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INTRODUCTION OF INFLAMMATION 

The redness, swelling, fever, pain and 

dysfunction of tissue are the features of acute 

inflammation. From cellular and molecular 

aspects, the increasing recruitment of leukocytes 

and production of pro-inflammatory mediators 

and cytokines lead to such acute inflammation. 

It is initiated by harmful stimuli and conditions 

such as infection of microorganism, tissue injury 

and malfunction. Inflammation plays an important 

role in process of host defence and tissue repair 

[1]. The inflammatory response of innate immune 

system is the primary response to microbial 

infection and damaging cells. The phagocytic 

cell, macrophages and dendritic cells (DCs) not 

only produce pro-inflammatory mediators and 

cytokines against microorganism, but also have 

a role in antigen presentation to induce adaptive 

immune system [2]. Inflammatory response of 

immune cells is initiated by germline-encoded 

pattern recognition receptors (PRRs) which 

recognize compounds of microorganisms and 

the molecules of damaging cells. The pathogen-

associated molecular patterns (PAMPs) are 

considered that microbe-specific molecular 

compounds include bacterial lipo- 

polysaccharides (LPS), flagellins, CpG-DNA, 

fungal glucans and viral DNA/RNA. The 

damage-associated molecular patterns (DAMPs) 

are regarded that molecules represent 

endogenous alarms. DAMPs are released forms 

of damaged cells such as mitochondrial and 

nuclear DNA and advanced glycation end 

products (AGEs). A part of DAMPs are 

considered that danger signals to induce 

inflammatory responses such as high mobility 

group box 1 (HMGB1), heat-shock proteins and 

S100 proteins [3, 4]. The PRRs include toll-like 

receptors (TLRs), C-type lectin receptors 

(CLRs), retinoic acid-inducible gene (RIG)-I-

like receptors (RLRs), nucleotide-binding and 

oligomerization domain (NOD)-like receptors 

(NLRs) and receptor for advanced glycation end 

products (RAGE) [5, 6]. 
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The Pattern Recognition Receptors 

The TLRs are important PRRs in host cell 

recognition and response to various microbial 
pathogens such as bacteria, mycobacteria, 

viruses, fungi and parasites. TLRs comprise 

extracellular domain leucine-rich repeat (LRR) 
motifs to recognize pathogens and cytosolic 

domain toll-interleukin-1 receptor (TIR) 

domains to transduce signaling pathways [7]. 

TLRs, including transmembrane receptor TLR1, 
TLR2, TLR4, TLR5, TLR6, cytoplasmic 

receptor TLR3, TLR7, TLR8, and TLR9, play 

critical roles in recognition of PAMPs and 
DAMPs. The ligands of transmembrane receptor 

TLR1 are lipopeptides, TLR2 (lipoprotein/ 

lipopeptides), TLR4 (LPS, HMGB1 and heat-
shock proteins), TLR5 (flagellins), and TLR6 

(lipopeptides), whereas cytoplasmic receptor 

TLR3 recognizes double-stranded RNA, TLR7 

(single-stranded RNA), TLR8 (singe-stranded 
RNA), and TLR9 (CpG-DNA) [8, 9]. Until now, 

the ligand of TLR10 is unknown. 

The CLRs such as Dectin-1, Dectin-2, mannose 
receptor (MR), Dendritic cell-specific 

intercellular adhesion molecule-3 grabbing non-

integrin (DC-SIGN) and macrophage-inducible 

C-type lectin (Mincle) recognize bacterial, 
fungal and viral carbohydrates, and directly 

contribute to antifungal immune response [10]. 

Dectin-1 recognizes β-glucan which is the 
component of fungal cell wall and transduces 

the spleen tyrosine kinase (Syk) signaling. 

Dectin-2 and MR contribute to binding of high 
mannose-type carbohydrates. DC-SIGN binds 

high mannose and fucose to recognize fungi and 

virus. In particular, Mincle not only binds with 

α-mannose and glycolipids, but also recognizes 
spliceosome-associated protein 130 (SAP130) 

which is ribonucleoprotein of death cells [11]. 

The RLRs are cytoplasmic receptors that 
recognize RIG-I, melanoma differentiation-

associated gene 5 (MDA5) and laboratory of 

genetics and physiology gene 2 (LGP2). The 
viral double-stranded RNA activates RIG-I and 

MDA5. Activated RIG-I and MDA5 bind with 

RLRs, and transduce the essential adaptor 

protein mitochondrial antiviral signaling 
(MAVS) to trigger antiviral immune response. 

By contrast, LGP2 is a negative regulator of 

RIG-I and MDA5 [12]. Thus, the RLRs are 
critical PRRs that recognize RNA virus and 

exert antiviral effects. 

The NLRs are cytoplasmic receptors that 

recognize not only PAMPs such as microbial 
toxins, bacterial peptidoglycans and viral RNA, 

but also bind to DAMPs such as monosodium 

urate (MSU) crystals and adenosine triphosphate 
(ATP). NLRs include four subfamilies 

NLRA/Class II transactivator (CIITA), 

NLRB/neuronal apoptosis inhibitor proteins 
(NAIPs), NLRC, and NLRP [13]. Additionally, 

NLRs contain a C-terminal series of LRR and 

an N-terminal homotypic protein-protein 

interaction domain. The interaction domain of 
NLRAs is acid transactivation domain. NLRBs 

contain baculovirus inhibitor of apoptosis 

protein repeat (BIR). NLRCs comprise a 
caspase-recruitment domain (CARD), and pyrin 

domain (PYD) is in NLRPs [14]. Among NLRC, 

NOD 1 and NOD 2 initiate inflammatory 
response by recognition of peptidoglycan from 

Gram-negative and Gram-positive bacteria. 

NLRPs are key regulators of inflammasomes 

which are a group of protein complexes and 
produce pro-inflammatory cytokine interleukin-

1β (IL-1β) and IL-18 [15].  

The RAGE is a transmembrane receptor of 
DAMPs such as AGEs, HMGB1, S100 proteins, 

phosphatidylserine and advanced oxidation 

protein products (AOPPs). However, RAGE 

also recognizes LPS and triggers inflammatory 
response [6]. RAGE is a crucial regulator for 

inflammation and cell migration by recognition 

of different ligands. The engagement of 
HMGB1 induces monocyte migration, and 

binding with S100 proteins initiates synthesis of 

pro-inflammatory cytokines [4]. 

Taken together, the different PRRs recognize 

different set of microbial pathogens such as 

RLRs for virus recognition, but TLRs wildly 

recognize a variety of microbe-specific 
molecules and endogenous alarms. TLRs play 

an important role in recognition of PAMPs and 

DAMPs. It is considered that TLRs initiate 
several signaling transduction pathways to 

induce inflammation [7]. 

TLR4 Signaling Transduction Pathways 

Among several TLRs, TLR4 is a pivotal 
receptor to recognize bacterial LPS and initiates 

inflammatory response. TLR4 combines with 

myeloid differentiation 2 (MD2) to recognize 

LPS, and then LPS-binding protein (LBP) and 
CD14 enhance LPS binding to TLR4/MD2 

receptor complex. Subsequently, TIR-like 

domains are recruited, and transduce signal to 
other adaptor proteins. The downstream adaptor 

proteins include myeloid differentiation primary 

response protein 88 (MyD88), MyD88 adaptor-

like (Mal) as known as TIR domain containing 
adaptor protein (TIRAP), TIR domain-
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containing adaptor inducing interferon-β (TRIF, 

also known as TIR-containing adapter molecule-
1 (TICAM-1)), TRIF related adaptor molecule 

(TRAM, also called TICAM-2) and sterile-α 

and armadillo motif containing protein (SARM) 
[16].  

 

It has been defined MyD88-dependent pathway 
and TRIF-dependent pathway (MyD88-

independent pathway) in TLR4 signaling 

transduction pathways. The MyD88-dependent 
pathway is early stage of acute inflammation, 

and the TRIF-dependent pathway is late stage of 

acute inflammation [17]. In the MyD88-
dependent pathway, the recruitment of MyD88 

activates IL-1R-associated kinases 1 (IRAK1), 

IRAK2, IRAK4 and TNF-receptor-associated 

factor 6 (TRAF6). Subsequently, transduce 
transforming growth factor β-activated kinase 1 

(TAK1)-binding protein 2 (TAB2) and TAK1-

binding protein 3 (TAB3) are activated, and 
then TAB2 and TAB3 induce activation of 

TAK1, which mitogen-activated protein kinase 

kinase kinase (MAPKKK) controls MAPKs 
activity. MAPKs including c-JUN N-terminal 

kinase (JNK), p38 MAPK and extracellular 

signal-regulated kinases (ERK) are crucial 

regulator of downstream transcription factors 
such as activator protein-1 (AP-1) and nuclear 

factor-𝜅B (NF-𝜅B) [8]. These transcription 

factors regulate production of pro-inflammatory 
mediators and cytokines. Moreover, the Mal 

(TRIF) regulates activation of NF-𝜅B through 

the bridging of MyD88-dependent pathway. 

On the other hand, the TRIF-dependent pathway 
is triggered by recruitment of TRIF and TRAM, 

and activates TRAF3, tank-binding kinase 1 

(TBK1) and Inhibitor-κB kinase 𝜀 (IKK𝜀). 
These signaling transduction factors induce 

nuclear translocation of interferon regulatory 

factor-3 (IRF-3) and IRF-7. Subsequently, type I 

interferon (IFN), interferon inducible protein-10 
(IP-10) and regulated on activation, normal T  

cell expressed and secreted (RANTES) are 

produced [9]. TRIF and TRAM also regulate 

activation of NF-𝜅B independent of MyD88 

[18]. Furthermore, the SARM is a negative 
regulator of TRAM, and inhibits activation of 

IRF-3, IRF-7 and NF-𝜅B by TRAM [17]. 

Taken together, the LPS-induced TLR4 
signaling is regulated by these five adaptor 

proteins, and produces pro-inflammatory 

mediators and cytokines by activated 

transcription factor AP-1, NF-𝜅B, IRF-3 and 
IRF-7. The MyD88-dependent pathway is a 

pivotal regulator of inflammatory host response 

to LPS. For this reason, the signaling 
transduction factors of MyD88-dependent 

pathway are critical contributors for acute 

inflammation such as MAPK and NF-𝜅B. 

LPS-induced Pro-inflammatory Mediators 

and Cytokines 

The several pro-inflammatory mediators and 
cytokines are produced by LPS-activated 

macrophages. The LPS-induced TLR4 signaling 

transduction factors play a crucial role in 
inflammatory response of LPS stimulation. The 

major pro-inflammatory mediators including 

nitric oxide (NO) and prostaglandin E2 (PGE2) 

lead to redness, swelling, fever and pain. 
Inducible NO synthase (iNOS, also called NOS2) 

synthesizes NO by converting L-arginine to L-

citrulline. The production of iNOS is regulated 

by NF-𝜅B after immunological stimulation [19]. 

NO is converted to cytotoxic free radical 

peroxynitrite (ONOO
-
) by superoxide (O2

-
), and 

exerts microbicidal effects by free radical 

reaction. The overproduction of NO contributes 

cell death (necrosis and apoptosis) and tissue 

destruction by cytotoxicity and oxidative stress 
[20]. Additionally, iNOS is a harmful enzyme 

involved in pathogenesis of inflammatory 

diseases [21].  

Another major pro-inflammatory mediator, 

PGE2 is a lipid pro-inflammatory mediator. The 

cell membrane phospholipid and phospholipase 

A2 (PLA2) release arachidonic acid (AA), and 
cyclooxygenase-2 (COX-2) converts AA to 

PGH2 by cyclooxygenase and peroxidase 

activity. Subsequently, PGH2 is converted to 
PGE2 by PGE synthase [22]. These are the 

process of prostanoid biosynthesis. The PGE2 

contributes to vascular hyper permeability, 
plasma leakage and immune cell infiltration in 

acute inflammation. Therefore, COX-2 

inhibitors suppress prostanoid biosynthesis, and 

decrease vasodilatation, vascular permeability 
and recruitment of immune cells in 

inflammation [22]. On the other hand, NO leads 
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to vascular dysfunction characterized by 

vascular hyperpermeability due to endothelial 
cell death [20]. Interestingly, it has been 

reported that there is a cross-talk between iNOS 

and COX-2. NO elicits prostaglandin synthesis 
via upregulation of COX-2 activity. In contrast, 

COX-2 inhibitor does not affect iNOS 

expression [23]. 

TNF-α, IL-1β and IL-6 are central pro-
inflammatory cytokines produced by LPS-

activated macrophages and lymphocytes. TNF-α 

and IL-1β contribute to fever and coagulation in 
inflammation, and activation of immune cells. 

Particularly, TNF-α is a master regulator of 

inflammatory cytokine production. Both TNF-α 
and IL-1β augment inflammatory cascades by 

activated macrophages, and induce severe 

inflammatory reaction in an autocrine and 

paracrine manner. IL-6 is also a contributor of 
fever, and activate B and T lymphocytes [24]. 

Additionally, IL-6 and IL-12 are family 

cytokines that share subunit and receptor by 
structural relation. IL-12 is a critical contributor 

to connect innate immune system to adaptive 

immune system [25]. 

LPS-induced Systemic Inflammation 

The high plasma level of LPS (known as 
endotoxin) causes systemic inflammation such 

as endotoxemia and sepsis. The endotoxemia 

presents overspilling of LPS in the bloodstream, 
which triggers production of lipid mediators and 

pro-inflammatory cytokines by activation and 

recruitment of leukocytes. Subsequently, these 
uncontrolled immune responses cause harmful 

systemic inflammation referred to systemic 

inflammatory response syndrome (SIRS). SIRS 

is defined by two or more clinical finding (1. 
body temperature <36°C or >38°C, 2. heart rate 

>90 beats/min, 3. respiratory rate >20 times/min 

or PaCO2 <32 mmHg, 4. white blood cell (WBC) 
count >12000 cells/μl or <4000 cells/μl, or 

>10% immature (band) forms) [24]. 

The Pathogenesis of Sepsis 

In the pathogenesis of sepsis, the infection of 
gram-negative bacteria and other pathogens lead 

to sepsis. The bacterial LPS and other 

microorganism components initiate harmful 

systemic host response by innate immune cells. 
The overproduction of pro-inflammatory 

mediators and cytokines by activated innate 

immune cells causes cell death (apoptosis and 
necrosis). The inflammatory cascades contribute 

to multiple organ failure, sepsis and septic shock 

[26]. TLR4/MD2 receptor complex plays a 

pivotal role in triggering systemic inflammation 

of endotoxemia, and transduces a series of 
signalings to produce pro-inflammatory 

mediators and cytokines. The hypercytokinemia 

(known as cytokine storm or cytokine cascade) 
is overwhelmingly elevated cytokines in blood. 

TNF-α, IL-1β, IL-6, IL-12 and IL-17 are main 

cytokines in pathogenesis of sepsis. It has been 

found these pro-inflammatory cytokines are 
elevated in sepsis [27]. On the other hand, it has 

been reported that HMGB1 is a late pro-

inflammatory mediator in pathogenesis of sepsis 
[28]. HMGB1 is also a ligand of TLR4, and 

triggers TLR4-mediated response. The 

hypercytokinemia leads to endothelial cell 
necrosis and dysfunction, and then causes the 

vascular hyperpermeability and plasma leakage. 

Concurrently, pyrogenic cytokine TNF-α and 

IL-1β contribute fever and coagulation, and IL-6 
also leads to fever. Additionally, these pro-

inflammatory cytokines induce PGE2 and NO 

synthesis. The hypercytokinemia contributes 
fever, coagulopathy, vasodilation and capillary 

leak. As such, the hypercytokinemia leads to 

multiple organ failure, sepsis, and septic shock 

[26]. 

The Exercise-induced Endotoxemia and 

Systemic Inflammation 

The endotoxemia is not only initiated by the 

infection of pathogenic bacteria, but also 

triggered by translocation of intestinal gram-
negative bacteria. The prolonged and strenuous 

exercise-induced redistribution of blood flow 

increases the blood supply of muscle and 
cardiopulmonary system, but decreases the 

blood supply of gastrointestinal (GI) system. 

The exercise-induced redistribution of blood 

flow causes gastrointestinal ischemia, and 
perfusion of gastrointestinal evolves formation 

of reactive oxygen species (ROS) and 

inflammation after exercise [29]. The exercise-
induced redistribution of blood flow contributes 

to hyperpermeability of intestinal epithelium via 

gastrointestinal ischemia and intestinal barrier 
dysfunction [29]. Concurrently, the prolonged 

and strenuous exercise increases core body 

temperature that causes hyperthermia. It has 

been demonstrated that exercise-induced 
hyperthermia augments intestinal 

hyperpermeability [30].  

The translocation of intestinal gram-negative 
bacteria increases circulatory bacterial LPS by 

the intestinal hyperpermeability, and it leads to 

endotoxemia during prolonged and strenuous 

exercise. Increasing circulatory bacterial LPS 
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triggers production of pro-inflammatory 

mediator PGE2, pro-inflammatory cytokine 
TNF-α, IL-1β and IL-6 by activated 

macrophages. The PGE2, TNF-α, IL-1β and IL-

6 are contributor of fever. It also augments 
exercise-induced hyperthermia by pyrogenic 

response, and even result in exertional heat 

stroke. The heat stroke is initiated by not only 

hyperthermia but also endotoxemia-induced 
inflammatory response [31]. Lim and Suzuki 

suggested that the pathogenesis of heat stroke is 

explained by dual-pathway model (DPM) of 
hyperthermia and endotoxemia [32]. 

Although non-steroidal anti-inflammatory drugs 

(NSAIDs) decreases core body temperature by 
inhibition of COX-2, it has been found that 

NSAID aspirin and ibuprofen increase 

permeability of intestine [33]. The probiotic 

supplementation improves exercise-induced 
intestinal barrier dysfunction, but the result of 

pro-inflammatory cytokine production after 

exercise showed no significant difference 
between probiotic supplementation and placebo 

[34, 35]. On the other hand, the ascorbic acid 

supplementation suppresses the increase of 

plasma LPS and nitrite levels after exercise [36], 
and reduces sepsis-induced organ damage [37]. 

Many natural products from herbs and 

functional foods exhibit anti-oxidant and anti-
inflammatory effects and these natural products 

might attenuate LPS-induced inflammation and 

sepsis [38-40]. 

CONCLUSION  

The uncontrolled LPS-triggered inflammatory 

response causes systemic inflammation, multiple 
organ failure, sepsis, and septic shock. TLR4-

mediated signaling cascades are crucial 

regulators of LPS-induced inflammation. Hence, 
TLR4-mediated signaling factors are therapeutic 

targets for LPS-induced systemic inflammation. 

Many natural products have some potentiality to 

suppress TLR4-mediated signaling. 
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