually occurs during 
fetal and neonatal life, and the rate of β cell proliferation 
shows a dramatic reduction with age. Renewal of β cells or 
mitotic replication of β cells compensates the rise in meta
bolic need in adults. The western diet or high fat diet 
(HFD) elicits a mild proliferation of β cells and expansion 
of islet mass; but the mechanism of action provoking this 
adaptive mechanism is still elusive. In obesity induced by 
high fat diet the raised metabolic burden enhances release 
of insulin by promoting its secretion per β cell and/or by 
increasing the number of β cell. Insulin and glucose, 
growth factors and nutrients enhance the replication of β 
cell, partially by stimulating pro-proliferative or pro- 
survival protein kinases such as Akt and Erk (or MAPK, 
mitogen-activated protein kinase). Stimulation of Akt and 
Erk-MAPK probably initiates proliferation of β cell via 
activation of cell cycle regulators such as the cyclin D2 
and Cdk4 and/or anti-apoptotic factors that suggest poten
tially the negative regulation in limiting diet induced β cell 
replication, however, the exact identity remains largely not 
understood. TLR proteins show the linkage of innate 
immunity to adaptive immune responses against disease 
causing pathogens like viruses, fungi, bacteria, and proto
zoa. From the various TLR proteins, TLR4 can detect LPS 
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found in most G−ve bacteria, while TLR2 in connection 
with TLR1/6 recognize lipopeptides and other components 
of G+ve bacteria. It was showed that TLRs 2 and 4 may 
mediate nutrient sensing and metabolic regulation in type 
2 diabetes by their direct or indirect action as sensors for 
FAs or other lipids in adipose tissue and macrophages.46 

Studies reported that, knocking out of either TLR2/4 in 
mice fed HFD decreases systemic inflammation in the 
liver and adipose tissue, and improves insulin sensitivity. 
However, TLR2–/– and 4–/– mice on HFD show mild 
metabolic phenotypes in terms of glucose and insulin 
sensitivity that could be described by the redundant func
tion of TLRs 2 and 4.47–51

In addition, it was also shown that TLRs 2 and 4 
regulated the proliferation of β cell. In mice and humans, 
TLRs 2 and 4 mediated signalling pathways in combina
tion can maintain β cell quiescence in an islet-intrinsic 
manner. Knocking out of TLRs 2 and 4, but not either of 
these receptors separately increased the proliferation of β 
cells in a HFD dependent manner. The synergy because of 
the combined action of adipocytes and macrophages is 
a key process in the maintenance of obesity led adipose 
tissue inflammation and the resultant insulin resistance. 
Adipocytes and immune cells may have cell specific con
tributions in that the mechanism by which pro- 
inflammatory mediators influence adipogenesis is probably 
due to the direct stimulation of NF-κB pathway that 
thereby impairs the activity of PPARγ in the process of 
adipocyte differentiation. The previous and current evi
dences correlate TLR4 with inflammation induced by 
lipid through the action of LPS. In case of obesity and 
metabolic syndrome, adipose tissue often shows dysregu
lation in the process of adipogenesis, and hence results in 
inflammation and metabolic dysfunction. Studies demon
strated that TLR4 might not elicit a potent inflammatory 
response to LPS, rather mediators as a result of metabo
lism of adipocytes could contribute adipocyte-immune cell 
inflammatory linkage in a TLR4 dependent and indepen
dent manner.52

TLRs in Transplantation
TLRs have a well-distinguished linkage between innate 
and adaptive immunity and typically can recognize exo
genous ligands such as LPS, besides its ability to sense 
endogenous ligands, generally, known as DAMPs, such as 
key molecules involved in an autoimmune diseases or 
necrotic cell products, usually released during injury in 
organ or cell transplantation.43 The involvement of TLRs 

in the conventional T cells was investigated to enhance the 
survival of T cells and can co- stimulate these cells while 
engagement of TLRs in regulatory T cells was reported to 
either promote or inhibit their suppressive potential. Based 
on targeted tissue and positioning of TLRs (apical/baso
lateral), their binding on endothelial cells and pericytes 
exhibits enhancement in vascular leakage while their 
involvement on epithelial cells probably have anti- 
inflammatory or pro-inflammatory effects. All the above
mentioned cells play significantly in recognizing immune 
responses to transplanted organs, implicating the important 
role of TLR signalling in regulating transplant rejection 
and tolerance.

The role of TLR signalling in acute allograft rejection 
and prevention of the induction of transplantation tolerance 
by co-stimulatory targeted therapies is substantial. Besides, 
some evidence implicated that TLR signals were also 
shown to have a role in xenograft rejection, graft vs host 
disease (GVHD) and the development of chronic rejection. 
Basically, the TLR polymorphism and further genetic ana
lysis of the effects of the polymorphism on the outcome of 
transplanted grafts support their clinical importance. In 
investigating the probable mechanisms, the pro-rejection 
activities of TLRs have been correlated to hindering the 
deletion of alloreactive T cells, enhancement of Th1 differ
entiation, decreased intragraft migration of regulatory 
T cells and secretion of type I interferon which can further 
provokes multiple immune consequences.53

TLRs and Diabetic Complications
TLRs in Cardiovascular Complications
Cardiovascular disorders are among the most common 
macrovascular complications of DM. The higher propor
tion of mortality of diabetic patients is attributed to various 
cardiovascular complications such as CAD, cerebrovascu
lar disease, peripheral vascular problems, and stroke. From 
these complications, the majority of deaths are a result of 
coronary artery disease which is mostly caused 
by atherosclerosis. Because these complications contribu
ted to the majority of deaths in diabetic patients, under
standing of the pathological mechanisms, possible drug 
targets and scrutiny of suitable therapeutic strategies are 
of the great concern for the scientific community. 
A detailed knowledge of the pathological mechanisms of 
TLRs with regard to the cardiovascular complication will 
have paramount importance. In addition to the immune 
cells, expressions of TLRs are also observed in other 
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cells found in the epithelium, endothelium, adipocytes, and 
the cardiovascular system.54

The expression of messenger RNA for TLR1–10 has 
been detected in the human heart. Different studies sug
gested that temporal or short-term activation of TLRs has 
cardio-protection, while prolonged or excessive activation 
of TLRs triggers chronic low grade inflammation leading 
to endothelial dysfunction, increased cell death, adverse 
cardiac remodeling and a subsequent coronary and cere
brovascular atherosclerosis, heart failure, septic cardio
myopathy, viral myocarditis, valvular diseases, 
thrombosis and/or hypertension.55,56 To date, the cardio
vascular research field is giving greater concern in this 
receptors family, provided that the receptors are expressed 
in most cardiovascular cells including cardiomyocytes, 
endothelial cells, adventitial fibroblasts, macrophages and 
dendritic cells.57 Atherothrombotic disease is another com
plication resulting in CAD, which still requires a better 
treatment strategy. Promising treatment approaches target
ing the TLR system (as presented in Table 1) will poten
tially affect the inflammatory pathways so that it delays 
progression of atherosclerosis and decreases the conse
quences of CAD. Because most of the recent investiga
tions still rely on in vitro and animal models, challenges 
occur when findings are translated to humans. Further 
studies regarding the role of each TLR with their molecu
lar mechanisms, including the effect of its downstream 
pro- nflammatory cytokines, are highly needed to advance 
the area. Therefore, targeting a selected receptor or an 
intermediate or product of cytokines could help the dis
covery of an efficacious agent in the prevention of ather
othrombotic CAD.58–61

TLRs in Angiogenesis
Angiogenesis, a physiologic process in the formation of 
new blood vessels, is regulated by chemical signals in the 
body and is a mechanism protecting organs against danger 
and tissue necrosis. There is activation of inflammatory 
cascading pathways even without the presence of infection 
and this signaling is assumed to involve angiogenesis 
during wound healing. In ischemic tissue necrosis of 
cells produce DAMPs which can activate TLR2. A study 
demonstrated that stimulation of TLR2 could promote 
tubular formation, in addition to endothelial cell invasion 
and migration promoted angiogenesis in vitro and in vivo 
and these findings give impetus for a scientific concern 
that TLR2 is viewed as a potential novel target in the 
treatment of ischemic disease.62

TLRs in Nephropathy
Diabetic nephropathy (DN) is one of the major complica
tions of chronic renal disease, distinguished by renal fail
ure with podocyte loss, thickening of glomerular basement 
membrane, tubular dysfunction, and expansion of the 
mesangium, which is composed of extracellular matrix 
proteins from mesangial cells around glomerular capil
laries. Because of the excess, DN causes occlusion of 
glomerular capillaries, however, the mechanism of action 
has not yet been understood.63 Although DN is generally 
assumed to be a noninflammatory condition, there is emer
ging evidence supporting that the innate immune mechan
ism and inflammatory cascades have substantial 
contribution in the generation and progression of DN. 
For instance, the impairment of renal function in patients 
with DM with proteinuria has shown a direct link with 
tubule interstitial inflammation.62,64

To date, TLRs have been identified as one cause in the 
emergence of DN. Basically, components of G+ve bacterial 
like lipoteichoic acid are sensed by TLR2 and components 
of the G–ve bacterial like LPS are sensed by TLR4, and 
LPS from the periodontal pathogen porphyromonas gingi
valis binds TLRs 2 and 4. A hyperglycemic state of at least 
11.2 mM glucose (diagnostic reference point for DM), and 
free fatty acid increase the level of TLRs 2 and 4 in 
monocytes, glomeruli, and proximal tubules in DN. The 
TLR ligand engagement provokes the production of pro- 
inflammatory cytokines like TNF-a and IL-6, and also 
production of anti-inflammatory cytokines like transform
ing growth factor-b (TGF-b), and the cytokines and hence 
enhances the overproduction of mesangial matrix, such as 
type I collagen. Based on current investigations, it was 
assumed that metabolic diseases, inflammation, oxidative 
stress, hemodynamic changes, and other contributory fac
tors are blamed for the generation of DN.63

TLR2 and TLR4 and Inflammation in DN
TLR4 is mainly found in intrinsic renal cells like mesan
gial cells, tubular epithelial cells, and podocytes. Previous 
investigations have shown that TLR4 acts to upregulate 
noninflammatory kidney disease such as renal ischemia 
reperfusion injury, tubule-interstitial nephritis, and glomer
ulonephritis besides its active involvement in the emer
gence and progression of DN. Furthermore, much 
emerging evidence suggested that stimulation of TLR4 
has a role in the process of inflammation. Because of 
their stimulatory effect when interacted with generated 
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endogenous ligands in the kidney and immune cells, TLR4 
activates the downstream signalling pathway through 
MyD88 dependent and independent pathways, and leads 
to the activation of NF-κB, The activated NF-κB conse
quently joins to the nucleus and initiates transcription and 
translation of inflammatory genes to transcription and 
translation of genes involved in inflammatory process, to 
end up with a rise in the release of pro-inflammatory 
cytokines and chemokines like monocyte chemoattractant 
protein- (MCP-) 1, IL-6/8/18, TNF-α. As a biomarker of 
DN, NF-κB is identified to be engaged in other pathologi
cal mechanisms in addition to the accumulation of 
advanced glycation end products, stimulation of renin 
angiotensin system and protein kinase C (PKC), and oxi
dative stress.65 Recent findings indicated that knocking out 
of TLR4 reduces renal inflammation, fibrosis, and podo
cytopathy. Moreover, prior investigations demonstrated 
that in patients with type 1 DM, there exists an enhanced 
expression and activity of TLR4 on monocytes, which is 
found to be prominent during DN. Moreover, it was 
observed that genetic deficiency of TLR4 attenuates sys
temic and macrophage inflammation in type 1 diabetes.64

Several investigations using TLR4–/− and TLR 2−/− 
mice showed that, blockade of TLR2/4 could have 
a cytoprotective effect in AKI and CKD models. In the 
same way, findings illustrated that TLR4 expressed in 
parenchymal renal cells, not on myeloid cells involved in 
renal inflammation and injury in cisplatin induced AKI, 
and TLR4−/− mice potentially reduce levels of cytokines 
in serum, kidney and urine, and showed a lower histologic 
damage when compared to wild type mice. In TLR2−/− 
mice and antisense oligonucleotide, it was indicted that 
TLR2 blockage showed protection to renal I/R injury. 
During renal fibrosis, TLR4−/− mice revealed to unilateral 
ureteral obstruction showed a lower tubular fibrosis, but 
not myofibroblast accumulation.66

Renal inflammation may also be observed in many 
other kidney diseases which are considered noninflamma
tory including diseases such as DM. Whatever the cause, 
tissue damage could result in inflammation. In the case of 
tissue damage caused by a nonpathogen the triggered 
inflammation, certain intracellular molecules produced 
during renal cell death and other extracellular molecules, 
ligate the same danger sensors of the innate immune 
system. TLRs, innate pathogen sensors, currently viewed 
as potential sensors to be targeted in this regard. On the 
cell surface (TLR1/2/4/5/6) or in the intracellular endo
somes (TLR3/7/8/9) TLRs can recognize the entire 

spectrum of potential pathogens by ligating the so-called 
PAMPs, like LPS (TLR4), lipopeptides (TLR1/2/6), and 
viral/bacterial nucleic acids (TLR3/7/8/9). The expression 
of TLRs 2 and 4 was increased in adipose tissue and 
muscle of humans and in animal models of insulin resis
tance. Currently, the exact mechanism of TLRs 2 and 4 in 
tubule interstitial inflammation during DM remains 
unknown and requires further investigation.67,68 In patients 
with DM, hyperglycemia, circulating endotoxins, and 
DAMPs like proteins and free fatty acid aids the response 
of TRRs. Expressions of TLRs 2, 4, 5, 7, 8, and 9 were 
identified to present in diabetic renal samples in which 
TLRs 2 and 4 were the most widely investigated. 
Blocking TLRs 2 and 4 in mice has shown renal benefits, 
while their role in humans is still under investigation and 
additional study is required to delineate the role in renal 
injury.69

TLRs in Diabetic Foot Ulcer
The hyperglycemic state and increased free fatty acids 
initiates pro-inflammatory cytokines in diabetes and this 
interaction is an implication for the immune system to take 
part in that way. Aggregated evidence showed that inflam
matory conditions and bacterial colonization around the 
areas of injury are the major contributing factors to delay 
time of regeneration or healing of the ulcer or not at all. 
TLRs in and around the wound participate in regulating 
the functioning of the innate immune system and the 
production of inflammation. Investigations in humans 
and animals have indicated that inflammation is one 
major etiology in the pathogenesis of diabetes and princi
pally the effect is linked to the innate immune receptors.42

According to a study,70 it was demonstrated that incre
ment in the expression of TLRs 2 and 4 in bone marrow 
derived macrophages of nonobese diabetic mice were 
associated with activation of NF-κB and pro- 
inflammatory cytokines. With a study71 using TLRs 2 
and 4 knockout mice and nonobese diabetic mice have 
showed that TLR2 senses B cell death and provokes the 
emergence of autoimmune diabetes. It was showed that 
increased TLR2 expression in adipose tissue of type 2 
diabetic patients had a strong linkage with plasma endo
toxin levels.72 It was reported with a study24 that increased 
TLR4 mRNA expression in differentiating adipose tissue 
of diabetic mice. In addition to the above studies, it was 
also shown that a TLR4-deficient mouse strain fed with 
a diet rich in saturated fat is protected from systemic 
inflammation. The aggregated data taken together 
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suggested that TLR2 and TLR4 have a potential role in the 
pathology of DM. Sustained and exacerbated production 
of cytokines leads to sustained inflammatory responses 
and impairment of wound healing which causes extensive 
tissue damage and amputations during diabetic wounds. 
As a result, understanding local inflammatory mechanisms 
is important in establishing other potential therapeutic 
modalities in the management of severe wounds exacer
bated due to excessive inflammation.42

TLRs in Diabetic Retinopathy
DR is among the microvascular complications as a result 
of hyperglycemic state in diabetes. One of the possible 
mechanisms of a hyperglycemic condition in the induction 
of DR is increased inflammation among many others. 
Several studies have reported that inflammation has 
a role in the development of DR.73–75

Based experimental investigations, it was revealed that 
TLRs 2 and 4 can promote inflammation and thereby play 
a role in the pathogenesis of DR. Besides the upregulation 
of TLRs 2 and 4, studies also revealed that the use of 
different inhibitors decreased the TLR-mediated inflamma
tion. The observation clarified that both TLRs 2 and 4 are 
provoked by increased in microvascular retinal endothelial 
cells and might probably contribute to DR by inducing 
increased inflammation.76 In the condition of diabetic reti
nopathy, TLRs initiate immunological damage to retinal 
cells by regulating a mass of cytokines and co-stimulatory 
molecules besides provoking oxidative damage to DNA.77

TLRs in Diabetic Neuropathy
Neuropathy is another most commonly encountered com
plication of DM that results a sustained loss of nerve 
function. Dysregulation of the immune system and low 
level systemic inflammatory conditions are linked with 
obesity and are responsible for further progression of 
metabolicdysfunction. Findings suggested that pathways 
of TLRs 2 and 4 play a role in the emergence of neuro
pathy, implying their potential role in inflammation in 
neuropathy next to pre-diabetes and diabetes.78 In addi
tion, upregulation of TLRs 2 and 4 was observed during 
neuropathic pain and hence blockade of TLRs 2 and 4 
produced analgesia and moreover enhanced the effective
ness of buprenorphine.79

Conclusion and Future Perspectives
An increased and ongoing investigation regarding the 
mechanisms relating inflammation brings great attention in 

viewing inflammatory cascades as potential and promising 
approaches in the prevention and control of DM and asso
ciated complications. Research in this area will have para
mount importance to provide evidence and a more detailed 
knowledge of the immune system, not merely to better identify 
patient characteristics and identify potential therapeutic mod
ality, but importantly to fully elaborate the pathophysiological 
basis of disease and possible drug targets, thereby easing the 
development of new strategies to counteract disease develop
ment and progression. Considering many illustrative reviews 
of the possible mechanisms involved in both types of diabetes 
and the numerous inflammatory cascades that are taking part, 
the current research direction should provide greater emphasis 
on blockage of responsible inflammatory components in the 
cascading pathway. TLRs are among the emerging targets to 
be investigated in consideration of target diseases immu
notherapy since these receptors are capable of exacerbating 
inflammatory disorders.28,79,80

In conclusion, it is important to be certain to have 
sufficient and large-scale clinical trial data in order to 
guide the research community and provide evidence in 
refining drug targets in the pathophysiological manifesta
tions of diabetes and discovery of newer agents in treating 
diabetes and its complications. Applying a combination of 
computational power, next-generation sequencing and pro
teomic data and increased number of investigations prob
ably will have a dramatic rise in the search for novel 
therapeutic approaches for many inflammatory disorders 
employing TLRs in the pathophysiological mechanism.
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