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Abstract

Saturated fatty acids can activate Toll-like receptor 2 (TLR2) and TLR4 but polyunsaturated fatty 

acids, particularly docosahexaenoic acid (DHA) inhibit the activation. Lipopolysaccharides (LPS) 

and lipopetides, ligands for TLR4 and TLR2, respectively, are acylated by saturated fatty acids. 

Removal of these fatty acids results in loss of their ligand activity suggesting that the saturated 

fatty acyl moieties are required for the receptor activation. X-ray crystallographic studies revealed 

that these saturated fatty acyl groups of the ligands directly occupy hydrophobic lipid binding 

domains of the receptors (or co-receptor) and induce the dimerization which is prerequisite for the 

receptor activation. Saturated fatty acids also induce the dimerization and translocation of TLR4 

and TLR2 into lipid rafts in plasma membrane and this process is inhibited by DHA. Whether 

saturated fatty acids induce the dimerization of the receptors by interacting with these lipid 

binding domains is not known. Many experimental results suggest that saturated fatty acids 

promote the formation of lipid rafts and recruitment of TLRs into lipid rafts leading to ligand 

independent dimerization of the receptors. Such a mode of ligand independent receptor activation 

defies the conventional concept of ligand induced receptor activation; however, this may enable 

diverse non-microbial molecules with endogenous and dietary origins to modulate TLR-mediated 

immune responses. Emerging experimental evidence reveals that TLRs play a key role in bridging 

diet-induced endocrine and metabolic changes to immune responses.
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Chemical compounds studied in this article

Docosahexaenoic acid (PubChem CID: 445580); Palmitic acid (PubChem CID: 985); Pam3Csk4 
(CID: 130704); Lipopolysaccharide core (CID: 53481794)

1. Introduction

Toll-like receptors (TLRs) are one of the major pattern recognition receptor families that 

recognize pathogen associated molecular patterns (PAMPs) and mount innate immune 

responses for host defense against invading pathogens. However, certain TLRs can be 

activated by non-microbial endogenous molecules leading to induction of sterile 

inflammation. TLR4 and TLR2 can be activated by saturated fatty acids (SFAs), but 

inhibited by omega-3 polyunsaturated fatty acids (PUFAs) in particular docosahexaenoic 

acid (DHA). Receptor dimerization is a prerequisite and sufficient to induce the activation of 

TLRs. SFAs induce the dimerization and translocation of TLR4 or TLR2 into lipid raft 

fractions in plasma membrane where the downstream signaling molecules are recruited and 

activated. This SFA-induced dimerization of TLR4 or TLR2 reflects ligand independent 

activation of the receptors. Therefore, SFA-induced activation of TLR4 or TLR2 needs to be 

assessed in the context of biophysical interaction of fatty acids with TLRs in plasma 

membrane. Such a mode of activation of TLRs deviates from the conventional view on the 

key and lock relationship for ligands and receptor activation, but renders a possibility that 

the ligand independent activation of these TLRs can be modulated by diverse non-microbial 

agonists or inhibitors with dietary origin. This finding advanced our understanding of the 

mechanisms by which SFAs activate, and DHA inhibits pro-inflammatory signaling 

pathways. Understanding the mechanism of such a modulation would help us develop 

dietary or pharmacological strategy to reduce risk of chronic diseases caused in part by 

dysregulated TLR-mediated inflammatory responses. In this article, putative molecular 

mechanisms by which saturated fatty acids and DHA reciprocally modulate the activation of 

TLR4 and TLR2 are reviewed and discussed. Functional consequences of the modulation of 

TLR-derived pro-inflammatory signaling pathways by fatty acids with regard to metabolic 

diseases were reviewed elsewhere (Arranz et al., 2012; Lee et al., 2010).

2. Pro-inflammatory saturated fatty acids and anti-inflammatory n-3 PUFAs

Replacing dietary SFA with PUFA reduces risk of coronary heart disease (Jakobsen et al., 

2009). Higher plasma level of C16:0 and C18:0 is associated with increased incidence of 

type 2 diabetes (Mozaffarian, 2014). A diet high in saturated fat induces insulin resistance, 

which is associated with low grade inflammation in adipose tissue and liver in experimental 

animals (Orr et al., 2012; Tsukumo et al., 2007; Yeop Han et al., 2010). By contrast, DHA 

has anti-inflammatory and insulin sensitizing effects both in animal and human studies 

(Albert et al., 2014; Fedor and Kelley, 2009). How SFAs exert pro-inflammatory effects and 

n-3 PUFA DHA exerts anti-inflammatory effects remained as an important question. SFAs 

activate TLR2/4-derived pro-inflammatory signaling pathways, and TLR2 or TLR4 deficient 

mice are protected from high saturated fat diet-induced inflammation and insulin resistance 

(Glass and Olefsky, 2012; Lee et al., 2010). These findings established a causal link of TLR-
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mediated inflammation to metabolic diseases. However, the mechanism by which saturated 

fatty acids activate TLR2/4 is still not clearly understood.

3. Lipid binding sites in TLR-MD2 and TLR2/1 or TLR2/6 dimers

Phylogenetic, X-ray crystallographic and amino acid sequence analyses of leucine rich 

repeat (LRR) domains of TLRs provided an important clue about structural features of the 

ligands and their interactions with TLRs. Phylogenetic analyses of TLRs revealed TLR1, – 

2, – 6, – 10 as the same clade and TLR4 or TLR3, – 5, – 7, – 8, – 9 as two separate clades 

(Hughes and Piontkivska, 2008). Based on X-ray crystallographic analyses of LRR 

ectodomains of TLRs and analyses of amino acid sequences, Kang and Lee (Kang and Lee, 

2011) divided TLRs into two subgroups: the first group containing LRRs with three-domain 

fold (TLR 1, – 2, – 4, – 6, –10), and the second group containing LRRs with single-domain 

fold (TLR3, – 5, – 7, – 8, – 9) (Fig. 1). The LRRs of the first group of TLRs can be divided 

into distinct three subdomains: N-terminal, central and C-terminal due to the lack of the 

asparagine networks that are present in the LRR domains of the second group of TLRs. The 

lack of the asparagine networks creates structural distortions at the boundaries of the 

subdomains of the first subgroup. Interestingly, the ligand binding pockets of TLR1, – 2, and 

– 6 are all localized between C-terminal and central domains (Fig. 1C). The ligands for 

TLR1, – 2, and – 6 contain fatty acyl chains that bind the lipid binding pockets. By contrast, 

one of the MD2 binding sites in TLR4 is located between the N-terminal and central 

subdomains. The sequence analysis of the ectodomains of the second group of TLR3, – 5, – 

7, – 8, and – 9 revealed that they all have continuous asparagine network exhibiting smooth 

single-domain fold without having the lipid binding pockets. These single-domain fold 

TLRs interact with hydrophilic ligands such as nucleic acids through surface-exposed 

residues. The results demonstrating that SFAs activate TLRs containing lipid binding 

pockets with three-domain fold group only suggest a direct interaction of SFAs with the lipid 

binding pockets. More than 100 μM SFAs are required to activate TLR4 or TLR2 in cell 

culture systems, while pico- or nano-molar ranges of LPS or Pam3CSK4 are enough to 

stimulate TLR4 or TLR2, respectively. Therefore, it is questionable whether SFAs, without 

polar head groups present in LPS or lipopetides, act as ligands for TLR4-MD2 and TLR2 

dimers. Thus, SFAs should be called as agonists rather than the ligands for the TLRs.

4. Toll-like receptors and saturated fatty acids

The conceptual clue that SFA can activate inflammatory signaling pathways was conceived 

(Hwang, 2001) from the fact that removal of saturated fatty acyl chains in Lipid A causes 

not only loss of endotoxic activity of LPS but also makes Lipid A act as an antagonist 

(Kitchens et al., 1992; Munford and Hall, 1986). These results predictively revealed that the 

saturated fatty acyl chains in LPS are required for the activation of LPS receptor. In addition, 

the Lipid A derived from Rhodopseudomonas sphaeroides or synthetic Lipid A analogue 

Eritoran (Fig. 2A) contains one unsaturated fatty acid and acts as endotoxin antagonist in 

mice (Jin and Lee, 2008; Kim et al., 2007; Krauss et al., 1989; Qureshi et al., 1991). This 

result further implies that unsaturated fatty acids may interfere with SFA-induced activation 

of the LPS receptor. The discovery that TLR4 is the LPS receptor (Poltorak et al., 1998) 

prompted testing whether SFA alone can activate but unsaturated fatty acids inhibit TLR4-

Hwang et al. Page 3

Eur J Pharmacol. Author manuscript; available in PMC 2018 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mediated signaling pathways (Lee et al., 2001). Subsequently, it was found that saturated 

fatty acid, lauric acid (C12:0), can activate TLR4 by inducing dimerization of TLR4 (Lee et 

al., 2001; Wong et al., 2009). Bacterial lipopeptides (ligands for TLR2) also require 

acylation by SFA for TLR2 activation (Brightbill et al., 1999). Moreover, palmitic acid 

activates TLR2 by promoting the dimerization of TLR2 with TLR1 (Snodgrass et al., 2013). 

Thus, acylation of ligands are required for homo-dimerization of TLR4 and hetero-

dimerization of TLR2 with TLR1 that are necessary for the activation of receptors (Lee et 

al., 2010).

5. Homodimerization of TLR4 and heterodimerization of TLR2/1 or TLR2/6 

are induced by SFAs

The dimerization of the receptors is the most proximal step in TLR-signaling pathways. X-

ray crystallographic analyses revealed that acyl chains of Lipid A occupy the hydrophobic 

lipid binding pocket in TLR4-MD2 complex leading to homodimerization of TLR4 (Fig. 2) 

(Park et al., 2009). Heterodimerization of TLR2 with TLR1 or TLR6 is also induced by 

binding of palmitoyl chain in triacyl lipopeptide or diacyl lipopetide, respectively to the lipid 

binding sites (Kang and Lee, 2011) (Fig. 3). SFAs can induce homodimerization of TLR4 or 

heterodimerization of TLR2 with TLR1 within 5–10 min of incubation in cell culture 

systems (Snodgrass et al., 2013; Wong et al., 2009). At present, it is unclear whether free 

SFAs without the polar head groups present in Lipid A or lipopetides can directly interact 

with the lipid binding pocket of TLR4-MD2 complex or TLR2 and TLR1/6.

6. Ligand binding and receptor dimerization

Schaeffler et al. (Schaeffler et al., 2009) reported that 14C-stearic acid (C18:0) or 14C-oleic 

acid (C18:1n-9) does not bind FLAG-tagged extracellular domain of TLR4 fused to full-

length MD2. Specific activities of 14C-labeled fatty acids are generally too low for receptor 

binding assays, and thus, preferably the gamma ray emitting isotope such as 125I-or 3H-

labeled compounds with high specific activity have been generally used for receptor binding 

assay. Therefore, the binding assay alone would not be sufficient to validate the conclusion 

that the fatty acids do not bind the TLR4-MD2 complex. However, their results also showed 

that incubation of the fatty acids with the protein containing the ectodomain of TLR4 fused 

with MD2 did not interfere with the binding of biotinlabeled LPS to the receptor complex 

(Schaeffler et al., 2009). Based on these results, the authors suggested that the fatty acids 

may activate TLR4 through unidentified endogenous ligand. Such a suggestion appears to be 

based on the presumption that SFAs compete with Lipid A for the same binding sites in 

TLR4-MD2 complex. It was shown that lauric acid potentiates LPS- or palmitoyl-

Cys((RS)-2,3-di(palmitoyloxy)-propyl)-Ala-Gly-OH (Pam-CAG)-induced activation of 

TLR4 or TLR2, respectively (Lee et al., 2003) suggesting that lauric acid potentiates the 

dimerization of the receptors induced by the ligands (Figs. 4 and 5). Thus, the question is 

whether or not SFAs promotes the ligand induced dimerization by directly interacting with 

the lipid binding sites of the receptor complexes.

Fatty acyl chains of a synthetic Lipid A analogue Eritoran containing an unsaturated fatty 

acyl chain, or Lipid IVa (an intermediate in Lipid A synthesis) can occupy lipid binding 
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pocket of MD2 as does the acyl chains of Lipid A, but cannot induce the dimerization of 

TLR4-MD2 complex (Kim et al., 2007; Park et al., 2009). Thus, both Eritoran and Lipid IVa 

act like competitive inhibitors for the wild type Lipid A in activating TLR4. This suggests 

that binding the receptor complex by agonists alone without inducing receptor dimerization 

is not sufficient to activate TLR4- mediated signaling pathways. Indeed, truncation of a part 

of C-terminal LRR domain spanning the dimerization interface of TLR4 blocks LPS-

induced dimerization without compromising LPS binding activity (Kim et al., 2007). On the 

other hand, forced dimerization of TLR4 using chimeric constructs without co-transfection 

of MD2 can activate downstream NFκB and induces cytokine expression (Medzhitov et al., 

1997; Rhee and Hwang, 2000; Zhang et al., 2002). These results suggest that the 

dimerization of TLR4 is a prerequisite for the receptor activation, and further suggest a 

possibility that the dimerization of TLRs can occur in a ligand-independent manner. Lipid 

IVa with four fatty acyl chains (instead of six acyl chains present in mature Lipid A) is an 

antagonist for human TLR4-MD2 but acts as a weak agonist for murine or equine TLR4 

receptor (Scior et al., 2013). Based on the domain swapping experiments between a part of 

LRR domains of human and equine TLR4 (Scior et al., 2013) and X-ray crystallographic 

structure of TLR4-MD2 complex, Park et al. (Park et al., 2009) interpreted that Lipid IVa 

can induce the dimerization of equine TLR4-MD2 in a similar fashion as Lipid A does for 

human TLR4-MD2 complex. This finding reinforces that the receptor dimerization but not 

the binding alone of fatty acyl chains to the receptor complex is required for the activation of 

receptor signaling pathways. Together, these results suggest that dimerization instead of 

receptor binding would be more faithful readout for assessing the interaction of fatty acids 

with TLRs to activate the downstream signaling pathways.

7. Dimerization of TLRs can be induced in a ligand independent manner 

(e.g, translocation into lipid rafts)

Park et al. (Park et al., 2009) revealed that the interaction of the phosphate groups of Lipid A 

with positively charged residues of TLR4 plays an important role for the dimerization of the 

ectodomain of TLR4. Then, one can argue that SFAs without the polar head groups may not 

be able to induce the receptor dimerization or are not as efficient as Lipid A in inducing the 

receptor dimerization even if they bind the lipid binding pocket of MD2. However, such a 

mode of the receptor dimerization was based on the X-ray crystallographic study with 

truncated TLR4 containing only the ectodomain of TLR4 (Park et al., 2009). The receptor 

dimerization of TLRs involves not only the ectodomain but also cytoplasmic TIR domain of 

TLRs. The dimerization of Toll/IL-1 receptor (TIR) domains of TLRs or IL-1 receptor is 

required to recruit the downstream signaling molecule, MyD88. Xu et al. (Xu et al., 2000) 

showed that the dimerization of TIR domains involves extensive disulfide formation among 

the TIR domains. At high concentrations, spontaneous formation of dimers and tetramers of 

the TIR domains occurs in solution. Thus, the dimerization of TIR domains can be induced 

either by ligand binding or by overexpression in a ligand independent manner.

Gain of function by the truncated Toll proteins lacking the LRR domains was also 

demonstrated both in Drosophila and in human cells (Medzhitov et al., 1997; Winans and 

Hashimoto, 1995). The truncated murine TLR4 lacking LRR domains also acts as a 
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constitutively active TLR4 (Rhee and Hwang, 2000). Transfection of cells with the 

constitutively active TLR4 without MD2 leads to the transactivation of NFκB and COX-2 

reporter constructs in a ligand independent manner (Rhee and Hwang, 2000). These results 

suggest that the gain of function of the truncated TLR4 lacking LRR domains is due to 

spontaneous dimerization of the receptor. Forced dimerization of TLR4 by replacing the 

LRR domain with the integrin subunit also confers ligand independent activation of TLR4 

(Zhang et al., 2002). Together, these results suggest that the dimerization of TLR4 or TLR2 

can be induced by agonists without direct interaction with ligand binding sites. The 

mechanism for TLR activation in such a ligand independent manner deviates from the 

conventional view on the key and lock relationship between ligand and receptor activation. 

However, such a ligand independent activation of TLRs may provide diverse regulatory 

repertories for the activation or inhibition of TLRs and consequent inflammatory responses 

by a variety of non-microbial endogenous molecules.

Wong et al. (Wong et al., 2009) showed that lauric acid (C12) induces the dimerization of 

Flag and GFP-tagged TLR4 stably transfected with MD2 and activates the downstream 

signaling pathways in murine pro-B cell line. Thus, the question is whether SFAs induce the 

dimerization of TLR4 with or without binding the ligand binding site of TLR4-MD2 

complex.

The concentrations of SFAs to activate TLR4 exceed 100 μM in cell culture systems, 

whereas those for LPS are in pM ranges. Similarly, the effective concentrations of SFAs in 

inducing the dimerization of TLR2 with TLR1 exceed 100 μM but those for Pam3CSK4 are 

in nM ranges (Snodgrass et al., 2013). Preincubation of lauric acid with RAW264.7 cells 

potentiated LPS- or synthetic TLR2 ligand Pam3CAG-induced NFκB activation (Figs. 4 

and, 5). These results suggest that SFAs do not interfere with the binding of TLR4 or TLR2 

ligand to the lipid binding pockets of the receptors, but rather, SFAs may promote the ligand 

binding. The key question is how SFAs can induce the dimerizations of TLR4 and TLR2 

without directly binding the ligand binding sites. Several conceptual possibilities for SFAs to 

induce the dimerization of TLR4 and TLR2 in a ligand independent manner are described 

below.

8. Saturated fatty acids induce translocation of TLR4 into lipid raft 

microdomain of the plasma membrane and homodimerization of the 

receptor

Lipid rafts are microdomains of plasma membrane which can serve as a platform where 

receptors recruit downstream signaling molecules for activation. Polar lipids in lipid rafts are 

predominantly acylated by saturated fatty acids, whereas, phospholipids in non-lipid rafts 

are preferentially acylated by polyunsaturated fatty acids. Receptor dimerization and 

translocation of TLRs to lipid rafts induced by agonists are the proximal steps required for 

the activation of downstream signaling pathways (Fernandez-Lizarbe et al., 2008; Nakahira 

et al., 2006; Olsson and Sundler, 2006; Shin et al., 2008; Triantafilou et al., 2006; 

Triantafilou et al., 2007; Triantafilou et al., 2004; Triantafilou et al., 2002; Wong et al., 

2009). Dimerization allows for the proper orientation of the TIR domains of TLRs to induce 
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the recruitment and interaction of adaptor proteins in lipid rafts. Lauric acid increased the 

dimerized TLR4 in lipid raft fractions as did LPS in RAW264.7 cells (Wong et al., 2009). 

The dimerized TLR4 is detected only in lipid raft fractions but not in non-lipid raft fraction. 

It is not clear whether C12 induces the dimerization of TLR4 in non-lipid rafts and then the 

dimerized TLR4 is translocated to lipid rafts, or whether C12 stimulates translocation of 

monomeric TLR4 into lipid rafts and then the dimerization occurs in lipid rafts. The fact that 

over expression of TLR4 alone without ligand stimulation can induce the dimerization of 

TLR4 suggests a possibility that C12 can concentrate TLR4 into lipid rafts of the plasma 

membrane to the point at which spontaneous dimerization can occur; thus, SFA-induced 

dimerization of TLR4 or TLR2 may be achieved through biophysical interaction of the fatty 

acids with the TLRs and microdomains of the plasma membrane in a ligand independent 

manner.

9. Saturated fatty acids induce heterodimerization of TLR2

TLR2 appears to reside predominantly in nonlipid raft fractions; however, a substantial 

amount of TLR2 is also found in lipid raft fractions isolated from unstimulated THP-1 

monocytes (Snodgrass et al., 2013) (Fig. 6). This contrasts to TLR4 which resides mostly in 

non-lipid rafts in unstimulated cells (Fig. 7). The dimerization of TLR2/1 accompanies the 

translocation of MyD88 and p47phox, the NADPH oxidase NOX2 organizer protein to lipid 

raft fractions within 5 min of the treatment with sodium palmitate or Pam3CSK4 in THP-1 

monocytes (Fig. 6). No significant translocation of MyD88 or p47phox occurs in 

unstimulated cells. These results suggest that TLR2 present in lipid raft fractions in 

unstimulated cells may be monomeric TLR2 or loosely bound inactive dimers with TLR1 or 

TLR6. In contrast, DHA inhibits both sodium palmitate- and Pam3CSK4-induced 

recruitment of both MyD88 and p47phox to lipid raft fractions (Fig. 6).

Several TLRs exist as inactive, preformed heterodimers or homodimers in the absence of 

ligand (Jin et al., 2007; Latz et al., 2007). TLR2 exists as an inactive, loosely bound 

heterodimer with either TLR1 or TLR6 in the absence of ligand (Tapping and Tobias, 2003; 

Triantafilou et al., 2006). The X-ray crystallographic study with the ectodomains of the 

heterodimer of TLR2-TLR1 revealed that two ester-bound fatty acyl (palmitic acid) chains 

of Pam3CSK4 are inserted into the hydrophobic lipid binding pocket in TLR2, whereas the 

amide-bound fatty acyl group is inserted into a hydrophobic channel in TLR1 (Jin et al., 

2007) (Fig. 3). Thus, binding of palmitoyl moiety of Pam3CSK4 into TLR2 induces 

heterodimerization of TLR2 with TLR1. Structure-function study for the lipopeptides 

revealed that the two ester-bound fatty acids are the main determinant for its ligand activity 

for TLR2, and that the acyl chain with 16 carbons (palmitic acid) provides optimal 

stimulatory activity compared with fatty acyl chains of different length (Buwitt-Beckmann et 

al., 2005). It is an interesting question whether palmitic acid itself without the peptide 

moiety can interact with the hydrophobic lipid binding sites in TLR2 or TLR1 and promote 

the dimerization of the receptors leading to recruitment of the immediate downstream 

signaling molecules including MyD88 and p47phox. Upon lipopeptide binding, preformed 

TLR2/1 dimers undergo rearrangement subsequently bringing TLR2 and TLR1 in much 

closer proximity and are recruited into lipid rafts (Hoebe et al., 2005; Jin et al., 2007). This 

ligand-induced conformational change and translocation of the TLR2 heterodimers into lipid 

Hwang et al. Page 7

Eur J Pharmacol. Author manuscript; available in PMC 2018 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rafts lead to the immediate recruitment of downstream signaling molecules including 

MyD88 and the cytoplasmic NOX2 organizer protein p47phox (Ogier-Denis et al., 2008; 

Yang et al., 2009; Yang et al., 2008). Therefore, palmitic acid induced heterodimerization of 

endogenous TLR2 with TLR1 in close proximity can be determined by the time resolved-

fluorescence resonance energy transfer technique (TR-FRET). Because FRET occurs only 

when two receptors are within close proximity, it can be used as a direct readout for the 

dimerization of the native receptor in the cell membrane. Therefore, TR-FRET allows 

detection of the dimerization of native full length TLR2 and TLR1 in their biological context 

unlike X-ray crystallographic study with the truncated receptor without cytoplasmic domain. 

Snodgrass et al. (Snodgrass et al., 2013) revealed that palmitic acid induces but DHA 

inhibits the dimerization of TLR2 with TLR1 in THP-1 monocytes as assessed by the TR-

FRET (Fig. 8).

Together, these results suggest that saturated fatty acids can induce the homo-dimerization of 

TLR4 or hetero-dimerization of TLR2 and TLR1 by promoting the formation of lipid rafts 

and translocation of TLRs into lipid rafts. However, such a mechanism of the actions of 

SFAs imposes a conceptual dilemma in that if SFAs induce dimerization of TLRs by such a 

mechanism, why SFAs can activate only TLR4-MD2, TLR2/1 and TLR2/6 dimers 

containing lipid binding pockets but not other TLRs. Therefore, experimental results still 

imply potential interactions of SFAs with the lipid binding pockets of TLR4-MD2, TLR2/1, 

and TLR2/6 to promote the translocation of the TLRs into lipid rafts leading to the 

dimerization.

10. Potential interactions of SFAs with co-receptors of TLRs

Activation of TLR4 involves not only MD2 but also CD14 and LBP to transfer monomeric 

LPS to TLR4-MD2 complex. CD14 and CD36 are also involved in TLR2 signaling. Using 

forward-genetic mutagenesis, Hoebe et al. (Hoebe et al., 2005) demonstrated that TLR2/

TLR6 heterodimers require CD36 to sense diacylated lipoproteins, whereas TLR2/TLR1 

heterodimers do not. The fatty acyl groups of LPS interact with the N-terminal hydrophobic 

pocket located in LRR domains of CD14. The predicted fatty acid binding site is also 

located in CD36. Therefore, it is possible that fatty acids interact with these co-receptors and 

modulate the propensity of TLR dimerization. However, experimental evidence supporting 

such a possibility has not been reported so far.

11. Putative endogenous ligand mediating saturated fatty acid-induced 

activation of TLRs

The activation mode of Toll in Drosophila is different from that of mammalian. PAMPs 

directly bind mammalian TLRs. Toll receptor in Drosophila is activated by binding of its 

mature protein ligand Spaetzle. PAMPs induce the precursor of Spaetzle to be 

proteolytically processed to become an active ligand (Morisato and Anderson, 1994; 

Schneider et al., 1994). This mode of activation is somewhat similar to that of mammalian 

IL-1R. The expression of pro-IL-1β is induced by PAMPs and pro-IL-1β is proteolytically 

cleaved by Caspase-1 or Caspase-4/11 leading to the release of mature IL-1β that can bind 
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IL-1R. However, there is no evidence that mammalian TLRs are activated by PAMPs 

through protein ligands analogeous to Drosophila spatzel.

Pal et al. (2012) reported that fetuin-A may act as an endogenous ligand of TLR4 for fatty 

acids mediating lipid-induced insulin resistance. This suggestion is based on the 

experimental results that fetuin-A knockdown mice are protected from high fat diet induced 

insulin resistance and that fetuin-A knockdown led to inhibition of TLR4 signaling induced 

by palmitic acid in cell culture system. Fetuin-A is known to bind free fatty acids as a carrier 

protein similar to plasma albumin (Cayatte et al., 1990). The composition of fetuin-A bound 

fatty acids is similar to that of albumin (Cayatte et al., 1990) reflecting the composition of 

plasma free fatty acids. Thus, it is possible that fetuin-A may efficiently deliver free fatty 

acids to TLR4-MD2 complex. Since saturated fatty acids can activate TLR2/1 or TLR2/6 

dimer, it needs to be determined whether fetuin-A mediates the fatty acid-induced activation 

of TLR2 dimers as well. In the end, the key question about how saturated fatty acids can 

induce the dimerization of TLR4 and TLR2 still remains unanswered in such a hypothetical 

model of TLR activation.

Collectively, the plausible mechanism by which SFAs induce the receptor dimerization 

favors the interaction of SFAs with the hydrophobic lipid binding pockets in TLR4-MD2 

and TLR2/1 or TLR2/6 leading to translocation of the receptors into lipid rafts of plasma 

membrane.

12. Inhibition of dimerization of TLRs by DHA

DHA inhibits both sodium palmitate- and Pam3CSK4-induced dimerization of TLR2 and 

TLR1, and recruitment of MyD88 and p47phox (subunit of NADPH dependent oxidase) to 

lipid raft fractions (Fig. 6). Lipid A containing an unsaturated fatty acid is known to be non-

toxic and act as antagonists against endotoxin (Krauss et al., 1989; Qureshi et al., 1991). All 

PUFAs tested, particularly the n-3 PUFA DHA, inhibit both SFA-induced and TLR4/2 

ligand-induced activation of TLR4 or TLR2 (Snodgrass et al., 2013). Therefore, the 

propensity for the activation of TLR2 and TLR4 may be affected by the delicate balance of 

relative abundance of the stimulatory SFAs and inhibitory PUFAs. While lauric acid 

promotes translocation of TLR4 to lipid raft, DHA, an n-3 PUFA, inhibits LPS- or lauric 

acid-induced dimerization and recruitment of TLR4 into lipid raft fractions. DHA also 

inhibited SFA-induced or TLR4 or TLR2 ligand-induced ROS generation (Snodgrass et al., 

2013; Wong et al., 2009). Consequently, the recruitment of adaptors, MyD88 and TRIF, to 

TLR4 is attenuated in cells treated with DHA, leading the diminished expression of 

inflammatory genes such as TNF-α and COX-2. Recruitment of TLR4 to lipid rafts and 

dimerization are coupled events mediated at least in part by NADPH oxidase-dependent 

ROS generation. Lauric acid and DHA reciprocally modulate TLR4 activation by regulating 

the dimerization and recruitment of TLR4 into lipid rafts in a ROS-dependent manner 

(Wong et al., 2009).

The fact that DHA inhibits the activation of all TLRs tested (both the three domain fold and 

the single domain fold group without lipid binding pocket) suggests that the target of DHA 

is not ligand binding sites but rather common downstream step(s) of TLR signaling 
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pathways. The sequence of events for the activation of TLR- mediated signaling pathways is 

as follows: binding of ligand to receptor complex, dimerization and translocation of the 

receptor complex into lipid rafts, and recruitment and activation of downstream signaling 

components leading to modulation of expression of the target genes. DHA can displace T-

cell receptor from lipid rafts by altering fatty acid composition of lipid rafts in which 

saturated fatty acids are the predominant fatty acids (Fan et al., 2004; Stulnig et al., 2001). 

Therefore, alteration of fatty acid composition in lipid rafts by incorporation of DHA may 

result in the disruption of TLR4 recruitment to lipid rafts. Together, these results suggest that 

the target of DHA includes lipid rafts where the dimerization of TLRs occurs. This 

interpretation is consistent with the experimental results that DHA is a pan inhibitor for all 

TLRs tested (Lee et al., 2004).

13. Inhibition of the downstream signaling molecule of TLRs by DHA

It was also demonstrated that DHA can inhibit the downstream signaling molecule TAB1 in 

TLR-mediated signaling pathways (Fig. 9) (Oh et al., 2010). G protein-coupled receptor 

GPR120 is a sensor for n-3 fatty acids on macrophages and fat cells. Activation of GPR120 

by DHA antagonizes the pro-inflammatory effects of TNF-α and lipopolysaccharide in a 

macrophage cell line. DHA not only blocks the NF-κB and JNK pathways but also prevents 

expression of cytokines leading to suppression of insulin resistance in obese mice. GPR120 

is coupled with the Gq/11 family of G proteins. After ligand binds and Gq/11 is released, G 

protein receptor kinases phosphorylate the receptor. This generates binding sites for β-

arrestins which can interact with downstream signaling molecules (Rajagopal et al., 2010). 

Oh and colleagues (Oh et al., 2010) demonstrate that β-arrestin2 is essential for the anti-

inflammatory effects of n-3 fatty acids in macrophage cells. This β-arrestin2 inhibits both 

the JNK and NF-κB pathways by sequestering the TAK1 binding protein TAB1. The 

inhibition of TAB1 prevents phosphorylation and thus activation of IκB kinase upstream of 

NF-κB and MKK4 (mitogen-activated protein kinase kinase that are upstream of JNK. 

TAB1 is one of common downstream components of signaling pathways for all TLRs and 

many cytokines including IL-1β and TNF-α. Therefore, DHA can render suppressive effects 

on broad pro-inflammatory signaling pathways.

14. Pharmacological perspective

Growing evidence suggests that TLR-mediated sterile inflammation is associated with many 

chronic inflammatory diseases and autoimmune diseases. Therefore, targeting TLR 

signaling pathways can be a potential strategy in developing preventive and therapeutic 

measures against chronic inflammatory diseases resulting from dysregulated TLR-mediated 

immune responses. TLR-mediated immune responses are regulated at multiple levels that 

include availability of endogenous agonists of TLRs, the expression and activity of TLR 

complex, and their downstream signaling molecules. Targeting these multiple steps in TLR 

signaling pathways can be a conceptual strategy in developing small molecule 

pharmacological agents that inhibit TLR-mediated immune responses. Small molecules that 

sequester LPS or inhibit LPS binding to CD14 or MD2 have been explored (Peri et al., 

2010). A specific inhibitor that binds intracellular domain of TLR4 has been developed 

(Matsunaga et al., 2011). Activation of TLRs induces the expression of negative regulators 
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of TLR signaling pathways that can assist the resolution of TLR-mediated immune 

responses (Kawai and Akira, 2010). Dysregulated pathways for the expression of the 

negative regulators can possibly contribute to exaggerated TLR-mediated immune 

responses. Thus, the pathways leading to the expression of the negative regulators can also 

be a conceptual target of modulation for TLR-mediated immune responses. In the context of 

our current review on the modulation of TLR-mediated signaling pathways, the inhibition of 

TLR-mediated signaling pathways by dietary components is of particular interest. Some 

polyphenols which are abundantly present in fruits and vegetables in our diets have been 

shown to inhibit the dimerization of TLR4 or its downstream signaling molecules (Zhao et 

al., 2011). Polyphenols are extensively metabolized by gut microbes and liver enzymes (van 

Duynhoven et al., 2011). Structure function study with the parent dietary polyphenols and 

their metabolites on TLR activation will help developing safe, specific and potent 

pharmacological inhibitors.

15. Summary

Saturated fatty acids can activate but DHA inhibits certain TLR-mediated pro-inflammatory 

signaling pathways. Receptor dimerization is the proximal step and a prerequisite for the 

activation of TLRs. Bacterial ligands for TLR4 and TLR2/1 or TLR2/6 are acylated with 

saturated fatty acids. Removal of the fatty acyl moiety from these ligands results in loss of 

ligand activity indicating that these saturated fatty acyl chains are required for the ligand 

activity. X-ray crystallographic studies revealed that TLR4 co-receptor MD2 and TLR2, 

TLR1 or TLR6 contain hydrophobic lipid binding domains, and that occupying these lipid 

binding domains by acyl- chains of the ligands induce the homodimerization of TLR4 or the 

heterodimerization of TLR2/1 or TLR2/6. Saturated fatty acids without polar head groups 

present in lipid A or lipopetides induce homodimerization of TLR4 or heterodimerization of 

TLR2 with TLR1 or TLR6, albeit at much higher concentrations than those of respective 

bacterial ligands. The dimerization of TLR4 or TLR2/1 induced by respective bacterial 

ligands or saturated fatty acids is coupled with the translocation of the receptors into lipid 

raft fractions of the plasma membrane (e.g., dimerized TLR4 is present only in lipid raft 

fractions but not in non-lipid raft fractions). Polar lipids in lipid raft fractions are acylated 

predominantly by saturated fatty acids unlike those of non-lipid raft fractions implying that 

saturated fatty acids promote, whereas polyunsaturated fatty acids such as DHA inhibit the 

formation of lipid rafts in the plasma membrane. The experimental results suggest that 

saturated fatty acids can interact with lipid binding sites of TLR4-MD2 complex or 

TLR1/2/6 leading to translocation of the receptors into lipid rafts where the receptors can be 

concentrated to the extent that the dimerization can occur in a ligand independent manner. 

The lipid raft fractions are the platform where the dimerized receptors recruit and activate 

the downstream signaling components. DHA inhibits the activation of TLR4 and TLR2/1 or 

TLR2/6 and other TLRs for which ligands do not possess fatty acyl chains. This suggests 

that the target of DHA is not the ligand binding sites of TLRs but rather downstream steps 

where the dimerization of the receptors occurs (e.g., lipid rafts). Receptor dimerization and 

activation of downstream signaling pathways for TLR4 and TLR2 are illustrated in cartoon 

below (Fig. 10). In addition, DHA can inhibit the downstream signaling component of the 

signaling pathways of TLRs and cytokine receptors mediated through GPR120. Together, 
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the reciprocal modulation of TLR signaling pathways by saturated fatty acids and DHA 

signifies that TLR-mediated innate immune responses can be dynamically regulated by the 

delicate balance between saturated and unsaturated fatty acids of free fatty acids in tissues 

and plasma, which in turn, is affected by the kinds of dietary fat we consume.
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Fig. 1. Arrangement of Toll-like receptor (TLR) domains
(a) TLRs consist of an extracellular leucine-rich repeat (LRR) domain, a transmembrane 

(TM) domain, and an intracellular Toll/IL-1R homology (TIR) domain. The extracellular 

LRR domain contains 20~27 LRR modules. LRRNT and LRRCT modules cover the N and 

C termini of the LRR modules, respectively. (b) Classification of TLRs: phylogenetic 

analysis, the structures of the LRR domains, and the chemical properties of the ligands 

suggest that TLRs can be divided into two major subclasses. (c) Structural boundaries are 

important for function. Boundaries dividing the N-terminal, central, and C-terminal 

subdomains are marked by broken lines. Functionally important areas are colored. The A 

and B patches of the primary TLR4-MD-2 interface are marked. (Kang and Lee, 2011).
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Fig. 2. Crystal structures of the TLR4-MD-2-LPS complexes
(a) Structure of the TLR4-MD-2-LPS complex. TLR4, MD-2, and LPS are in gray, cyan, 

and red, respectively. (b) The dimerization interface between TLR4 and MD-2 is split and 

rotated by 90°. Hydrophilic residues of TLR4 and MD-2 colored dark green and dark blue, 

respectively, surround this hydrophobic core and form hydrogen or ionic interactions. The 

R2 lipid chain of LPS is in red. Other parts of lipid A and core carbohydrates are in pink and 

orange, respectively. (c) Structures of Lipid A and Eritorian. Abbreviations: (CO), backbone 

carbonyl oxygen; LPS, lipopolysaccharide; (NH), backbone amide nitrogen; TLR, Toll-like 

receptor. (Jin and Lee, 2008; Kang and Lee, 2011).
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Fig. 3. Crystal structures of TLR2-TLR1/6 heterodimers induced by binding of triacyl and diacyl 
lipopeptides
(a) Lipid-binding pocket in the TLR2-TLR1-Pam3CSK4 complex. The structures of the 

TLRs are dissected to reveal the shape of the lipid pocket. (b) Lipid-binding pocket in the 

TLR2-TLR6-Pam2CSK4 complex. The putative lipid channel of TLR6 is blocked by 

phenylalanines F343 and F365. (c) Summary of the lipopeptide patterns recognized by the 

TLR1-TLR2 and TLR2-TLR6 heterodimers. (Kang and Lee, 2011).
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Fig. 4. 
Unsaturated fatty acids inhibit, but saturated fatty acid potentiates, LPS-induced nuclear 

factor κB (NFκB) activation and COX-2 expression in RAW 264.7 cells. Cells stably 

transfected with NFκB(5 ×) (a) or COX-2 promoter (b) reporter gene were pretreated with 

various concentrations of each fatty acid for 3 h. Cells were then treated with LPS (200 ng/

ml). After 8 h, cell lysates were prepared and luciferase activities were determined. Data are 

expressed as a percentage of LPS treatment alone. Values are mean ± SEM (n=3). RLA, 

relative luciferase activity. (c): Cells were pretreated with docosahexaenoic acid (DHA) (20 

μM) or C12:0 (75 μM) for 3h and further stimulated with LPS (200 ng/ml for DHA; 1 ng/ml 

for C12:0). After 8 h, cell lysates were analyzed by COX-2 and actin immunoblotting. DHA, 

docosahexaenoic acid (C22:6n-3); EPA, eicosapentaenoic acid (C20:5n-3); AA, arachidonic 

acid (C20:4n-6); LA, linoleic acid (C18:2n-6); OA, oleic acid (C18:1n-9); C12:0, lauric 

acid. (Lee et al., 2003).
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Fig. 5. 
Unsaturated fatty acids inhibit, but saturated fatty acid potentiates, PamCAG-induced NFκB 

activation and COX-2 expression. RAW 264.7 cells stably transfected with NFκB(5 ×) (a) or 

COX-2 promoter (b) reporter gene were pretreated with various concentrations of each fatty 

acid for 3 h. Cells were further stimulated with a synthetic bacterial lipoprotein (PamCAG, 

500 ng/ml). After 8 h, luciferase activities were determined. Data are expressed as a 

percentage of PamCAG treatment alone. (c): RAW 264.7 cells were pretreated with DHA 

(20 μM) or C12:0 (75 μM) for 3 h and further stimulated with PamCAG (500 ng/ml). After 8 

h, cell lysates were analyzed by COX-2 and actin immunoblotting. (d): 293T cells were 

cotransfected with NFκB-luciferase reporter plasmid and TLR2 expression plasmid, and 

treated with PamCAG in the presence or absence of DHA or C12:0. Values are mean ± SEM 

(n=3). RLA, relative luciferase activity. * Significantly different from the respective control 

(P < 0.05). (Lee et al., 2003).
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Fig. 6. 
Palmitic acid and Pam3CSK4 induce but DHA inhibits the recruitment of MyD88 and p47 

phox (subunit of NADPH oxidase 2) into lipid raft fractions. (a) To demonstrate the 

separation of lipid rafts (LR) and non-lipid raft (NLR) fractions of plasma membrane, cells 

were lysed and fractionated by sucrose-gradient ultracentrifugation. LR fractions (fractions 2 

and 3) and NLR fractions (fractions 6–8) were identified by the presence of flotillin-1 (LR 

marker) and transferrin receptor (NLR marker), respectively. (* due to overwhelming 

expression only 20% of input lysate from fractions 6–8 was subjected to SDS-PAGE and 

immunoblotted with anti-TLR2 antibodies). (b) To determine whether palmitic acid (C16:0) 

or Pam3CSK4 induces recruitment of the downstream signaling components of TLR2 into 

LR fractions, THP-1 cells were serum starved in 1.0% FBS-RPMI-1640 for 12 h, then 

treated with C16:0 (150 μM) or Pam3CSK4 (100 ng/ml) for indicated time periods. Fractions 

1–4 were immunoblotted with anti-TLR2, anti-MyD88, anti-p47phox, and anti-flotillin-1 

antibodies. (c) Serum starved THP-1 cells were incubated with DHA (10 μM) for 1 h then 
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treated with C16:0 (150 μM) or Pam3CSK4 (100 ng/ml) for 5 min. Cell lysate was separated 

by sucrose-gradient ultracentrifugation and fractions were immunoblotted. (Snodgrass et al., 

2013).
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Fig. 7. Lauric acid induces but DHA inhibits TLR4 homodimerization and association of TLR4 
with MD-2 in lipid rafts
(a) Ba/F3 cells stably transfected with GFP/FLAG-tagged TLR4 and FLAG-tagged MD-2 

were treated with LPS or lauric acid in the presence or absence of DHA (20 μM). For the 

immunoprecipitation, lipid raft Fractions 4 and 5 were pooled from the sucrose gradient. 

One half of the lipid raft fraction was immunoprecipitated with anti-GFP antibodies and then 

immunoblotted with anti-FLAG antibodies. The membranes were reprobed with anti- GFP 

antibodies. The other half of the samples was immunoblotted with anti-flo-tillin-1 antibodies 

to show the presence of the lipid raft marker. (b) Samples from pooled non-lipid raft 

Fractions 10–12 were immunoprecipitated and immunoblotted as described above in a. 

(Wong et al., 2009).
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Fig. 8. TLR2/1 dimerization determined by TR-FRET in monocytes
TR-FRET assay was used to detect dimerization of TLR2 with TLR1 using anti-TLR2. 

Antibodies labeled with europium cryptate as the donor fluorophore and anti-TLR1. 

Antibodies labeled with d2 as the acceptor fluorophore: an assay to detect the dimerization 

of native receptors in the context of intact cell membrane, whereas, X-ray crystallography or 

immunoprecipitation assays to detect dimerization uses truncated or epitope tagged 

recombinant receptor protein, respectively. (Snodgrass et al., 2013).

Hwang et al. Page 24

Eur J Pharmacol. Author manuscript; available in PMC 2018 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. Schematic diagram of the β-arrestin2 and GPR120-mediated anti-inflammatory 
mechanism
Red colored letters and arrows indicate the DHA-mediated anti-inflammatory effect, and 

black colored letters and arrows indicate the LPS- and TNF-α-induced inflammatory 

pathway. (Oh et al., 2010).
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Fig. 10. Schematic diagram of the translocation of TLR4 and TLR2 into lipid rafts
Translocation of TLR4 into lipid rafts and homodimerization of TLR4 induced by LPS or 

saturated fatty acids, and the inhibition of these steps by DHA (a), or heterodimerization of 

TLR2 with TLR1 or TLR6 in lipid rafts induced by lipopetides or saturated fatty acids, and 

its inhibition by DHA (b). For the sake of focusing the dimerization event, the horse shoe 

shape of TLR4 and exact location of MD2 associated with TLR4 as shown in X-ray 

crystallographic structure (Fig. 2) are not accurately depicted in this figure.
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