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Abstract

Purpose of review—Dietary saturated fatty acids (SFAs) have been implicated in promoting
the metabolic syndrome and atherosclerotic cardiovascular disease. Recent evidence suggests that
SFAs promote the metabolic syndrome by activating Toll-like receptor 4 (TLR4). Here we
examine emerging molecular evidence that SFAs directly engage pathways of innate immunity,
thereby promoting inflammatory aspects of the metabolic syndrome.

Recent findings—Accumulation of SFA in the body is tightly regulated by stearoyl-CoA
desaturase 1, an enzyme that converts endogenous SFA to monounsaturated fatty acids. Recent
studies have demonstrated that the accumulation of SFA seen with genetic deletion or inhibition
stearoyl-CoA desaturase 1 promotes inflammation, TLR4 hypersensitivity, and accelerated
atherosclerosis. Therefore, stearoyl-CoA desaturase 1 may play an unexpected role in suppressing
inflammation by preventing excessive accumulation of endogenous SFA-derived TLR4 agonists.
In parallel, several independent laboratories have demonstrated that TLR4 is necessary for dietary
SFAs to induce obesity, insulin resistance, and vascular inflammation in rodent models.

Summary—The metabolic syndrome and atherosclerotic cardiovascular disease have long been
linked to dietary SFA intake and inflammation. Recent mechanistic insights into how SFAs and
downstream metabolites can potentiate inflammation-driven metabolic disease are discussed here.
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Introduction

It has been estimated that nearly a quarter of American adults have the metabolic syndrome
[1]. This syndrome is a collection of metabolic abnormalities, including abdominal obesity,
insulin resistance, hypertriglyceridemia, hypertension, and low high-density lipoprotein
cholesterol (HDLc) levels [1-3]. The metabolic syndrome is thought to also be a predictor of
atherosclerotic cardiovascular disease (ASCVD) risk in humans [1-3]. The question still
remains whether all aspects of the metabolic syndrome originate from a single underlying
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mechanism, or whether these diverse comorbidities arise from distinct origins [4,5]. Quite
strikingly, all aspects of the metabolic syndrome have been closely associated with chronic
inflammation [6-10], potentially implicating the innate immune system as the root cause for
the syndrome as a whole. Just as inflammation has been strongly linked to metabolic
syndrome comorbidities, dietary fat intake has long been proposed as another causative
factor [11-13]. In this regard, not necessarily the quantity, but the quality of dietary fat
consumed strongly predicts the prevalence of metabolic syndrome and atherosclerosis [11-
13]. Diets enriched in saturated fatty acids (SFA) have been associated with increased risk
for obesity [11], insulin resistance [12], and atherosclerosis [13], whereas diets containing
long chain ®-3 polyunsaturated fatty acids (PUFA) from fish oils have been shown to
protect against these same metabolic diseases [11-14]. Accordingly, the purpose of this
review is to discuss recent insights regarding the direct engagement of Toll-like receptors
(TLRs) by dietary fatty acids and how this impacts metabolic disease.

Role of innate immune system in metabolic syndrome and atherosclerosis

The immune system can be broadly characterized into two closely related pathways known
as adaptive and innate immunity. The adaptive immune system generates responses to
‘nonself” antigenic epitopes and promotes immunological memory. In contrast, the innate
immune response is the first line of defense against invading pathogens, wherein highly
conserved pathogen-associated molecular patterns (PAMPS) are recognized by cognate
pattern recognition receptors (PRRs). Activation of the innate immune system controls
macronutrient metabolism [15] and promotes the metabolic syndrome and atherosclerosis
[7-10]. Furthermore, fatty acids themselves may ‘highjack’ the innate immune system to
elicit some of their biological effects [16—22]. Even though there is a large body of evidence
linking inflammation to obesity, insulin resistance, and atherosclerosis, mechanistic
understanding of how the innate immune system affects these lipid-driven metabolic
diseases remains elusive. Probably the best understood connection between inflammation
and metabolic disease comes from decades of work linking innate immunity to
atherosclerosis [23]. It has long been known that blood monocyte-derived macrophages
represent a major cellular component of the atherosclerotic plaque. Furthermore, activation
of macrophage PRRs accelerates ASCVD through several distinct mechanisms, including
promotion of monocyte adhesion to the vascular endothelium [24], smooth muscle cell
proliferation [25], cholesterol accumulation [26], cytokine/chemokine burden [24], and
initiating macrophage apoptosis [27].

Like ASCVD, activation of the innate immune system can also promote insulin resistance
and obesity. It has been well over 100 years since Williamson and Lond [28] first reported
that high-dose sodium salicylate treatment improved glycosuria and diabetes, a result that
has been substantiated by many others [29-31]. Interestingly, salicylate’s ability to protect
against insulin resistance depends entirely on its ability to inhibit inflammation driven by an
inhibitor of nuclear factor kappa B kinase beta (IKKp), and to prevent lipid-induced
decreases in insulin-stimulated insulin receptor substrate 1 (IRS-1) tyrosine phosphorylation
and IRS-1-associated PI-3-kinase activation [30,31]. In fact, many studies have supported
the idea that cytokine signaling directly promotes insulin resistance [7,8]. A much more
recent concept is that the innate immune system may be causally linked to obesity
[7,8,32,33]. In 2003, two landmark papers challenged the predominant ‘adipocyte-centric’
view of obesity when they demonstrated that adipose tissue contains a substantial population
of macrophages, and macrophage-driven adipose inflammation contributes significantly to
the pathogenesis of obesity [32,33]. Collectively, activation of the innate immune system is
strongly associated with ASCVD, insulin resistance, and obesity, and recent evidence
suggests that much of this association can be traced to a unique family of PRRs known as
TLRs (Fig. 1).
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Toll-like receptor family: master regulators of inflammatory disease

TLRs are a family of type | transmembrane receptors, currently thought to comprise at least
13 members in mammals, that specifically recognize a variety of microbial PAMPs and
trigger host cellular responses. They have been the subject of several recent comprehensive
reviews [34-36]. TLRs are generally composed of three domains: an extracellular domain of
leucine-rich repeat motifs thought to be involved in ligand binding; a transmembrane
domain that may determine receptor localization to the plasma membrane (TLR1, TLR2,
TLR4, TLR5, TLR®6) or to intracellular membranes (TLR3, TLR7, TLR8, TLR9); and an
intracellular tail containing a conserved Toll/interleukin-1 receptor (TIR) domain common
to the IL-1 and IL-18 receptors. Upon ligand binding, TLR dimerization produces a TIR-
TIR complex that in turn recruits intracellular TIR-containing adaptor proteins that
transduce the signal into the cytosol. Of five described TLR adaptors, three are considered
as bridging or regulatory adaptors, whereas myeloid differentiation primary response protein
88 (MyD88, adaptor for all TLRs except TLR3) and TIR domain-containing adaptor
inducing interferon-p (TRIF, adaptor for TLR3 and TLR4) are signaling adaptors that lead
to activation of mitogen-activated protein kinases and transcription factors [e.g., nuclear
factor (NF)-xB], and induction of cytokines.

TLR activation by infecting pathogens bearing TLR-specific molecular motifs [e.g.,
bacterial lipopeptides (BLPs) for TLR2, lipopolysaccharide (LPS) for TLR4] induces tissue
inflammation and antimicrobial responses in the host. To a degree of oversimplification,
TLRs can be grouped into two ligand categories, lipid (TLR1, TLR2, TLR4, TLR6) and
nucleic acid (TLR3, TLR7, TLR8, TLR9). TLR2 and TLR4, which respond to bacterial cell
wall lipids, are the best characterized TLRs, having been shown to play critical roles in
several infectious and inflammatory disorders. Presumably reflecting structural similarity
between microbial and host membrane lipids, TLR2 and TLR4 have been reported also to
recognize select host lipids and to play important roles in the pathogenesis of noninfectious,
inflammatory diseases of host lipid dysregulation like ASCVD, insulin resistance, and
obesity.

In-vitro evidence that fatty acids activate (saturated fatty acids) or suppress
(w-3 polyunsaturated fatty acids) Toll-like receptor signaling

Interest in SFAs as potential TLR2 and TLR4 stimuli emerged several years ago [17] from
the realization that the activity of microbial stimuli upon both TLR2 (i.e., BLP) and TLR4
[i.e., lipopolysaccharide (LPS)] is borne by their saturated fatty acyl moieties. Indeed,
deacylated BLPs are inactive upon TLR2 [37], whereas a library of synthetic lipopeptides
with SFA acyl substitutions stimulate TLR2 [38]. Lipid A, the endotoxic moiety of the LPS
molecule, is hexaacylated in Salmonella and Escherichia coli with the SFAs lauric, myristic,
and/or palmitic acid. Both deacylated lipid A and lipid A variants acylated with unsaturated
fatty acids lose activity upon interaction with TLR4, and in fact act as antagonists [39-41],
whereas a library of synthetic lipid A mimetics hexaacylated with SFAs elicit TLR4-
dependent signals [42].

Free SFAs have indeed been demonstrated to elicit TLR4-dependent and TLR2-dependent
responses in several cell types. Using transfected RAW 264.7 macrophages, Lee et al.
[17,20] reported that multiple SFAs, but most prominently lauric acid (C12 : 0), signal via
TLR4-MyD88 to activate NF-xB, and via TLR4-TRIF, to activate interferon-stimulated
regulatory element; by contrast, several o-3 and ©-6 PUFAs attenuate C12 : 0 and LPS
responses through effects at the level of TLR4 [17,21,22]. The -3 PUFA docosahexanoic
acid (DHA) also more globally inhibits cellular responses to TLR2, TLR3, TLR5, and TLR9
agonists [20,22]. Like LPS, C12 : 0-elicited responses in transfected 293T cells require the
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TLR4 accessory molecule MD2 and are potentiated by CD14 [22]. Moreover, C12 : 0 also
signals via TLR2 in cooperation with TLR1 or TLR6, but not via TLR3, TLR5, or TLRO.
Additional cell types in which SFAs have been shown to elicit TLR4-dependent signals
include dendritic cells [19], primary and human acute monocytic leukemia cell line (THP-1)
macrophages [16,43], adipocytes [16], endothelial and smooth muscle cells [44,45], and
osteoclasts [46e¢]. TLR2-dependent responses are reported in adipocytes [47] and myotubes
[48]. Endogenous SFAs released from adipocytes activate cocultured macrophages via
TLR4 [18], indicating the potential for cellular crosstalk in adipose tissue. Collectively,
there is a growing body of evidence that SFAs promote, whereas long chain PUFA
antagonize, TLR4-dependent and TLR2-dependent signaling in multiple cell models [16—
22,42-45,469¢,47,48].

In-vivo evidence that Toll-like receptor 4 is necessary for saturated fatty
acids to induce metabolic syndrome and atherosclerotic cardiovascular

disease

Although SFAs can clearly modulate TLR signaling in cell models [16—22,42-45,46es,
47,48], the specific involvement of TLRs in the pathogenesis of obesity, insulin resistance,
and ASCVD has only very recently come to light. In an elegant study, Shi et al. [16]
demonstrated that SFAs activate TLR4-dependent signaling in both macrophages and
adipocytes, and mice lacking TLR4 are protected against insulin resistance driven by
intravenous lipid infusion [16]. In addition to effects in macrophages and adipocytes, SFAs
can activate TLR4 in the hypothalamus, which triggers a central inflammatory response that
results in resistance to anorexigenic signals [49e¢]. Several additional studies [50-52] have
shown that mice lacking TLR4 are protected against high-fat diet-induced obesity and
insulin resistance, clearly linking TLR4 to the progression of the metabolic syndrome.

In addition to TLR4’s role in promoting obesity and insulin resistance, TLR signaling plays
an important role in ASCVD progression (Fig. 1). It has been clearly demonstrated that
TLR4 is abundantly expressed in macrophages contained within atherosclerotic plaques
[53], and that mice lacking either TLR4 itself or its downstream adapter protein MyD88 are
protected against atherosclerosis [54,55]. In agreement, humans with mutations in TLR4 are
less susceptible to atherosclerosis [56,57]. This is likely explained, in part, by TLR4’s role
in vascular endothelial cell activation [45], cytokine/chemokine generation [56,57,45],
outward vascular remodeling [58], and macrophage apoptosis [59]. Interestingly, bone-
marrow transplantation studies have shown that macrophage TLR4 plays a very minor role
in SFA-driven atherosclerosis [60¢]. In addition to TLR4, TLR2 has been implicated in
promoting ASCVD [61], yet whether SFA-driven ASCVD depends on TLR2 has not been
examined.

The stearoyl-CoA desaturase 1 story: accumulation of endogenous
saturated fatty acids accelerates atherosclerosis and inflammatory colitis

Although there is clear evidence that dietary SFAs promote the metabolic syndrome and
ASCVD [11-13], it is still debated whether endogenous SFAs produced from de novo
synthesis can act in a similar fashion. SFA levels in the body are tightly regulated by
stearoyl-CoA desaturase 1 (SCD1), an enzyme that converts endogenous SFA to
monounsaturated fatty acids (MUFAS). Mice lacking SCD1 accumulate large amounts of
SFAs in multiple tissues, yet are protected against diet-induced obesity, hepatic steatosis,
and insulin resistance [62]. Based on data generated in SCD1 null mice, SCD1 inhibition has
been proposed as an attractive strategy for preventing the metabolic syndrome [62].
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However, these early studies on SCD1 null mice failed to examine the consequences of
endogenous SFA accumulation on innate immunity.

In early 2008, we learned the first lesson that endogenous SFAs can indeed promote innate
immunity and inflammatory disease [63¢¢]. In this study, it was shown that mice lacking
SCD1 had enhanced dextran sulfate sodium (DSS)-induced and bacterial-induced
inflammatory gene expression and exaggerated colitis. The authors suggested that SCD1
may serve a protective function against proinflammatory signaling. In support of this
concept, our group recently demonstrated that antisense oligonucleotide (ASO)-mediated
inhibition of SCD1 resulted in SFA enrichment of macrophage membranes, TLR4
hypersensitivity, and striking enhancement of atherosclerosis [64¢¢]. Likewise, mice
genetically lacking SCD1 also have increased inflammation and accelerated atherosclerosis
[65¢]. Interestingly, we now know that moderate dietary supplementation with ®-3 PUFA
from fish oil can completely prevent the accelerated atherosclerosis seen with SCD1 ASO
treatment (unpublished observations; J.M.B. and L.L.R.). This finding strongly supports the
work of Hwang and coworkers [19-22] demonstrating that m-3 PUFAs can effectively
counteract SFA-induced TLR4 activation in cultured macrophages and dendritic cells.
Mechanistic understanding of how this reciprocal relationship occurs will likely lead to
novel therapeutic strategies for the metabolic syndrome and ASCVD.

Possible mechanisms by which saturated fatty acids and w-3
polyunsaturated fatty acids may regulate Toll-like receptor 2 and Toll-like
receptor 4 signaling

The molecular mechanisms by which fatty acids impact TLR2-dependent and TLR4-
dependent signaling remain incompletely resolved. Given that the acyl chains of lipid A
directly bind the crystal structure of the MD2-TLR4 complex [66¢¢], the potential exists for
free SFAs to act as direct ligands to MD2-TLR4. This said, it is unclear how likely it would
be for free SFAS presented on a carrier protein to recapitulate the precise presentation of
acyl chains in lipid A, and one group was unable to detect direct binding of stearic acid
(C18:0) to MD2-TLRA4 [67¢]. Alternatively, it is possible that SFAs may be converted to
TLR4-active metabolites. One group has proposed that palmitate (C16 : 0) may require
conversion to ceramide for activity, as palmitate induction of cytokines is attenuated by
inhibiting either conversion to palmitoyl-CoA or de novo ceramide synthesis, and is
mimicked by cell treatment with ceramide [43]. It is notable in this regard that ceramide has
structural similarity to lipid A [68], itself elicits TLR4-dependent cellular responses [69],
and, though controversial, may act as an intermediate in TLR4-dependent responses elicited
by LPS and other stimuli [68,70,71]. Incorporation of SFAs into lysophosphatidylcholine
(LPC) also yields proinflammatory LPC species [63+¢], though it is not clear that their
activity involves TLRs. On the other hand, PUFAs may be metabolized into anti-
inflammatory resolvins [72], or attenuate LPS-induced responses indirectly through
activating peroxisome proliferator-activated receptors [73].

SFAs and PUFAs may also possibly impact TLR signaling through effects upon the lipid
and protein composition of the raft membrane microdomains to which TLR4 is thought to be
translocated upon activation [74]. SFAs pack well into membrane rafts; indeed, the majority
of raft proteins are thought to be palmitoylated and/or myristoylated [75], and many,
including TRIF-related adaptor molecule (TRAM), a coadaptor for TRIF in the TLR4
pathway, require acylation for proper membrane localization and function [76,77]. By
contrast, PUFAs appear to disrupt raft order and lipid composition in the plasma membrane
[78,79], displacing signaling proteins from rafts [80,81] and reducing TLR4 cell surface
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expression [82]. Given our incomplete mechanistic understanding, it has become quite clear
that this area is a fertile ground for future research.

Conclusion

The metabolic syndrome has become a major global health concern, and dietary SFA intake
plays a significant role in the development of this complex syndrome. Recent evidence
suggests that both dietary and endogenous SFA can promote the metabolic syndrome and
ASCVD by activating TLRs. Although the connection between SFAs and TLR activation
has been strongly supported, the molecular details of how free fatty acids activate TLR-
dependent signaling are still largely unknown. Further mechanistic understanding of how
SFAs promote and long chain PUFAS prevent TLR activation will likely lead to novel
therapeutic strategies for the metabolic syndrome and ASCVD.
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Figure 1. Scheme of saturated fatty acid activity upon Toll-like receptor 2 and Toll-like receptor
4 as a crossroads for metabolic diseases and inflammation

Saturated fatty acids (SFASs) derived from the diet and/or adipose tissue lipolysis enter the
circulation and influence several tissues through activity upon resident cells expressing Toll-
like receptor (TLR) 2 and TLR4. TLR pathway activation via the tumor necrosis factor
receptor (TNFR) induces proinflammatory cytokines [e.g., tumor necrosis factor (TNF), and
IL-6, chemokines, and adhesion molecules, which may promote inappropriate macrophage
recruitment to tissues, including the arterial subintima and adipose tissue. Intercellular
communications also modify the obesity phenotype itself in part through activity upon the
hypothalamus and lead to steatohepatitis, atherosclerosis, and insulin resistance.
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