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Role of Metabolic Endotoxemia in
Systemic Inflammation and Potential
Interventions

Shireen Mohammad ™ and Christoph Thiemermann

William Harvey Research Institute, Queen Mary University of London, London, United Kingdom

Diet-induced metabolic endotoxemia is an important factor in the development of many
chronic diseases in animals and man. The gut epithelium is an efficient barrier that
prevents the absorption of liposaccharide (LPS). Structural changes to the intestinal
epithelium in response to dietary alterations allow LPS to enter the bloodstream, resulting
in an increase in the plasma levels of LPS (termed metabolic endotoxemia). LPS activates
Toll-like receptor-4 (TLR4) leading to the production of numerous pro-inflammatory
cytokines and, hence, low-grade systemic inflammation. Thus, metabolic endotoxemia
can lead to several chronic inflammatory conditions. Obesity, diabetes, and non-alcoholic
fatty liver disease (NAFLD) can also cause an increase in gut permeability and potential
pharmacological and dietary interventions could be used to reduce the chronic low-grade
inflammation associated with endotoxemia.

Keywords: metabolic endotoxemia, lipopolysaccharide, high-fat diet, Toll-like receptor, antimicrobial peptides,
gut permeability

INTRODUCTION

Cani and colleagues (1) first defined metabolic endotoxemia as a diet-induced, 2-3-fold increase in
plasma LPS levels associated with low-grade inflammation, ultimately leading to the development of
cardiometabolic diseases. The serum levels of LPS seen after a 4-week exposure to high-fat diet
(HFD) were similar to that of mice continuously infused with LPS for 4 weeks to induce metabolic
endotoxemia (1). It should, however, be noted that the levels of LPS observed after the above diet
(and, indeed, in other models of metabolic endotoxemia) are 10-15 times lower compared to those
seen in animals or man with sepsis (1). Inflammation is a normal process of the host defense.
However, an unresolved (chronic) inflammatory response leads to low-grade, systemic
inflammation (2). Indeed, metabolic endotoxemia causes a state of low-grade inflammation,
which is a pathological feature of a range of chronic conditions including type 2 diabetes
mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD), chronic kidney disease, and
atherosclerosis (2).
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IMMUNE ACTIVATION IN METABOLIC
ENDOTOXEMIA

LPS

The term “lipopolysaccharide” was first introduced when it
became apparent that endotoxin contains both carbohydrates
and lipids (3). Endotoxins are complexes made up of LPS that
form the major component of the outer wall of Gram-negative
bacteria, while exotoxins are defined as those toxins that are
actively secreted by bacteria with a conserved lipid A “endotoxic”
component (4, 5). LPS is composed of three parts: Lipid A (fatty
acid and hydrophobic tail); the core divided into the inner and
outer core (oligosaccharide containing sugar residues) and the O
side chain (repeating sugar residues) (Figure 1) (6). LPS is a
potent activator of the inflammatory response and is a crucial
pathogen-associated molecular patterns (PAMPs) in Gram-
negative bacteria, consequently small amounts of LPS present
in the blood due to a bacterial infection is sufficient enough to
elicit an inflammatory response through the interaction with
Toll-like receptors (TLRs) (7). Hence, LPS is responsible for
pathophysiologic symptoms which is characteristic of infection
(8,9). The ability of LPS to evoke signaling events and trigger the
release of cytokines from macrophages (and, indeed of Kupffer
cells in the liver) is dependent on the type of lipid A component
within the LPS structure.

Toll-Like Receptors

TLRs are single domain transmembrane plasma bound receptors
that belong to the pattern recognition receptors (PRRs) family as
well as NOD-like receptors (NLRs) and mannose. They are
important receptors in the innate immune system, as they are
able to detect the presence of microbial infections (10). TLRs
are expressed by immune cells such as macrophages, dendritic
cells, and non-immune cells, recognizing a variety of stimuli,
including conserved motifs of microbes known as PAMPs

Outer membrane

Gram-negative bacteria\

derived from various microbes such as LPS, lipopeptides, viral
double-stranded RNA, bacterial DNA, and danger-associated
molecular pattern molecules (DAMPs) derived from damaged
cells, such as heat shock proteins to help initiate and promote the
immune response (11). Each TLR recognizes specific microbial
components derived from pathogens (Table 1) and upon the
recognition of PAMPs, TLRs initiate the proinflammatory
signaling pathway via the recruitment of specific adaptor
molecules and the activation of transcription factors, nuclear
factor-kB (NF-xB), and interferon-regulatory factors (IRFs)
resulting in an immune response by producing inflammatory
cytokines, type I interferon (IFN) and other mediators. Pro-
inflammatory cytokines and the activation of microbicidal
responses is required to eliminate infection, however
overactivation of PRRs can cause systemic inflammatory
responses (15).

The Toll receptor was first discovered for its role in the
embryonic development of fruit-fly Drosophila melanogaster, as a
mutation in the Toll gene caused abnormal development in the
embryos compared to wild-type flies and they were more
susceptible to fungal infection. These mutated flies were
termed Toll, the German word for “wow” (16-18). Ten TLRs
members have been identified in humans (TLR1-TLR10) and 12
in mice (TLR1-TLRY, TLR11-TLR13). TLRs can be divided into
two subpopulations in terms of their cellular localization found
either on the outer membrane (TLR1, 2, 4, 5, 6, 10) capable of
recognizing microbial membrane components such as
lipoprotein, protein, and lipids or found in intracellular vesicles
such as the endosomal, lysosomal membranes, or the
endoplasmic reticulum (TLR3, 7, 9) that target viruses that
enter via endocytosis (19, 20). TLRs are able to recognize their
respective PAMPs, as each TLR is composed of an ectodomain
with leucine-rich repeats (LRRs) that adopts a horseshoe shaped
structure connected with the cytosolic carboxy-terminal domain,
the cytoplasmic Toll/IL-IR (TIR) domain and a transmembrane

0O-Polysaccharide Chain

Outer Core

Inner Core

Lipid A

FIGURE 1 | The Structure of LPS. LPS is made up of three parts: Lipid A, core, and the O-polysaccharide chain. Covalently attached to lipid A is the core part of
the molecule, divided into the inner and outer core. The inner core is next to the lipid A section, which contains sugars such as L-glycerol-D-manno heptose (Hep)
and 3-deoxy-D-manno-octulosonic acid (Kdo). The outer core contains common sugars such as hexosamines and hexoses (Hex). Attached to the outer core are
repeating subunits of oligosaccharides, referred to as the O-chain (3). Adapted from Erridge et al. (3).
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TABLE 1 | Examples of pattern recognition receptors (PRRs) and their specific
pathogen-associated molecular patters (PAMPs).

TLR Origin of PAMP Bacterial PAMPs
TLR1/ Gram-positive and Gram-negative Triacy! lipopeptides
TLR2 bacteria
TLR2 Gram-positive and Gram-negative Peptidoglycan
bacteria Lipoteichoic acid
Gram-positive bacteria Diacy! lipopeptides
Neisseria spp. Zymosan
Fungi B-Glycan
Fungi Envelope glycoproteins
Virus
TLR2/ Saccharomyces cerevisiae Zymosan
TLR6 Streptococcus Lipoteichoic acid
Bacteria (Mycoplasma) Diacyl lipopeptides
TLR3 Double-stranded RNA virus dsRNA
TLR4 Gram-negative bacteria LPS-MD2
Candida albicans Mannan
Candlida albicans Phospholipomannan
Candida albicans O-linked mannosyl
Host residues
Hyaluronan
TLR5 Flagellated bacteria Flagellin
TLR7/8 RNA viruses ssRNA
TLR9 Bacteria cpG DNA
Virus DNA
Protozoa Hemozoin
TLR11 Parasites Profilin-like molecules

Table adapted from Marshall et al. (12), Doughty (13), and Kawai et al. (14).

domain that is required for initiating the downstream signaling
pathway (15). The LRR motif is responsible for the recognition of
their respective pathogen and the cytosolic TIR domain is
necessary for the interaction with adaptor proteins, including
myeloid differentiation primary response gene 88 (MyD88), TIR-
containing adaptor protein (TIRAP), TRIF-related adaptor
molecule (TRAM), and Toll/interleukin-1 receptor domain-
containing adapter inducing interferon- (TRIF) and hence
necessary for the initiation of the downstream signaling
transduction (21).

Toll-Like Receptor 4 Signaling

TLR4 recognizes bacterial LPS, binding of which leads to cellular
activation, causing the release of proinflammatory cytokines.
This strategy of recognition is the first line of defense against
bacterial infections and LPS is the most powerful immunostimulant
known to date. The lipid A moiety is the main PAMP within LPS
and if excessive signaling occurs through TLR4, this can induce
systemic inflammation, a cytokine-storm, and ultimately
sepsis (22).

On the cell surface, the first protein involved in the
recognition of LPS is the LPS-binding protein (LBP). LBP is
present as a soluble protein or a plasma membrane protein in the
bloodstream, it recognizes and forms a complex with the lipid A
part of LPS in the plasma allowing LPS to dock at the LPS
receptor complex resulting in the LPS-LBP complex. LBP allows
LPS to interact with CD14 on the cell surface, a
glycosylphoshatidylinositol-anchored protein containing LRRs,
binds LBP and transfers LPS-LBP to the co-receptor of TLR4,

myeloid differentiation protein-2 (MD-2) and TLRs are able to
detect LPS with the help of this accessory protein, MD-2, a
secreted glycoprotein, which non-covalently associates with
TLR4 and acts as a binding site for LPS (4). Once LPS binds to
the TLR-CD14-MD-2 complex and is recognized, TLR4 is
activated and undergoes oligomerization, allowing the
recruitment of the downstream adaptors through the
interaction with TIR domains due to the conformational
change of the extracellular domain allowing the dimerization
of the cytoplasmic TIR domain. The LPS/TLR4 mediated
response triggers two distinct signaling pathways: the MyD88-
dependent pathway which tends to occur earlier and is utilized
by all TLRs, except TLR3. This involves the recruitment of
TIRAP at the cell membrane followed by the recruitment of
MyD88 and the MyD88-independent pathway which occurs
during the late phase response which involves the trafficking of
TLR4 to the endosome and the recruitment of TRAM and TRIF
(22, 23).

MyD88-Dependent Pathway

MyD88 belongs to the family of cytosolic TIR domain-
containing adaptor molecules (24). Upon stimulation with a
ligand, the MyD88-dependent pathway involves the recruitment
and activation of IL-1 receptor-associated kinase 4 (IRAK-4),
linking TLRs to IL-1Rs. The death domain recognizes the
conformational change of the TIR domain of TLRs and binds
to the new conformation allowing the transfer of signaling by the
interaction of the death domain of the MyD88 with IRAK
kinases family membranes, known as Myddosome. There are
four IRAKs (IRAK-1, 2, 3, 4) that contain an N-terminal death
domain and a central serine/threonine-kinases domain. During
the Myddosome formation, IRAK4 activates IRAKI and
undergoes autophosphorylation, allowing the association with
the adaptor protein, TNF-o receptor associated factor 6
(TRAF6), which is critical for the activation of this pathway.
The activation of IRAK1 allows the binding to the TRAF domain
of TRAF6. The IRAK1/TRAF6 complex then dissociates from
the receptor and associates with TAK; and TAK;-binding
proteins (TAB; and TAB,). TAK; is a member of the mitogen
activated protein kinase kinase kinase (MAPKKK) family and
forms a complex with the regulatory subunits (TAB; and TAB,)
that interact with K63-linked polyubiquitin chains generated by
TRAF6, along with ubiquitin-conjugating enzyme, ubiquitin-
conjugating enzyme E32 variant 1 isoform A (UBC;;) and
UEV,A to drive the activation of the transforming growth
factor-B-activated kinase (TAK1). The TRAF6, TAK,, TAB,,
and TAB, complex then moves to the cytoplasm and forms a
complex with UBC;;. TAKI then activates the IKK complex, the
catalytic subunits IKKo and IKKP and the regulatory subunit
NEMO (known as IKKYy). Through ubiquitin chains TAK;
phosphorylates IKKP. This leads to the degradation of IKf and
the release of free NF-xB (p50/p65). The IKK complex
phosphorylates the NF-xB inhibitory protein, IxkBo, which in
turn allows the translocation of NF-kB to the nucleus, initiating
the transcription of proinflammatory genes including IL-18, IL-
6, IL-10, and IL-1P (Figure 2) (15).
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MyD88-Independent Pathway

The MyD88-independent pathway is also known as the TRIF
dependent pathway. This pathway is initiated by TRAM and
TRIF. This pathway is specific to a few TLRs and once stimulated
the adapter protein, TRIF is important for recruiting TNF
receptor associated factor 3 (TRAF3). TRAF3 recruits the IKK-
related kinases, TRAF family member-associated NF-kB
activator-binding kinase (TBK1) and IKKe, leading to the
phosphorylation of interferon regulatory factor 3 (IRF3), which
forms a dimer and results in the translocation into the nucleus,
resulting in the activation of the expression of IFN inducible
genes and inflammatory mediators (Figure 2) (15, 25).

INTESTINAL CHANGE

Components of the Intestinal Epithelial
The small and large intestines form the major part of the
gastrointestinal tract that follows the stomach. The small

intestine consists of three divisions: the duodenum, the
jejunum, and the ileum. The duodenum is the first and
shortest part of the small intestine involved in chemical
digestion. The jejunum is the middle part of the small intestine
where nutrients are absorbed into the blood and the ileum is
between the jejunum and the cecum. The mucous membrane
lining the jejunum is covered with villi and the ileum is where the
remaining nutrients are absorbed, the inner surface is also
covered with villi. The small intestine consists of four tissue
layers: mucosa, submucosa, muscularis, and the serosa. The
intestinal epithelial are one-cell-thick, lining of the surface of
the intestinal epithelium that form a barrier between the mucosal
tissue and the lumen to protect humans (and animals) against
invading microorganisms. Each epithelium has a finger-like
projection called villi, brush border, crypt, and basolateral
plasma membrane structure (26, 27). Each individual villus
contains a rich capillary network and between the villi are
intestinal glands (crypts of Lieberkuhn) and each crypt
contains approximately 250 cells with the size and organization
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FIGURE 2 | TLR4 signaling via MyD88-dependent and independent pathway to activate NFKB related target genes: Upon stimulation of myeloid differentiation
primary response protein 88 (MyD88) dependent pathway involves the activation of MyD88 which recruits IL-1 receptor-associated kinase-4 (IRAK-4). IRAK-4
phosphorylates IRAK-1 and allows tumor necrosis factor receptor associated factor 6 (TRAF6) to associate with IRAK1. IRAK1/TRAF6 then activates TAK;, TAB;,
and TAB,. The TRAFB, TAK;, TAB;, and TAB, forms a larger complex with ubiquitin-conjugating enzyme E32 variant 1 isoform A (Ubc13) and Uev1A which
activates TAK;. Polyubiquitin chain is then removed by A20 and conserved cylindromatosis (CYLD). Activated TAK; phosphorylates the IKK complex (IKKa. IKKB
and IKKy) ultimately resulting in the translocation of nuclear factor-kB (NF-xB) into the nucleus, resulting in the transcription of proinflammatory cytokines. MyD88
independent pathway involves TIR-domain-containing adapter-inducing interferon-f (TRIF) leading to the activation of TNF receptor associated factor 3 (TRAF3) and
the translocation of interferon regulatory factor 3 (IRF3) to the nucleus leading to IFNB gene transcription. Image made using BioRender.
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of the crypt being generally uniform (28). Stem cells located at
the base of the crypt give rise to four cells in the intestinal
epithelial including enterocytes, enteroendocrine cells, goblet
cells, and Paneth cells which are only found in the small
intestine, these differentiated cells are continuously being
supplied and are pushed upward towards the mouth of the
crypt where they move to the distal end of a villus and are
shed. Hence, it is the most rapid self-renewing tissue of adult
mammals (27). The enterocytes are the most abundant cells and
predominantly line the lumen of the small intestine that are
important for digestion and absorption of nutrients. The
enterocytes are assisted by the mucus secreting goblet cells
found in large numbers on villi important for the synthesis
and secretion of mucin. The mucus layer is the first line of
defense, as it is a chemical barrier, consisting of digestive
secretions, immune molecules, antimicrobial peptides (AMPs),
and cytokines. This layer is crucial to limit the contact between
the microbiome and epithelial cells (29). The gastrointestinal
hormone secreting enteroendocrine cells are important for
hormonal regulation and Paneth cells are important for the
immunological function, secreting antimicrobial peptides to
promote the exclusion of bacteria from the epithelial surface.
Paneth cells are found at the base of the small intestine crypts,
hence protecting the stem cells (30). Other components of the
intestinal epithelial include the luminal release of secretory IgA
and the microfold cells (M cells), important for the delivery of
antigens to immune cells. Tuft cells which secrete endorphins
and enzymes such as prostaglandins. Immune cells are also
present, including T cells, B cells, dendritic cells, and
macrophages that help to maintain intestinal homeostasis
(Figure 3) (29).

Cell Junctional Protein Complexes and a
Leaky Intestinal Barrier

An important component of the intestinal barrier is the ability of
the single layer of intestinal epithelial cells to attach to each other
by forming intracellular junctional complexes, composed of tight
junctions, adherens junctions, desmosomes, and gap junctions.
Tight junctions are critical for maintaining the physical barrier
integrity by selectively limiting the diffusion of small molecules,
water, and ions as well as protecting the body against infection
and inflammation. The integrity of tight junctions is regulated by
the arrangement of actin together with the interaction between
the peripheral and integral transmembrane proteins such as
occludins, claudins, and junctional adhesion molecule (JAM)
to form a tight seal between adjacent epithelial cells and are at the
apical part of the junctional complex. The complex is
strengthened by cytoplasmic scaffolding and adapter proteins,
such as ZO-1, -2, and -3 (Zona occluden) (Figure 4) (31). Tight
junctions act as a fluid barrier preventing the diffusion of solutes,
ions, and other molecules across between the two cells. Thus,
abnormalities in tight junctions are associated with metabolic
and inflammatory diseases, as well as cancer, since tight
junctions can be affected by pathogens and commensal bacteria
(32-35). Below the tight junctions are the adherens junctions
important for cell to cell signaling by joining the actin filaments

of neighboring epithelial cells and supporting epithelial stability
(36). Adherens junctions consist of E-cadherin and nectin
transmembrane spanning proteins and these proteins are
anchored by intracellular components of the catenin family, B-
catenin which binds o-catenin, which in turn bind to other
proteins such as afadin in a protein complex with actin filaments,
regulating the organization of the actin cytoskeleton (31, 37, 38).
The extracellular domain of the nectin transmembrane protein
bind to those nectin on neighboring epithelial cells, while the
cytoplasmic tail binds afadin (Figure 4). At the basolateral end of
the epithelial cells are desmosomes and these cannot prevent the
movement of solutes between cells as they are not continuous,
instead they mainly provide mechanical strength by joining the
intermediate filaments of neighboring epithelial cells involved in
cell-cell adhesion (35, 39). The cytoplasmic side of each plasma
membrane has a plaque belonging to the plakoglobin (Pg) and
plakophilins or the plakin family (desmoplakin), and these are
joined to cells by linker proteins which includes the cadherin
proteins, desmoglein, and desmocollin in the extracellular space
(40). The intermediate keratin filaments anchor the desmosomes
together at the opposite sides of the cells by attaching to the
cytoplasmic protein plaque (Figure 4). Gap junctions are made
up of connexins that form a channel to allow the transport of
small molecules between neighbouring cells and play a
regulatory role in cell growth and differentiation (Figure 4) (41).

Regulation of Tight Junctions
The assembly and maintenance of tight junctions are regulated by
signaling pathways, such as protein kinases C (PKC) and myosin
light chain kinases (MLCK). ZO-1 and occludin interact with PKC
and phosphorylation of tight junction proteins by PKC is associated
with tight junction regulation. As the C-terminus of occludin
interacts with ZO-1 and is phosphorylated on the serine/
threonine residues (42). Once stimulated, the tight junctions open
leading to the paracellular movement of ions, solutes, and peptides
across the intestinal epithelium (26). Proinflammatory cytokines
such as TNF-o and IFNy also cause an increase in tight junction
permeability, since TNF-o. activates the NF-xB pathway and
decreases the level of ZO-1 protein with IFNy also causing a
reduction in ZO-1, both suppressing the tight junction barrier
function (43, 44). TNF-o stimulation of NF-kB signal
transduction pathway regulates MLCK, increased levels of MLCK
leads to an increase in tight junction permeability. This allows LPS
to leak into the bloodstream leading to low-grade inflammation,
including steatosis and insulin resistance. As LPS can interact with
immune cells and adipocytes, this then drives a potentially chronic,
systemic inflammation. Inhibition of the activation of NF-kB by
pharmacologic inhibitors cause the inhibition of the activation of
MLCK and leads to a decrease in tight junction permeability (45).
The small intestine is important for the absorption of
nutrients and, hence, has a larger surface area than the large
intestine to allow the digestion and absorption of nutrients.
However, the large intestine has a higher number of bacteria
(10'h compared to the small intestine (10%) (46). Hence,
although the small intestine is the easiest for the translocation
of LPS it does not have the highest bacterial concentration which
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FIGURE 3 | Components of the intestinal epithelial cells of the small intestine. The intestinal epithelium is composed of a signal layer of intestinal epithelial cells (IECs)
covered by a mucus layer continuously secreted by goblet cells to act as a first physical barrier against pathogenic bacteria. The outer mucus layer is colonized by
bacteria whereas the inner mucus is a bacteria-free loose layer. Paneth cell secrete antimicrobial peptides (AMPs) into the inner mucus and enteroendocrine cells
produce hormones where secretory IgA (slgA) are also present to protect against commensal bacteria and contribute to the formation of a biochemical barrier. Stem
cells are located at the base of the crypt that give rise to four cells in the intestinal epithelial: enterocytes, enteroendocrine cells, goblet cells, and Paneth cells that
migrate upwards and move to the distal end of a villus where they are shed. Enteroendocrine cells produce hormones, goblet cells produce mucus, and Paneth cells
produce AMPs. Other cells include truft cells, macrophages, dendritic cells T-cells, B-cells, and M-cells in the Peyer’s patches of the intestine involved in transporting
antigens from the lumen to cells of the immune system. Image made using BioRender.

is seen in the large intestine. The gut microbiota is considered the
main source of the LPS in metabolic endotoxemia. The number
of gut bacteria is approximately 10-times that of all the cells
present in the human body (47). LPS alters the intestinal
epithelial tight junction protein assembly (ZO-1 and occludins)
of the intestinal epithelium contributing to a “leaky gut,”
allowing the translocation of LPS from the lumen of the
digestive tract into the bloodstream, resulting in endotoxemia
and the overproduction of pro-inflammatory cytokines (Figure
5). Tight junction permeability is mediated by TLR-4 activation
by MyD88 on the membrane of the epithelium, allowing the
intestinal epithelium to respond to inflammation by bacteria and
proinflammatory cytokines, ultimately leading to intestinal
inflammation (26). Many studies have investigated the
intestinal bacteria as a main source of LPS, ultimately causing
metabolic endotoxemia (after translocation to the luminal side)
(48-50). While the cytokine storm triggered by the release of
large amounts of LPS (sepsis) can lead to shock and potentially
organ failure, the long term effects of low-grade endotoxemia are
associated with an increased risk of cardiovascular disease and
T2DM driven by metainflammation (51, 52).

Metabolic and inflammatory disorders including obesity, non-
alcoholic steatohepatitis (NASH), and inflammatory bowel
disease (IBD) are linked to a defect in tight junction barrier of
the intestinal epithelial. Therefore, maintaining tight junction
integrity is a possible strategy to treat these diseases. HFD
induced metabolic disorders are associated with gut dysbiosis
in both animal and human studies have investigated the effect of
various HFD on the alterations of the microbiome within the
intestine (53, 54). HFD is also associated with alterations in the
intestinal barrier, which allow an increase in permeability and
hence, the translocation of LPS into the bloodstream activating
the TLR4 signaling pathway (49, 55).

EVIDENCE OF METABOLIC
ENDOTOXEMIA IN HUMAN AND ANIMAL
STUDIES

Metabolic endotoxemia causes both local and systemic
inflammation, which contributes to many cardiometabolic
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FIGURE 4 | Intestinal epithelial cell junctional proteins. Tight junctions are at the apical end of junctional complexes composed of three transmembrane proteins:
occludin claudins and junctional adhesion molecules (JAMs) that bind intracellular membrane proteins, zonula occludens (ZOs) which connects the transmembrane
tight junction to the actin skeleton. Below the tight junctions are adherens junctions composed of transmembrane proteins, E-cadherin and nectin linked to the
cytoskeleton by scaffolding proteins, catenin and afadin linked to actin filaments. Desmosomes are made up of the transmembrane liner glycoproteins, desmoglein
and democollin which are cadherin proteins linked to intermediate keratin filaments. Gap junctions form a tunnel for small molecules to pass between adjacent

linker glycoproteins (desmoglein &
desmocollin)

diseases associated with obesity (51). There has been convincing
evidence for metabolic endotoxemia in both human and
animal studies.

When comparing 559 overweight males and females with 500
volunteers of normal weight, LBP was elevated (assumed to be
secondary to endotoxemia). LBP is a marker of the acute phase
response, hence, serum LPS levels frequently correlate with
conditions associated with low-grade inflammation. Thus, it
is difficult to conclude with certainty whether a rise in LBP in
diseases associated with inflammation is secondary to the
systemic inflammation or due to endotoxemia (56).
Nevertheless, plasma LBP levels have been investigated in
many metabolic disorders, as LBP is synthesized in the liver
and initiates the recognition of LPS, delivering LPS to other
adaptor molecules to trigger the TLR4 signaling pathway and the
production of proinflammatory cytokines. Plasma LPS levels
were 76% higher in patients with T2DM when compared to
control participants. In obesity and T2DM, LPS also activates an
immune response in human adipose tissue. In patients with
T2DM, the activation of NF-kB results in the formation
of adipocytokines in adipose tissue. In T2DM, the function

of Kupffer cells is impaired, resulting in a reduction in
the clearance of LPS. Treatment of human abdominal
subcutaneous adipocytes with LPS resulted in a significant
increase in the secretion of the pro-inflammatory cytokines,
TNF-o and IL-6. In addition, the expression of TRAF6 and
MyD88 is increased in patients with T2DM. Inhibition of the
activation of NF-xB in human abdominal subcutaneous
adipocytes reduced the formation of IL-6. Taken together,
these findings suggest that T2DM is associated with
endotoxemia, which leads to the activation of abdominal,
subcutaneous adipocytes and a subsequent immune response
(57). In 192 individuals with atherosclerosis, the serum levels of
endotoxin were positively correlated with the waist to hip ratio,
waist circumference, serum insulin, triglycerides levels, and total
cholesterol. However, endotoxin was negatively correlated with
serum HDL-cholesterol (58). In children with NAFLD, the
serum endotoxin, TNF-o;, IL-6, and PAI-1 levels were higher
suggesting that endotoxemia can contribute to the progression of
NAFLD (59). In human studies, a controlled-feeding study
showed within 24 h of initiating a high-fat/low fiber or low-fat/
high fiber diet there was a positive association between
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FIGURE 5 | Comparison between a healthy and “leaky gut.” A “leaky gut” affects the lining of the intestine and tight junctions are damaged in response to stress for
example, a high-fat diet, this allows the passage of LPS and other pathogens into the bloodstream, causing the activation of the immune system and inflammation.

Bacteroidetes and Actinobacteria in fat and a negative association
between Firmicutes and Proteobacteria (60).

Metabolic syndrome is a group of conditions that occur
together, leading to an increased risk of cardiovascular risk
factors. Tissue factor (TF) in the circulation triggers the
procoagulant pathway of coagulation and in atherosclerotic
plaques they are expressed on peripheral blood monocytes
(PBMCs). Stimulation of PBMCs with LPS leads to the
induction of monocyte TF and an upregulation of LPS in
patients with metabolic syndrome (61). Therefore, suggesting
metabolic syndrome upregulation of monocyte TF is
significantly associated with low-grade inflammation.

Numerous studies have suggested a link between high fat-or
high-energy, high carbohydrate diets and endotoxemia. HFD can
cause changes to bacterial diversity, increased permeability and
integrity of gut wall membrane (62). A population-based study of
1,015 healthy men reported a link between energy intake and the
plasma levels of LPS, and a similar link was found in mice
challenged with a high fat-or high-energy, high carbohydrate diet
for 4 weeks (63). Many other studies have found a link between a
high fat-or high-energy, high carbohydrate diet and an increase
in LPS (64, 65) also an increase in the expression of TLR2 and
TLR4 (64). Mouse models have shown the importance of TLR4
and its signaling in diet-induced insulin resistance and
atherosclerosis (66). TLR4 knockout mice challenged with a
HFD develop less insulin resistance and have a better glucose
tolerance test than their wild-type litter mates (67, 68). TLR4-

deficient mice also develop less atherosclerosis (69). Specifically,
atherosclerosis-prone ApoE ™~ mice deficient in TLR4 or MyD88
have less atherosclerotic plaques associated with a reduction in
macrophage recruitment (70). An increase in serum LPS was also
observed using the limulus amebocyte lysate assay when
investigating the effect of nutritional intake in patients with
cardiometabolic diseases, supporting the role of bacterial
infections and the immune response in cardiometabolic
diseases (52). In 208 healthy male subjects over 4 weeks
consuming a high-fat or high-carbohydrate diet showed a link
between food intake and the levels of plasma LPS (63).

Many studies have looked into the mechanism(s) by which
HED can cause the translocation of LPS: HED causes an increase
in the gut permeability and/or changes in the composition of gut
microbiota, which in turn result in the formation of larger
amounts of LPS which then translocate into the bloodstream.
Feeding mice a HFD for 4 weeks resulted in an increase in serum
LPS (metabolic endotoxemia) due to changes in gut microbiota:
Specifically, HFD caused a reduction in the intestinal bacteria,
Bifidobacterium and Eubaterium spp (1).. This study triggered
the interest in HFD-induced dysbiosis and raised questions
about the importance of the intestinal microbiota in obesity
and related comorbidities. In another study, exposure of mice to
a HFD for 7 weeks caused an increase in body weight, blood
glucose, higher levels of hepatic triglycerides, and a reduction in
the ratio of Bacteroidetes to Firmicutes (71). In rats, a HFD for 16
weeks resulted in an increase in the intestinal permeability, a
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reduction in the expression of tight junction proteins (claudin-1,
claudin-3, occludin, and junctional adhesion molecule-1) in the
small intestine and an increase in plasma TNF-o (72). Feeding
mice a HFD for 4 weeks caused an increase in the intestinal
permeability and a reduction in the tight junction gene
expression, suggesting that HFD has an effect on intestinal
function (55). Interestingly, genetically obese mice (ob/ob and
db/db) also have elevated levels of LPS and pro-inflammatory
cytokines IL-1f3, INFy, and TNF-o (73). These findings support
the view that an increase in intestinal permeability drives
systemic endotoxemia. Other animal studies showed that
feeding mice a HFD for over 8 weeks resulted in an increase in
LBP. Mice lacking TLR4 or the co-receptor CD14 showed no
change in body weight (74).

POTENTIAL PHARMACOLOGICAL
INTERVENTIONS

Multidrug-resistant Gram-negative bacteria is becoming an
increasing problem. Hence, new strategies are needed to
overcome this and protect patients. The activities of LPS are
mediated by the lipid-A residue of the molecule, containing the
molecular components which is important to determine the
endotoxic activity of LPS. Therefore, anti-endotoxin therapies
have been considered as potential treatment strategy. Antibodies
are effective for therapeutics due to their specificity. For example,
O-polysaccharide specific antibodies reduce the toxic effects of
LPS. In the 1960’s, more research was conducted regarding the
structure of LPS and it was made clear that the O-polysaccharide
part of LPS was immunodominant, as immunizing animals with
specific stereotypes of bacteria led to the induction of antibody
production directed against the specific O-polysaccharide (75).
Another possible intervention includes approaches to neutralize
the toxicity of the lipid A moiety of LPS, hence preventing the
interaction with host tissues such as polymyxins. Polymyxins are
antibiotics that combine a bactericidal activity with the ability of
neutralizing endotoxins (76). Due to the excessive use and
misuse of antibiotics, there is increasing antibiotic resistance
which is becoming a major problem. Antibiotic resistance places
an economic burden on the health care system and each year
about 700,000 people worldwide die from drug-resistant strains
(77). Therefore, antibiotic alternatives are needed to reduce the
number of deaths and to allow a reduction in antibiotic use.

Antimicrobial Peptides

Mechanism of Action of Antimicrobial Peptides

Even though AMPs are part of innate immunity, the mechanism
of action of killing microbes differs from those of phagocytes and
cytokines. AMPs are capable of killing bacteria by interacting with
bacterial cell wall or membranes (78). Most AMPs are induced in
response to cytokines or PAMPs and are synthesized shortly after
an infection to neutralize a range of microbes, while some are
constitutively expressed and are stored as inactive precursors in
granules within phagocytes at high concentrations and protect

their hosts against many microorganisms as they are locally
released at sites of infection and inflammation (79). They have a
broad spectrum and can target organisms such as fungi, yeast,
viruses, and bacteria (Gram-positive and Gram-negative). AMPs
also prevent the formation of biofilms and they have anti-cancer
properties (80).

The mechanism by which AMPs bring about their
antimicrobial effects are not entirely understood but include
direct killing and immune modulation. These mechanisms are
dependent on several physicochemical properties of the AMP
such as secondary structure, charge, and amphipathic properties.
All biological membranes are composed of a fluid mosaic, made
up of phospholipids and proteins. Therefore, AMPs with ~50%
hydrophobic residues fold into a amphipathic confirmation and
with a net positive charge (+2 to +9) (81), allows the peptide to
interact with the negatively charged bacterial phospholipid head
groups on the inner leaflet of the membrane, disrupting the
bacterial cell membrane non-enzymatically and allowing the
translocation of the peptide into the bacterium to affect
internal targets (80).

Microbial membranes differ from animal cell membranes and
this allows AMPs to distinguish their target, as they are more
selective for bacterial membrane, since animal cell membranes
have zwitterionic rather than negatively charged phospholipids
and also contain cholesterol that helps to protect the membrane
from damage (81). Therefore, there is only a weak interaction
with the zwitterionic phospholipids of plant and mammalian
membranes. The electrostatic interaction of the peptide with the
negatively charged molecules on the bacterial membrane is a
strong interaction and this causes disruption, such as pore
formation in the bacterial membrane leading to the destruction
of the integrity of the membrane. It is this interaction that is the
main mechanism of action of AMPs for producing their
antimicrobial activity. Studies have looked at the correlation
between charge and the antimicrobial activity of AMPs, a charge
of +3 to +5 showed to improve the antimicrobial activity of the
AMP against both Gram-positive and Gram-negative bacteria.
However, increasing the charge to +6 or +7 caused a loss in the
antimicrobial activity, suggesting too strong of an interaction and
hence preventing the peptide from translocation (80). This
suggests the importance of charge in the mechanism of action
of AMPs.

In other cases, AMPs produce their antimicrobial activity by
entering the bacterium by translocation to inhibit intracellular
functions such as nucleic acid synthesis, protein synthesis, and
enzymatic activity. Both mechanisms of action of AMPs lead to
bacterial lysis (78). However, some peptides can cross the lipid
barrier without causing damage to the bacterial membrane, such
as by blocking the enzyme activity or inhibiting the synthesis of
proteins. For example, phospholipase A, (PLA,) is secreted from
platelets and hydrolyses the bacterial membrane by enzymatic
digestion to kill the bacteria (78).

Some AMPs modulate host immunity by either activating or
recruiting immune cells of the adaptive immunity such as, T-
cells, macrophages and neutrophils or by effecting toll-like
receptor responses, thereby controlling inflammation and/or
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increasing bacteria clearance (82). The human cathelicidin, LL-
37, has been shown to act as a chemoattractant, attracting
neutrophils, mast cells, monocytes, and T-cells. This is
achieved by LL-37 acting as a ligand of the formyl peptide
receptor-like 1 (FPRL1) and the Gj coupled receptor (83).
AMPs have also shown to have anticancer activity, as the
outer layer of cancer cells is often a negatively charged
phosphatidylserine (PS), hence enhancing the interaction with
AMPs (84). AMPs are also able to specifically target cancer cells,
as these overexpress of other negatively charged molecules, such
as O-glycosylated mucins and heparan sulphate (80).

The rising rate of multi-drug-resistant bacteria has led to
difficulty in treating patients that are critically ill due to the
misuse or excessive use of antibiotics. Hence, AMPs have become
a focus as new treatments of infections. Killing of bacteria by
antibiotics results in the release bacteria-derived wall fragments,
including LPS or lipoprotein (LP). This leads to the initiation of
the pro-inflammatory cascade potentially causing harm to
patients taking these anti-infective agents (85). Understanding
the importance of AMPs in the gut could lead to the discovery of
novel therapies for enteric infection, since antimicrobial peptides
not only scavenges the LPS that is released when they kill bacteria
but they also manage microbiome diversity (86).

Intestinal Antimicrobial Peptides

The human gut is colonized with trillions of microorganisms and
the small intestine is the main site for microbial colonization.
AMPs including C-type lectins and o-defensins, lysozymes, and
phospholipase A2 are secreted by Paneth cells, located at the
bottom of crypts of Lieberkuhn to protect against infections and
help to maintain the intestinal homeostasis (87). Intestinal AMPs
are capable of ingesting pathogens and play a role in maintaining
a healthy balance between the host and the number of
commensals (78).

Defensins
The largest group of AMPs, the defensins, are involved in
antiviral, antibacterial, immune, antifungal, and inflammatory
responses and are expressed in both vertebrates and
invertebrates. Defensins are an important part of the innate
immunity and have [-sheet structures and are cationic peptides
with antimicrobial properties. Humans have 17 defensins, all of
which consist of a B-sheet fold stabilized by three disulfide bonds
formed by six conserved cysteine residues and are classified into
three different subfamilies based on the location of the disulfide
bond: o, B, and 6 defensins (88, 89). The human o-defensins 1-4
(HD1-4) is also known as the human neutrophil peptides
(HNP1-3), stored in the granules of neutrophils and are found
in the airways. In particular, HBD-3 has shown to reduce LPS
induced TNF-o and IL-6 in both mouse and human
macrophages (90). Human [-defensins 1-4 (HBD 1-4) are
secreted predominately by epithelial cells and in humans there
are six enteric defensin o-defensins, DEFA1-6 (91). Human -
defensin 5 and 6 (HD5 and 6) are both produced by Paneth cells
and five mouse -defensins (mBDs) (88, 91).

Enteric o-defensins are an important component of the
mucosal innate immunity which was first discovered in Paneth

cells in mouse small intestine which are stored in secretory
granules as the inactive pro-peptide and a proteolytically
cleaved to allow for their antimicrobial activity (92). Paneth
cells contain a matrix metalloproteinase enzyme, matrilysin
(MMP-7), which is important for processing the active form of
the peptide (93). Whereas, HD-5 and HD-5 are processed by
trypsin following their release. The importance of MMP-7 was
shown in MMP-7 knockout mice, the MMP-7 deficient mice
only secreted the inactive precursor form of the propetide in their
Paneth cells (94). In the ileum of the small intestine, LPS causes
the activation of MMP-7 and MMP-7 knockout mice are
protected against LPS-induced leakage of the gut during
endotoxemia. Hence, MMP-7 knockout mice show less severe
inflammation in the gut with a reduction in the production of
TNF and IL-6 in the ileum (95). Patients with Crohn’s disease
have a decreased expression of a-defensins, suggesting that
AMPs reduce enteric inflammation and/or prevent the
development of inflammatory bowel disease (96).

Defensins could be a potential intervention used for the
treatment of endotoxemia, as they play a key role in the innate
immune system. Human defensins are naturally occurring, non-
toxic microbicides that protect the host from invading microbes
in the small intestine. Human beta defensin 1 (hBD1) has minor
antibiotic activity, however, reducing the disulfide bridges in
hBD1 increases the antimicrobial activity (97). hBD1 is secreted
as an oxidized form of the peptide, HD50x, which has the widest
spectrum of antibacterial activity of the o-defensins. Thus,
HD50x could be the most promising target against antibiotic
resistant pathogens. HD5ox causes changes to Escherichia coli
and other Gram-negative microbes. This morphological change
includes bleb formation and a study using E. coli expressing GFP
showed that treatment with HD5ox caused GFP emission in the
bleb (98).

Cathelicidin

All members of the cathelicidin family of peptides have a
conserved amino-terminal cathepsin L inhibitor domain
(cathelin) and play an essential role in host defense (99).
Cathelicidins have an o-helix structure with a highly conserved
N-terminal region and a C-terminal domain, which contains the
antimicrobial properties. Cathelicidin is produced by several cell
types such as keratinocytes, immune cells, urinary tract,
sebocytes, and bone-marrow-derived cells found within the
skin (100). The first mamalian, cathelicidin AMPs were
isolated from bovine neutrophils and named Bac5 and 7 (101).
Cathelicidins are one of the most diverse AMPs of vertebrates
and are found in many mammals including sheep, bovines,
horses, goat, and mice (80).

In addition to the antimicrobial properties of AMPs, LL-37/
hCAP18 is the only member of the cathelicidin family of AMPs
known in man and it regulates inflammatory and immune
responses. In humans, cathelicidin antimicrobial peptide
(CAMP) encodes for LL-37, which has also been named,
hCAP18 which is the precursor protein. LL-37 contains a
signal peptide, N-terminal domain and a C-terminal domain.
The C-terminal domain has a variety of activities and is called
LL-37, as the protein releases LL-37 from its C-terminal domain.
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LL-37 is a 37-amino acid residue, o-helical peptide and is
amphipathic. LL-37 is found throughout the body, but is
mainly produced in mast cells, neutrophils and monocytes
(102). LL-37 has bactericidal properties and are capable of
neutralizing pathogen factors, such as lipopolysaccharides
(LPS) or lipoprotein (LP), both of which are released during
infection/injury. Through electrostatic interactions, LL-37 can
bind to bacterial membranes and cause membrane disruption
and hence peptide insertion (78). A study showed that LL-37
treated with E. coli demonstrated bacterial lysis properties using
electron microscopy and that LL-37 is protected against the
action of proteolytic degradation, since in solution it forms
aggregates and it also forms a lipid bilayer (103, 104).

As the human AMP, LL-37 is toxic at high doses, synthetic
(mimetics) AMPs were developed incorporating a specific
sequence structure to develop synthetic anti-lipopolysaccharide
peptides (SALPs) with an improved ability to bind and neutralize
the lipid A moiety of LPS in order to reduce toxicity and optimize
antimicrobial activity. Peptide 19-2.5 belongs to the new
synthetic AMPs and has been designed to strongly bind LPS
and causes the lipid A part of LPS to convert from a cubic
aggregate into an inactive multi-lamellar structure and has
efficacy in preclinical models of sepsis (105). There is good
evidence that Peptidel9-2.5 attenuates the systemic
inflammation and organ injury/dysfunction associated with
sepsis by binding to and inactivating LPS (106). Peptide 19-2.5
attenuates septic cardiomyopathy and prevents the
downregulation of SERCA2, which plays a pivotal role in the
cardiac dysfunction associated with sepsis (106). This peptide
combined to several unrelated antibiotics neutralize the serum
levels of TNF-o. to control endotoxemia induced by bacterial
infection in mice (107). Hence, Peptide 19-2.5 can act as an anti-
endotoxin, since this peptide can effectively kill both Gram-
negative and Gram-positive bacteria, as well as being able to
neutralize endotoxin by sequestering LPS (107). Therefore,
suggesting a combination therapy of AMPs with antibiotics
may be an effective treatment for endotoxemia. Thus, synthetic
AMPs, such as Peptide 19-2.5 could be a potential lead candidate
for the treatment of metabolic endotoxemia.

POTENTIAL DIETARY INTERVENTIONS

Treatment of metabolic endotoxemia is vital due to the range of
chronic diseases related to endotoxemia. Diet-based interventions
targeting the gut microbiota could reduce circulating levels of
endotoxins, hence can prevent the development of chronic low-
grade inflammation associated with endotoxemia. Modifying
lifestyle including minimizing alcohol consumption, increasing
diet rich in macronutrients, and reducing saturated fat intake can
all have an impact on reducing metabolic endotoxemia, as well as
prebiotics and probiotics have shown to reduce the levels of
circulating endotoxins.

Consuming a large amount of alcohol can cause changes to
the gastrointestinal tract since the enzyme for oxidative
metabolism of alcohol is present in the intestinal mucosa and

the liver becomes overwhelmed, leading to the (i) disruption of
the intestinal barrier integrity causing an increase in the
permeability hence, elevating endotoxin levels in the systemic
circulation, (ii) altering the intestinal microbiota resulting in the
production of LPS (108). A positive correlation was found
between the quantity of alcohol consumption and the serum
LPS levels (109). These high endotoxin levels are due to the
prevention of Kupffer cells effectively clearing these molecules
from the circulation (110). The main oxidative metabolite in
alcohol, acetaldehyde alters the structure of the intestinal barrier
by disrupting the epithelial tight junctions therefore causing an
increase in intestinal permeability (111). Alcohol feeding in mice
results in an increase in the liver injury marker, serum alanine
aminotransferase (ALT), triglycerides and steatosis. However,
this was not seen in TLR4-KO mice (112). This suggests the
importance of the activation of TLR4 receptors by LPS on
Kupffer cells in liver injury.

Micronutrients are important in altering the gut microbiota
and micronutrient deficiencies affect the composition of the gut
microbiota. A diet lacking one or all of the four micronutrients
investigated: vitamin A, zinc, iron, or folic acid disrupted the
composition of the gut microbiota, with vitamin A deficiency
having the largest effect on altering the composition resulting in
an increase in Bacteroides vulgatus (113). Zinc is important in
maintaining the structure and function of the membrane barrier,
hence depletion of zinc was found to affect the barrier integrity
and function and cause an upregulation of chemokines (114).
Vitamin D is also important as treatment found to increase the
levels of claudin-1, claudin-2, and ZO-1, however mice lacking
vitamin D receptor, showed severe disruption in the epithelial
junctions after 3 days following dextran sulphate sodium
treatment to induce colitis (115). Hence micronutrient
deficiencies lead to an increase in intestinal permeability and
ultimately metabolic endotoaemia.

Diets high in saturated fats contribute to metabolic
endotoxemia and unsaturated diets such as the Mediterranean
diet rich in fruits, vegetables, nuts, and whole grain reduce
metabolic endotoxemia (116). Oils rich in saturated fats
including the western diet: vegetable, palm, and canola oils cause
endotoxemia, compared to oils rich in n-3 polyunsaturated fatty
acids (PUFA) attenuate endotoxemia. Also, dietary cod liver and
fish oils attenuate the level of endotoxin concentration compared to
coconut oil (117). The structure of fat that is consumed leads to the
changes in composition, hence altering the extent of endotoxemia.
Food additives including sugar, surfactants, and sodium chloride,
which are applied in high concentrations to commonly consumed
foods, have been suggested to increase intestinal permeability (118,
119). A Drosophila model and a human cell co-culture model was
used to demonstrate the effect of additives on the function of the
gut barrier, showing an increase in intestinal permeability (119).

Metabolic endotoxemia has been implicated in gut dysbiosis,
hence probiotics have been investigated as a dietary strategy. The
gut microbiota is the product of the interaction between the hosts
genetics and environment factors such as diet which influences
bacterial population. Gut microbiota is an important determinant
of metabolic disorders such as obesity and T2DM, since western
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diets have been shown to alter the bacterial population causing the
activation of proinflammatory mechanisms and disrupting the
intestinal barrier, hence leading to metabolic endotoxemia (120).
Therefore, manipulating the gut microbiota with probiotics could
be used as a potential intervention to manage metabolic diseases.
Probiotics are defined as live microorganisms and the main
members of this group include, Bifidobacteria and lactobacilli
(120, 121). Orally administered probiotics, microencapsulated
Bifidobacterum infantis in rats for 38 days showed a significant
increase in Bifidobacteria and reduced serum endotoxins (122).
HFD-fed mice received Bifidobacteria for 4 weeks, this resulted in
a reduction in weight gain and attenuated the increase in blood
glucose, triglycerides, and total cholesterol caused by a HED (123).
Probiotics change the bacterial composition in the gut as they are
in competition for metabolites, antimicrobial proteins, and
nutrients. Prebiotics also modulates the gut microbiota and
increases bifidobacterial. The main known prebiotics are non-
digestible carbohydrates such as inulin and fructooligosaccharides
(FOS) (124). Studies have shown the beneficial effects of prebiotics
for reducing metabolic endotoxemia (125). A clinical study with
30 obese women receiving maltidextrin or insulin-type fructans
prebiotics daily for 3 months showed a significant increase in
Bifidobacterium with Bifidobacterium longum showing a
negative correlation with the levels of serum LPS (126).
Thus, dietary interventions could control the level of
metabolic endotoxemia.

LIMITATIONS
LAL Assay

The LAL assay is commonly used to detect endotoxins, however,
there are several limitations of this assay when aiming to reliably
quantify LPS levels in the blood. Firstly, there are limitations in
collecting blood samples to measure LPS in animals, as the blood
would have to be taken from the portal vein, which is not a trivial
procedure. It is also essential to avoid the contamination of the
blood sample with LPS during sample collection. There is
evidence that heparinized blood collection tubes are frequently
contaminated with endotoxin and this may lead to a false
positive result (127). False positive results may also be
secondary to the presence of plasma lipids, as these increase
the sensitivity of LAL assay due to the direct activation of LAL in
samples in which either triglycerides or very low-density
lipoproteins concentrations are high. Thus, blood samples
taken from subjects with T2DM, which frequently have high
serum triglyceride levels, have a higher chance to deliver false
positive results (128). To overcome this limitation, LPS and
mannan can by extracted in the nonlipid phase (129). It should
be noted that the LAL assay is also not endotoxin specific, as the
assay can also be activated by B-glycans, peptidoglycan from
Gram-positive bacteria, simple polysaccharides and dithiols
(130, 131). False negative results are also possible for the
following reasons: The lipid A component of LPS associates
with the phospholipid shell of serum lipoproteins when entering
the blood stream and this may hinder the detection of LPS by the

enzymes of the LAL assay (132). In addition, the half-life of LPS
is very short, as it is rapidly sequestered by LBP (133). To
overcome all of these limitations (which is challenging), one
could use several assays togethers with the LAL assay, such as the
LBP assay and the endotoxin activity assay (EAA) (134). Thus,
care should be taken when attributing any pathology associated
with a positive LAL test result to the presence of LPS (cause-
effect-relationship). Further studies are necessary to clarify the
role of LPS in the pathophysiology of diseases associated with
metainflammation. Another limitation of the LAL assay is
suggested since the measurements of serum levels of LPS in
healthy individuals have shown to differ in different studies
ranging from 0.04 to 0.36 EU/ml (133). Also, the sample
preparation method used changes the levels, when samples are
treated with perchloric acid or Tween 80 the levels are higher
compared to heating and dilution (133).

Interventions Using AMPs

The gut microbiota confers health benefits to the host by aiding
both the protection of the gut and nutrient absorption (135).
Thus, the non-specific killing of bacteria in the gut by AMPs may
have detrimental effects on gut health. However, AMPs kill
bacteria at non-toxic concentrations (136). AMPs are
becoming a focus as new treatments, as the rising rate of
multi-resistant bacteria, poses a challenge for the treatment of
patients with severe infections, due to either misuse or excessive
use of antibiotics. There is also the added problem that
antibiotics kill bacteria; however, they also cause the release of
bacterial wall fragments including lipopolysaccharide (LPS) or
lipoprotein (LP). This leads to the initiation of the pro-
inflammatory cascade and this can potentially cause harm (85).
Therefore, there is a need for new treatments that are both
effective and safe. The World Health Organization has stated
antibiotic resistance as one of the biggest threats to human health
(137). By 2050, it has been estimated that 10 million people
worldwide will die every year from drug-resistant bacteria (138).
AMPs could potentially be used as new treatments, as they
kill bacteria, fungi, and viruses. The antimicrobial properties of
AMPs are produced in many ways, as they have multifunctional
properties, and this makes them less likely to become resistant to
microorganisms. A combination therapy of both antimicrobial
peptides and antibiotics may be a promising approach, which
would allow a reduction of the doses of antibiotics, therefore
lowering the potential side-effects, while the combination
therapy may also prevent the development of bacterial
resistance. However, any long-term treatment with AMPs may
also trigger the development of resistance and the rate is
determined by several factors, such as the mutation supply rate
(139). AMPs can develop mechanisms to resist the action of
antibiotic in their natural environment of bacteria in intrinsic
resistance and acquired resistance is due to mutated genes that
allow bacteria to grow when AMPs are present (136). Resistance
can also occur due to changes in the net surface charge of the
bacteria, hence reducing their attraction to AMPs (81). Other
mechanisms of AMP resistance includes the proteolytic
degradation of AMPs by extracellular proteases of Gram-
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positive bacteria or electrostatic repulsion by aminoacylated
peptidoglycans of Gram-negative bacteria (140).

Antibody Therapy

Antibody therapies as a potential intervention for metabolic
endotoxemia has limitations, since there is diversity in O-
polysaccharide targets that are expressed by different Gram-
negative bacteria in the gut. Antibody specificities are directed
mainly against the O-polysaccharide of LPS, hence are specific
for one particular O-antigen. Therefore, this makes it not
possible to use one anti-LPS antibody to target one bacterium.

CONCLUSION

The concept of metabolic endotoxemia is still controversial, as
most of the evidence in support of a role of endotoxemia as the
key driver of meta-inflammation relies on data generated with
the LAL assay, which has significant limitations. Findings
indicating that TLR-4 knockout mice have less pathology when
challenged with a HFD would support the notion that metabolic

REFERENCES

1. Cani PD, Amar ], Iglesias MA, Poggi M, Knauf C, Bastelica D, et al.
Metabolic Endotoxemia Initiates Obesity and InsulinResistance. Diabetes
(2007) 56(7):1761-72.

. Minihane AM, Vinoy S, Russell WR, Baka A, Roche HM, Tuohy K, et al.
Low-grade inflammation, diet composition and health: current research
evidence and its translation. Br ] Nutr (2015) 114:999-1012. doi: 10.1017/
$0007114515002093

. Erridge C, Bennett-Guerrero E, Poxton IR. Structure and function of
lipopolysaccharides. Microbes Infect (2002) 4:837-51. doi: 10.1016/S1286-
4579(02)01604-0

4. Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4
complexes. Exp Mol Med (2013) 45:¢66-9. doi: 10.1038/emm.2013.97

. Schultz C. Lipopolysaccharide, structure and biological effects. Gen Intern
Med Clin Innov (2018) 3:1-2. doi: 10.15761/GIMCI.1000152

. Kim S, Patel DS, Park S, Slusky J, Klauda JB, Widmalm G, et al. Bilayer
Properties of Lipid A from Various Gram-Negative Bacteria. Biophys |
(2016) 111:1750-60. doi: 10.1016/j.bpj.2016.09.001

. Rhee SH. Lipopolysaccharide: Basic Biochemistry, Intracellular Signaling,
and Physiological Impacts in the Gut. Intest Res (2014) 12:90. doi: 10.5217/
ir.2014.12.2.90

. German JB, Dillard CJ. Saturated fats: What dietary intake? Am J Clin Nutr
(2004) 80:550-9. doi: 10.1093/ajcn/80.3.550

. Bertani B, Ruiz N. Function and biogenesis of lipopolysaccharides. EcoSal

Plus (2018) 8(1):10.1128/ecosalplus.ESP-0001-2018. doi: 10.1128/

ecosalplus.ESP-0001-2018

Jang JH, Shin HW, Lee JM, Lee HW, Kim EC, Park SH. An Overview of

Pathogen Recognition Receptors for Innate Immunity inDental Pulp.

Mediators Inflamm (2015) 2015:794143. doi: 10.1155/2015/794143

Mogensen TH. Pathogen recognition and inflammatory signaling in innate

immune defenses. Clin Microbiol Rev (2009) 22:240-73. doi: 10.1128/

CMR.00046-08

JC M, Koh JJ, Liu S, Lakshminarayanan R, Verma CS, Beuerman RW.

Endotoxin in the Pathogenesis of Sepsis.Contrib Nephrol (2010)167:1-13.

doi: 10.1159/000315914

Doughty L. Pathogen Associated Molecular Patterns, Pattern Recognition

Receptors and Pediatric Sepsis. Open Inflamm ] (2011) 4:31-48. doi:

10.2174/1875041901104010031

[S5]

w

v

(=2}

N

el

\o

10.

11.

12.

13.

endotoxemia plays a key role in the pathophysiology. Similarly,
the finding that ApoE-knockout mice deficient in TLR-4 have
less atherosclerotic burden also supports the notion of a role of
metabolic endotoxemia in atherosclerosis. The question of a true
cause-effect relationship of LPS in metabolic disorders will have
to be addressed by pharmacological or dietary interventions that
specifically target metabolic endotoxemia and this remains a
significant challenge.

AUTHOR CONTRIBUTIONS

SM wrote the manuscript. CT proofed and advised on the
content of the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

SM is supported by the British Heart Foundation (BHF) MRes/
PhD Scholarship (Award number: FS/17/69/33484).

14. Kawai T, Akira S. Signaling to NF-kB by Toll-like receptors.Trends Mol Med
(2007) 13:460-9. doi: 10.1016/j.molmed.2007.09.002

Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol
(2014) 5:1-8. doi: 10.3389/fimmu.2014.00461

Goulopoulou S, McCarthy CG, Clinton Webb R. Toll-like receptors in the
vascular system: Sensing the dangers within. Pharmacol Rev (2016) 68:142-
67. doi: 10.1124/pr.114.010090

Takeda K, Akira S. Toll-like receptors in innate immunity. Int Immunol
(2005) 17:1-14. doi: 10.1093/intimm/dxh186

Anderson KV, Bokla L, Niisslein-Volhard C. Establishment of dorsal-
ventral polarity in the drosophila embryo: The induction of polarity by
the Toll gene product. Cell (1985) 423:791-8. doi: 10.1016/0092-8674(85)
90275-2

Oh §J, Lee JK, Shin OS. Aging and the immune system: The impact of
immunosenescence on viral infection, immunity and vaccine
immunogenicity. Immune Netw (2019) 19:1-18. doi: 10.4110/in.2019.19.e37
Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen
recognition. Int Immunol (2009) 21:317-37. doi: 10.1093/intimm/dxp017
Nie L, Cai S-Y, Shao J-Z, Chen J. Toll-Like Receptors, Associated Biological
Roles, and Signaling Networks in Non-Mammals. Front Immunol (2018)
9:1523. doi: 10.3389/fimmu.2018.01523

Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway.
Cytokine (2008) 42:145-51. doi: 10.1016/j.cyt0.2008.01.006

Miguel RN, Wng J, Westoll JF, Brooks HJ, O’Neill LAJ, Gay NJ, et al. A
dimer of the toll-like receptor 4 cytoplasmic domain provides a specific
scaffold for the recruitment of signalling adaptor proteins. PloS One (2007) 2.
doi: 10.1371/journal.pone.0000788

Takeda K, Yamamoto M. Current views of toll-like receptor signalingpathways.
Gastroenterol Res Pract (2010) 2010:240365. doi: 10.1155/2010/240365

Yang Y, Lv ], Jiang S, Ma S, Wang D, Hu W. The emerging role of toll-like
receptor 4 in myocardial inflammation. Cell Death Dis (2016) 7:1-10. doi:
10.1038/cddis.2016.140

Lee B, Moon KM, Kim CY. Tight junction in the intestinal epithelium: Its
association with diseases and regulation by phytochemicals. ] Immunol Res
(2018) 2018:2645465. doi: 10.1155/2018/2645465

Umar S. Intestinal stem cells. Curr Gastroenterol Rep (2010) 12(5):340-8.
doi: 10.1007/s11894-010-0130-3

Booth C, Potten CS. Gut instincts: Thoughts on intestinal epithelial stem
cells. J Clin Invest (2000) 105:1493-9. doi: 10.1172/JCI10229

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 594150


https://doi.org/10.1017/S0007114515002093
https://doi.org/10.1017/S0007114515002093
https://doi.org/10.1016/S1286-4579(02)01604-0
https://doi.org/10.1016/S1286-4579(02)01604-0
https://doi.org/10.1038/emm.2013.97
https://doi.org/10.15761/GIMCI.1000152
https://doi.org/10.1016/j.bpj.2016.09.001
https://doi.org/10.5217/ir.2014.12.2.90
https://doi.org/10.5217/ir.2014.12.2.90
https://doi.org/10.1093/ajcn/80.3.550
https://doi.org/10.1128/ecosalplus.ESP-0001-2018
https://doi.org/10.1128/ecosalplus.ESP-0001-2018
https://doi.org/10.1155/2015/794143
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1159/000315914
https://doi.org/10.2174/1875041901104010031
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1124/pr.114.010090
https://doi.org/10.1093/intimm/dxh186
https://doi.org/10.1016/0092-8674(85)90275-2
https://doi.org/10.1016/0092-8674(85)90275-2
https://doi.org/10.4110/in.2019.19.e37
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.3389/fimmu.2018.01523
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1371/journal.pone.0000788
https://doi.org/10.1155/2010/240365
https://doi.org/10.1038/cddis.2016.140
https://doi.org/10.1155/2018/2645465
https://doi.org/10.1007/s11894-010-0130-3
https://doi.org/10.1172/JCI10229
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Mohammad and Thiemermann

Endotoxemia and Low-Grade Systemic Inflammation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal barrier
integrity and its pathological implications. Exp Mol Med (2018) 50(8):103.
doi: 10.1038/s12276-018-0126-x

Gassler N. Paneth cells in intestinal physiology and pathophysiology. World
] Gastrointest Pathophysiol (2017) 8:150-60. doi: 10.4291/wjgp.v8.i4.150
Lee JY, Wasinger VC, Yau YY, Chuang E, Yajnik V, Leong RWL. Molecular
pathophysiology of epithelial barrier dysfunction in inflammatory bowel
diseases. Proteomes (2018) 6:1-17. doi: 10.3390/proteomes6020017

Murata M. Inflammation and cancer. Environ Health Prev Med (2018) 23
(1):50. doi: 10.1186/s12199-018-0740-1

Raposo TP, Beirao BCB, Pang LY, Queiroga FL, Argyle DJ. Inflammation
and cancer: Till death tears them apart. Vet J (2015) 205:161-74. doi:
10.1016/j.tvjl.2015.04.015

Korniluk A, Koper O, Kemona H, Dymicka-Piekarska V. From
inflammation to cancer. Ir ] Med Sci (2017) 186:57-62. doi: 10.1007/
s11845-016-1464-0

Ulluwishewa D, Anderson RC, McNabb WC, Moughan PJ, Wells JM, Roy
NC. Regulation of Tight Junction Permeability by Intestinal Bacteria and
Dietary Components. ] Nutr (2011) 141:769-76. doi: 10.3945/jn.110.135657
Garcia MA, Nelson WJ, Chavez N. Cell-cell junctions organize structural
and signaling networks toregulate epithelial tissue homeostasis. Cold Spring
Harb PerspectBiol (2018) 10(4). doi: 10.1101/cshperspect.a029181
Campbell HK, Maiers JL, DeMali KA. Interplay between tight junctions &
adherens junctions. Exp Cell Res (2017) 358:39-44. doi: 10.1016/
j.yexcr.2017.03.061

Hartsock A, Nelson WJ. Adherens and tight junctions: Structure, function
and connections to the actin cytoskeleton. Biochim Biophys Acta - Biomembr
(2008) 1778:660-9. doi: 10.1016/j.bbamem.2007.07.012

Bhat A, Uppada S, Achkar IW, Hashem S, Yadav SK, Shanmugakonar M,
et al. Tight junction proteins and signaling pathways in cancer and
inflammation: A functional crosstalk. Front Physiol (2019) 10:1-19. doi:
10.3389/fphys.2018.01942

Kowalczyk AP, Green K]J. Structure, Function and Regulation of
Desmosomes. Prog Mol Biol Transl Sci (2013) 116:95-118. doi: 10.1016/
B978-0-12-394311-8.00005-4

Garrod D, Chidgey M. Desmosome structure, composition and function.
Biochim Biophys Acta - Biomembr (2008) 1778:572-87. doi: 10.1016/
j.bbamem.2007.07.014

Jain S, Suzuki T, Seth A, Samak G, Rao R. Protein kinase C phosphorylates
occludin and promotes assembly of epithelial tight junctions. Biochem J
(2011) 437:289-99. doi: 10.1042/BJ20110587

Ma TY, Iwamoto GK, Hoa NT, Akotia V, Pedram A, Boivin MA, et al. TNF-
o -induced increase in intestinal epithelial tight junction permeability
requires NF-kB activation. Am ] Physiol (2011) 0001:367-76. doi: 10.1152/
ajpgi.00173.2003

Smyth D, Phan V, Wang A, McKay DM. Interferon-y-induced increases in
intestinal epithelial macromolecular permeability requires the Src kinase
Fyn. Lab Investig (2011) 91:764-77. doi: 10.1038/labinvest.2010.208

Ye D, Ma I, Ma TY. Molecular mechanism of tumor necrosis factor-o.
modulation of intestinal epithelial tight junction barrier. Am J Physiol -
Gastrointest Liver Physiol (2006) 290:496-504. doi: 10.1152/
ajpgi.00318.2005

Sender R, Fuchs S, Milo R. Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PloS Biol (2016) 14:1-14. doi: 10.1371/
journal.pbio.1002533

Quigley EMM. Gut bacteria in health and disease.Gastroenterol Hepatol
(2013) 9:560-9.

Blanchard C, Moreau F, Chevaluer J, Ayer A, Garcn D, Arnaud L, et al.
Sleeve Gastrectomy Alters Intestinal Permeability in Diet-Induced Obese
Mice. Obes Surg (2017) 27:2590-8. doi: 10.1007/s11695-017-2670-1

Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High Fat Diet-Induced Gut
Microbiota Exacerbates Inflammation and Obesity in Mice via the TLR4
Signaling Pathway. PloS One (2012) 7(10):e47713. doi: 10.1371/
journal.pone.0047713

Guo S, Al-Sadi R, Said HM, Ma TY. Lipopolysaccharide causes an increase in
intestinal tight junction permeability in vitro and in vivo by inducing
enterocyte membrane expression and localization of TLR-4 and CD14.
Am ] Pathol (2013) 182:375-87. doi: 10.1016/j.ajpath.2012.10.014

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Boutagy NE, McMillan RP, Frisard MII, Hulver MW. Metabolic
endotoxemia with obesity: Is it real and is it relevant? Biochimie (2016)
124:11-20. doi: 10.1016/j.biochi.2015.06.020

Kallio KAE, Hitonen KA, Lehto M, Salomaa V, Minnistd S, Pussinen PJ.
Endotoxemia, nutrition, and cardiometabolic disorders. Acta Diabetol
(2015) 52:395-404. doi: 10.1007/500592-014-0662-3

Zhang C, Zhang M, Pang X, Zhao Y, Wang L, Zhao L. Structural resilience of
the gut microbiota in adult mice under high-fat dietary perturbations. ISME
J (2012) 6:1848-57. doi: 10.1038/ismej.2012.27

Filippo CD, Cavalieri D, Paola MD, Ramazzotti M, Poullet JB, Massart S,
et al. Impact of diet in shaping gut microbiota revealed by a comparative
study in children from Europe and rural Africa. Proc Natl Acad Sci U S A
(2010) 107:14691-6. doi: 10.1073/pnas.1005963107

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM. Changes in Gut
Microbiota Control Metabolic Endotoxemia-InducedInflammation in High-
Fat Diet-Induced Obesity and Diabetes in Mice. Diabetes. (2008) 57
(6):1470-81. doi: 10.2337/db07-1403

Lin Y, Sun Z. Current views on type 2 diabetes. ] Endocrinol (2010) 204:1-11.
doi: 10.1677/JOE-09-0260

Creely SJ, McTernan PG, Kusminski CM, Fisher FM, Da Silva NF,
Khanolkar M, et al. Lipopolysaccharide activates an innate immune
system response in human adipose tissue in obesity and type 2 diabetes.
Am ] Physiol - Endocrinol Metab (2007) 292:740-7. doi: 10.1152/
ajpendo.00302.2006

Miller MA, McTernan PG, Harte AL, Da Silva NF, Strazzullo P, Alberti
KGMM, et al. Ethnic and sex differences in circulating endotoxin levels: A
novel marker of atherosclerotic and cardiovascular risk in a British multi-
ethnic population. Atherosclerosis (2009) 203:494-502. doi: 10.1016/
j.atherosclerosis.2008.06.018

Alisi A, Manco M, Devito R, Piemonte F, Nobili V. Endotoxin and
plasminogen activator inhibitor-1 serum levels associated with
nonalcoholic steatohepatitis in children. J Pediatr Gastroenterol Nutr
(2010) 50:645-9. doi: 10.1097/MPG.0b013e3181c7bdf1

Wu GD, Chen J, Hoffmann C, Bittinher K, Chen YY, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Sci (80- )
(2011) 334:105-8. doi: 10.1126/science.1208344

Nakagomi A, Sasaki M, Ishikawa Y, Morikawa M, Shibui T, Kusama Y, et al.
Upregulation of monocyte tissue factor activity is significantly associated
with low-grade chronic inflammation and insulin resistance in patients with
metabolic syndrome. Circ J (2010) 74:572-7. doi: 10.1253/circj.CJ-09-0835
Candido TLN, Bressan J, R. de CG. Alfenas, Dysbiosis and metabolic
endotoxemia induced by high-fatdiet. Nutr Hosp (2018)35:1432-40. doi:
10.20960/nh.1792

Amar J, Burcelin R, Ruidavets JB, Caini PD, Fauvel ], Alessi MC, et al. Energy
intake is associated with endotoxemia in apparently healthy men. Am J Clin
Nutr (2008) 87:1219-23. doi: 10.1093/ajcn/87.5.1219

Ghanim H, Abuaysheh S, Sia CL, Korzenieski K, Chaudhuri A, Fernandez
Real JM, et al. Increase in plasma endotoxin concentrations and the
expression oftoll-like receptors and suppressor of cytokine signaling-3 in
mononuclear cells after a high-fathigh-carbohydrate meal. DiabetesCare
(2009) 32(12):2281-7. doi: 10.2337/dc09-0979

Pendyala S, Walker JM, Holt PR. A high-fat diet is associated with
endotoxemia that originates fromthe gut. Gastroenterology (2012) 142
(5):1100-1. doi: 10.1053/j.gastro.2012.01.034

Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate
immunity and fatty acid-induced insulinresistance. J Clin Invest (2006) 116
(11):3015-25. doi: 10.1172/JCI28898

Lee JJ, Wang PW, Yang IH, Huang HM, Chang CS, Wu CL, et al. High-fat
diet induces toll-like receptor 4-dependent macrophage/Microglial cell
activation and retinal impairment. Investig Ophthalmol Vis Sci (2015)
56:3041-50. doi: 10.1167/iovs.15-16504

Jia L, Vianna CR, Fukuda M, Berglund ED, Liu C, Tao C, et al. Hepatocyte
toll-like receptor 4 regulates obesity-inducedinflammation and insulin
resistance. Nat Commun (2014) 5(1):3878. doi: 10.1038/ncomms4878
Ding Y, Subramanian S, Montes VN, Goodspeed L, Wang S. Toll-like
receptor 4 eficiency decreases atherosclerosis but doesnot rpotect against
inflammation inobese LDL receptor-deficient mice. Arterioscler Thromb
Vasc Biol (2013) 32:1596-604. doi: 10.1161/ATVBAHA.112.249847

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 594150


https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.4291/wjgp.v8.i4.150
https://doi.org/10.3390/proteomes6020017
https://doi.org/10.1186/s12199-018-0740-1
https://doi.org/10.1016/j.tvjl.2015.04.015
https://doi.org/10.1007/s11845-016-1464-0
https://doi.org/10.1007/s11845-016-1464-0
https://doi.org/10.3945/jn.110.135657
https://doi.org/10.1101/cshperspect.a029181
https://doi.org/10.1016/j.yexcr.2017.03.061
https://doi.org/10.1016/j.yexcr.2017.03.061
https://doi.org/10.1016/j.bbamem.2007.07.012
https://doi.org/10.3389/fphys.2018.01942
https://doi.org/10.1016/B978-0-12-394311-8.00005-4
https://doi.org/10.1016/B978-0-12-394311-8.00005-4
https://doi.org/10.1016/j.bbamem.2007.07.014
https://doi.org/10.1016/j.bbamem.2007.07.014
https://doi.org/10.1042/BJ20110587
https://doi.org/10.1152/ajpgi.00173.2003
https://doi.org/10.1152/ajpgi.00173.2003
https://doi.org/10.1038/labinvest.2010.208
https://doi.org/10.1152/ajpgi.00318.2005
https://doi.org/10.1152/ajpgi.00318.2005
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1007/s11695-017-2670-1
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.1016/j.ajpath.2012.10.014
https://doi.org/10.1016/j.biochi.2015.06.020
https://doi.org/10.1007/s00592-014-0662-3
https://doi.org/10.1038/ismej.2012.27
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.2337/db07-1403
https://doi.org/10.1677/JOE-09-0260
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.1016/j.atherosclerosis.2008.06.018
https://doi.org/10.1016/j.atherosclerosis.2008.06.018
https://doi.org/10.1097/MPG.0b013e3181c7bdf1
https://doi.org/10.1126/science.1208344
https://doi.org/10.1253/circj.CJ-09-0835
https://doi.org/10.20960/nh.1792
https://doi.org/10.1093/ajcn/87.5.1219
https://doi.org/10.2337/dc09-0979
https://doi.org/10.1053/j.gastro.2012.01.034
https://doi.org/10.1172/JCI28898
https://doi.org/10.1167/iovs.15-16504
https://doi.org/10.1038/ncomms4878
https://doi.org/10.1161/ATVBAHA.112.249847
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Mohammad and Thiemermann

Endotoxemia and Low-Grade Systemic Inflammation

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Bjorkbacka H, Kunjathoor VV, Moore KJ, Koehn S, Ordija CM, Lee MA,
et al. Reduced atherosclerosis in MyD88-null mice links elevated serum
cholesterol levels to activation of innate immunity signaling pathways. Nat
Med (2004) 10:416-21. doi: 10.1038/nm1008

Sun L, Yu Z, Ye X, Zou S, Li H, Yu D, et al. A marker of endotoxemia is
associated with obesity and related metabolic disrders in apparently healthy
Chinese. Diabetes Care (2010) 33:1925-32. doi: 10.2337/dc10-0340

Suzuki T, Hara H. Dietary fat and bile juice, but not obesity, are responsible
for the increase in small intestinal permeability induced through the
suppression of tight junction protein expression in LETO and OLETF
rats. Nutr Metab (2010) 7:1-17. doi: 10.1186/1743-7075-7-19

Brun P, Castagliuolo I, Di Leo V, Buda A, Pinzani M, Palu G, et al. Increased
intestinal permeability in obese mice: New evidence in the pathogenesis of
nonalcoholic steatohepatitis. Am J Physiol - Gastrointest Liver Physiol (2007)
292:518-25. doi: 10.1152/ajpgi.00024.2006

Dalby MJ, Aviello G, Ross AW, Walker AW, Barrett P, Morgan PJ. Diet
induced obesity is independent of metabolic endotoxemia and TLR4
signalling, but markedly increases hypothalamic expression of the acute
phase protein, SerpinA3N. Sci Rep (2018) 8:1-15. doi: 10.1038/s41598-018-
33928-4

Cross AS. Anti-endotoxin vaccines: Back to the future. Virulence (2014)
5:219-25. doi: 10.4161/viru.25965

Poirel L, Jayol A, Nordmann P. Polymyxins: Antibacterial Activity,
Susceptibility Testing, and Resistance Mechanisms Encoded by Plasmids
or Chromosomes. Clin Microbiol Rev(2017) 30(2):557-96. doi: 10.1128/
CMR.00064-16

de Kraker MEA, Stewardson AJ, Harbarth S. Will 10 Million People Die a
Year due to Antimicrobial Resistance by 20502 PloS Med (2016) 13:1-6. doi:
10.1371/journal.pmed.1002184

Zhang L, Gallo RL. Antimicrobial peptides. CURBIO (2016) 26:R14-9. doi:
10.1016/j.cub.2015.11.017

Mahlapuu M, Hékansson J, Ringstad L, Bjorn C. Antimicrobial peptides: An
emerging category of therapeutic agents. Front Cell Infect Microbiol (2016)
6:1-12. doi: 10.3389/fcimb.2016.00194

Kumar P, Kizhakkedathu JN, Straus SK. Antimicrobial peptides: Diversity,
mechanism of action and strategies to improve the activity and
biocompatibility in vivo. Biomolecules (2018) 8(1):4. doi: 10.3390/
biom8010004

Pfalzgraff A, Brandenburg K, Weindl G. Antimicrobial peptides and their
therapeutic potential for bacterial skin infections and wounds. Front
Pharmacol (2018) 9:1-23. doi: 10.3389/fphar.2018.00281

Martin L, van Meegern A, Doemming S, Schuerholz T. “Antimicrobial
peptides in human sepsis.Front Immunol (2015) 6:404. doi: 10.3389/
fimmu.2015.00404

Nijnik A, Hancock R. Host defence peptides: antimicrobial and
immunomodulatory activity and potential applications for tackling
antibiotic-resistant infections. Emerg Health Threats ] (2009) 2:1-7. doi:
10.3402/ehtj.v2i0.7078

Deslouches B, Peter Di Y. Antimicrobial peptides with selective antitumor
mechanisms: Prospect for anticancer applications. Oncotarget (2017)
8:46635-51. doi: 10.18632/oncotarget.16743

Schuerholz T, Doemming S, Hornef M, Martin L, Simon TP, Heinbockel L,
et al. The anti-inflammatory effect of the synthetic antimicrobial peptide 19-
2.5 in a murine sepsis model: A prospective randomized study. Crit Care
(2013) 17(1):R3. doi: 10.1186/cc11920

Meade KG, O’Farrelly C. B-Defensins: Farming the microbiome for
homeostasis and health. Front Immunol (2019) 10:1-20. doi: 10.3389/
fimmu.2018.03072

Sivieri K, Bassan J, Peixoto G, Monti R. Gut microbiota and antimicrobial
peptides. Curr Opin Food Sci (2017) 13:56-62. doi: 10.1016/j.cofs.2017.02.010
De Paula VS, Valente AP. A dynamic overview of antimicrobial peptides and
their complexes. Molecules (2018) 23(8):2040. doi: 10.3390/
molecules23082040

Ganz T. Defensins: Antimicrobial peptides of innateimmunity. Nat Rev
Immunol (2003) 3:710-20. doi: 10.1038/nri1180

Brandenburg K, Marx G, Schuerholz T. Antimicrobial peptides and their
potential application ininflammation and sepsis. Crit Care (2012) 16(2): 207.
doi: 10.1186/cc11220

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Sankaran-Walters S, Hart R, Dills C. Guardians of the gut: Enteric defensins.
Front Microbiol (2017) 8:1-8. doi: 10.3389/fmicb.2017.00647

Ouellette AJ, Greco RM, James M, Frederick D, Naftilan J, Fallon JT.
Developmental regulation of cryptdin, a corticostatin/defensin precursor
mRNA in mouse small intestinal crypt epithelium. J Cell Biol (1989)
108:1687-95. doi: 10.1083/jcb.108.5.1687

Cunliffe RN, Mahida YR. Antimicrobial peptides in innate intestinal host
defence. Gut (2000) 47:16-7. doi: 10.1136/gut.47.1.16

Wilson CL, Quellette AJ, Satchell DP, Ayabe T, Boado YS, Stratman JL, et al.
Regulation of intestinal o-defensin activation by the metalloproteinase
matrilysin in innate host defense. Sci (80- ) (1999) 286:113-7. doi:
10.1126/science.286.5437.113

Vandenbroucke RE, Vanlaere I, Van Hauwermeiren F, Van Wonterghem E,
Wilson C, Libert C. Pro-inflammatory effects of matrix metalloproteinase 7 in
acute inflammation. Mucosal Immunol (2014) 7:579-88. doi: 10.1038/mi.2013.76
Salzman NH, Hung K, Haribhai D, Chu H, Karlsson-Sjéberg J, Amir E, et al.
Enteric defensins are essential regulators of intestinal microbial ecology. Nat
Immunol (2010) 11:76-83. doi: 10.1038/ni.1825

Wendler J, Ehmann D, Courth L, Schroeder BO, Malek NP. Bacterial
Periplasmic Oxidoreductases Control the Activity of Oxidized Human
Antimicrobial B-Defensin 1. Infect Immun (2018) 86(4):¢00875-17. doi:
10.1128/1A1.00875-17

Bunney PE, Zink AN, Holm AA, Billington CJ, Kotz CM. Orexin activation
counteracts decreases in nonexercised activity thermogenesis (NEAT)
caused by high fat diet. Physiol Behav (2017)176:139-48. doi:10.1016/
j-physbeh.2017.03.040

Duplantier AJ, van Hoek ML. The human cathelicidin antimicrobial peptide
LL-37 as a potential treatment for polymicrobial infected wounds. Front
Immunol (2013) 4:1-14. doi: 10.3389/fimmu.2013.00143

Bei Y, Pan LL, Zhou Q, Zhao C, Xie Y, Wu C, et al. Cathelicidin-related
antimicrobial peptide protects against myocardial ischemia/reperfusion
injury. BMC Med (2019) 17:1-20. doi: 10.1186/s12916-019-1268-y

Mishra A, Apeksha B, Koppolu P, Lingam S. Role of antimicrobial peptides
in periodontal innate defense mechanism. J Oral Res Rev (2015) 7:74. doi:
10.4103/2249-4987.172500

Pinheiro Da Silva F, MacHado MCC. Antimicrobial peptides: Clinical
relevance and therapeuticimplications. Peptides (2012)36(2):308-14. doi:
10.1016/j.peptides.2012.05.014

Oren Z, Lerman JC, Gudmundsson GH, Agerberth B, Shai Y. Structure and
organization of the human antimicrobial peptide LL-37 in phospholipid
membranes: relevance to the molecular basis for its non-cell-selective
activity. Biochem ] (1999) 341:501. doi: 10.1042/0264-6021:3410501
Kahlenberg JM, Kaplan M]J, Peptide L. Big Effects: The Role of LL-37 in
Inflammation and Autoimmune Disease. J Immunol (2013) 191:4895-901.
doi: 10.4049/jimmunol.1302005

Kaconis Y, Kowalski I, Howe J, Brauser A, Richter W, Razquin-Olazaran Y, et al.
Biophysical mechanisms of endotoxin neutralization by cationic amphiphilic
peptides. Biophys J (2011) 100:2652-61. doi: 10.1016/j.bpj.2011.04.041

Martin L, Horst K, Chiazza F, Oggero S, Collino M, Brandenburg K, et al.
The synthetic antimicrobial peptide 19-2.5 attenuates septic cardiomyopathy
and prevents down-regulation of SERCA2 in polymicrobial sepsis. Sci Rep
(2016) 6:1-12. doi: 10.1038/srep37277

Heinbockel L, Weindl G, Martinez-de-Tejada G, Correa W, Sanchez-Gomez S,
Bércena-Varela S, et al. Inhibition of lipopolysaccharide- and lipoprotein-
induced inflammation by antitoxin peptide Pep19-2.5. Front Immunol (2018)
9:1-6. doi: 10.3389/fimmu.2018.01704

Bishehsari F, Magno E, Swanson G, Desai V, Voigt RM, Forsyth CB, et al.
Alcohol and Gut-Derived Inflammation. Alcohol Res (2017) 38(2):163-171.
Liangpunsakul S, Toh E, Ross RA, Heathers LE, Chandler K, Oshdi A, et al.
Quantity of alcohol drinking positively correlates with serum levels of
endotoxin and markers of monocyte activation. Sci Rep (2017) 7:4462. doi:
10.1038/541598-017-04669-7

Rivera MC, Jain R, JE M., JA L. Genomic evidence for two functionally
distinct gene classes. Proc Natl Acad Sci U S A (1998) 95:6239-44. doi:
10.1073/pnas.95.11.6239

Stirkel P, Leclercq S, de Timary P, Schnabl B. Intestinal dysbiosis and
permeability: The yin and yang in alcohol dependence and alcoholic liver
disease. Clin Sci (2018) 132:199-212. doi: 10.1042/CS20171055

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 594150


https://doi.org/10.1038/nm1008
https://doi.org/10.2337/dc10-0340
https://doi.org/10.1186/1743-7075-7-19
https://doi.org/10.1152/ajpgi.00024.2006
https://doi.org/10.1038/s41598-018-33928-4
https://doi.org/10.1038/s41598-018-33928-4
https://doi.org/10.4161/viru.25965
https://doi.org/10.1128/CMR.00064-16
https://doi.org/10.1128/CMR.00064-16
https://doi.org/10.1371/journal.pmed.1002184
https://doi.org/10.1016/j.cub.2015.11.017
https://doi.org/10.3389/fcimb.2016.00194
https://doi.org/10.3390/biom8010004
https://doi.org/10.3390/biom8010004
https://doi.org/10.3389/fphar.2018.00281
https://doi.org/10.3389/fimmu.2015.00404
https://doi.org/10.3389/fimmu.2015.00404
https://doi.org/10.3402/ehtj.v2i0.7078
https://doi.org/10.18632/oncotarget.16743
https://doi.org/10.1186/cc11920
https://doi.org/10.3389/fimmu.2018.03072
https://doi.org/10.3389/fimmu.2018.03072
https://doi.org/10.1016/j.cofs.2017.02.010
https://doi.org/10.3390/molecules23082040
https://doi.org/10.3390/molecules23082040
https://doi.org/10.1038/nri1180
https://doi.org/10.1186/cc11220
https://doi.org/10.3389/fmicb.2017.00647
https://doi.org/10.1083/jcb.108.5.1687
https://doi.org/10.1136/gut.47.1.16
https://doi.org/10.1126/science.286.5437.113
https://doi.org/10.1038/mi.2013.76
https://doi.org/10.1038/ni.1825
https://doi.org/10.1128/IAI.00875-17
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.3389/fimmu.2013.00143
https://doi.org/10.1186/s12916-019-1268-y
https://doi.org/10.4103/2249-4987.172500
https://doi.org/10.1016/j.peptides.2012.05.014
https://doi.org/10.1042/0264-6021:3410501
https://doi.org/10.4049/jimmunol.1302005
https://doi.org/10.1016/j.bpj.2011.04.041
https://doi.org/10.1038/srep37277
https://doi.org/10.3389/fimmu.2018.01704
https://doi.org/10.1038/s41598-017-04669-7
https://doi.org/10.1073/pnas.95.11.6239
https://doi.org/10.1042/CS20171055
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Mohammad and Thiemermann

Endotoxemia and Low-Grade Systemic Inflammation

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Hritz I, Mandrekar P, Velayudham A, Catalano D, Dolganiuc A, Kodys K,
et al. The critical role of toll-like receptor (TLR) 4 in alcoholic liver disease is
independent of the common TLR adapter MyD88. Hepatology (2008)
48:1224-31. doi: 10.1002/hep.22470

Hibberd MC, Wu M, Rodionov DA, Li X, Cheng J, Griffin NW, et al. The
effects of micronutrient deficiencies on bacterial species from the human gut
microbiota. Sci Transl Med (2017) 9(390):eaal4069. doi: 10.1126/
scitranslmed.aal4069

Finamore A, Massimi M, Conti Devirgiliis L, Mengheri E. Zinc Deficiency
Induces Membrane Barrier Damage and Increases Neutrophil
Transmigration in Caco-2 Cells. J Nutr (2008) 138:1664-70. doi: 10.1093/
jn/138.9.1664

Kong J, Zhang Z, Musch MW, Ning G, Sun J, Hart J, et al. Novel role of the
vitamin D receptor in maintaining the integrity of the intestinal mucosal
barrier. Am J Physiol - Gastrointest Liver Physiol (2007) 294:208-16. doi:
10.1152/ajpgi.00398.2007

Bailey MA, Holscher HD. Microbiome-mediated effects of the
Mediterranean diet on inflammation. Adv Nutr (2018) 9:93-206. doi:
10.1093/advances/nmy013

Mani V, Hollis JH, Gabler NK. Dietary oil composition differentially
modulates intestinal endotoxin transport and postprandial endotoxemia.
Nutr Metab (2013) 10:1-9. doi: 10.1186/1743-7075-10-6

Csaki KF. Synthetic surfactant food additives can cause intestinal barrier
dysfunction. Med Hypotheses (2011) 76:676-81. doi: 10.1016/j.mehy.2011.01.030
Pereira MT, Malik M, Nostro JA, Mahler GJ, Musselman LP. Effect of dietary
additives on intestinal permeability in bothDrosophila and a human cell co-
culture. DMM Dis Model Mech (2018) 11:dmm034520. doi: 10.1242/
dmm.034520

Le Barz M, Anhé FF, Varin TV, Desjardins Y, Levy E, Roy D, et al. Probiotics
as complementary treatment for metabolic disorders. Diabetes Metab |
(2015) 39:291-303. doi: 10.4093/dm;j.2015.39.4.291

Grover S, Mallappa R, Rokana N, Duary R, Panwar H, Batish V. Management of
metabolic syndrome through probiotic and prebiotic interventions. Indian |
Endocrinol Metab (2012) 16:20. doi: 10.4103/2230-8210.91178

Rodes L, Saha S, Tomaro-duchesneau C, Prakash S. Microencapsulated
Bifidobacterium longum subsp. infantis ATCC 15697 Favorably Modulates
Gut Microbiota and Reduces Circulating Endotoxins in F344 Rats. Biomed
Res Int (2014) 2014:602832. doi: 10.1155/2014/602832

Kikuchi K, Ben Othman M, Sakamoto K. Sterilized bifidobacteria suppressed
fat accumulation and blood glucose level. Biochem Biophys Res Commun
(2018) 501:1041-7. doi: 10.1016/j.bbrc.2018.05.105

Festi D, Schiumerini R, Eusebi LH, Marasco G, Taddia M, Colecchia A. Gut
microbiota and metabolic syndrome. World J Gastroenterol (2014)
20:16079-94. doi: 10.3748/wjg.v20.i43.16079

He M, Shi B. Gut microbiota as a potential target of metabolic syndrome: The
role of probiotics and prebiotics. Cell Biosci (2017) 7:1-14. doi: 10.1186/
$13578-017-0183-1

Salazar N, Dewulf EM, Neyrinck AM, Bindels LB, Cani PD, Mahillon J, et al.
Inulin-type fructans modulate intestinal Bifidobacterium species populations
and decrease fecal short-chain fatty acids in obese women. Clin Nutr (2015)
34:501-7. doi: 10.1016/j.clnu.2014.06.001

Newhall KJ, Diemer GS, Leshinsky N, Kerkof K, Chute HT, Russell CB, et al.
Evidence for endotoxin contamination in plastic Na+-heparin blood
collection tube lots. Clin Chem (2010) 56:1483-91. doi: 10.1373/
clinchem.2006.144618

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Al-Attas OS, Al-Daghri NM, Da Silva NF, Sabico SL, Kumar S, Al-Attas OS,
et al. Changes in endotoxin levels in T2DM subjects on anti-
diabetictherapies. Cardiovasc Diabetol (2009) 8:20. doi: 10.1186/1475-
2840-8-20

Yoshiya I, Hosotsubo KK, Takezawa J, Nishijima MK, Takahashi H, Shimada
Y, et al. Elimination of false-positive limulus amebocyte lysate tests in
patients with hyperlipidemia. Crit Care Med (1985) 13(12):1061-3. doi:
10.1097/00003246-198512000-00016

Maloney T, Phelan R, Simmons N. Saving the horseshoe crab: A synthetic
alternative to horseshoe crab blood for endotoxin detection. PloS Biol (2018)
16:1-10. doi: 10.1371/journal.pbio.2006607

Wong J, Zhang Y, Patidar A, Vilar E, Finkelman M, Farrington K. Is
endotoxemia in stable hemodialysis patients an artefact? Limitations of the
limulus amebocyte lysate assay and role of (1—3)-B-D Glucan. PloS One
(2016) 11:1-16. doi: 10.1371/journal.pone.0164978

Berbée JFP, Havekes LM, Rensen PCN. Apolipoproteins modulate the
inflammatory response to lipopolysaccharide. ] Endotoxin Res (2005)
11:97-103. doi: 10.1179/096805105X35215

Gnauck A, Lentle RG, Kruger MC. Chasing a ghost? - Issues with the
determination of circulating levels of endotoxin in human blood. Crit Rev
Clin Lab Sci (2016) 53:197-215. doi: 10.3109/10408363.2015.1123215
Pearce K, Estanislao D, Fareed S, Tremellen K. Metabolic endotoxemia,
feeding studies and the use of the limulus amebocyte (LAL) assay; Is it fit for
purpose? Diagnostics (2020) 10(6):428. doi: 10.3390/diagnostics10060428
Tooley KL. Effects of the human gut microbiota on cognitive performance,
brain structure and function: A narrative review. Nutrients (2020) 12:1-17.
doi: 10.3390/nu12103009

da Cunha NB, Cobacho NB, Viana JFC, Lima LA, Sampaio KBO, Dohms
SSM, et al. The next generation of antimicrobial peptides (AMPs) as
molecular therapeutic tools for the treatment of diseases with social and
economic impacts. Drug Discovery Today (2017) 22:234-48. doi: 10.1016/
j.drudis.2016.10.017

WHO. Antimicrobial resistance. Global report on surveillance. World Heal
Organ (2014) 61:383-94.

Pfalzgraff A, Heinbockel L, Su Q, Gutsmann T, Brandenburg K, Weindl G.
Synthetic antimicrobial and LPS-neutralising peptides suppress
inflammatory and immune responses in skin cells and promote
keratinocyte migration. Sci Rep (2016) 6:1-12. doi: 10.1038/srep31577
Andersson DII, Hughes D, Kubicek-Sutherland JZ. Mechanisms and
consequences of bacterial resistance to antimicrobial peptides. Drug Resist
Updat (2016) 26:43-57. doi: 10.1016/j.drup.2016.04.002

Joo HS, Fu CII, Otto M. Bacterial strategies of resistance to antimicrobial
peptides. Philos Trans R Soc B Biol Sci (2016) 371(1695) 20150292. doi:
10.1098/rstb.2015.0292

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Mohammad and Thiemermann. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 594150


https://doi.org/10.1002/hep.22470
https://doi.org/10.1126/scitranslmed.aal4069
https://doi.org/10.1126/scitranslmed.aal4069
https://doi.org/10.1093/jn/138.9.1664
https://doi.org/10.1093/jn/138.9.1664
https://doi.org/10.1152/ajpgi.00398.2007
https://doi.org/10.1093/advances/nmy013
https://doi.org/10.1186/1743-7075-10-6
https://doi.org/10.1016/j.mehy.2011.01.030
https://doi.org/10.1242/dmm.034520
https://doi.org/10.1242/dmm.034520
https://doi.org/10.4093/dmj.2015.39.4.291
https://doi.org/10.4103/2230-8210.91178
https://doi.org/10.1155/2014/602832
https://doi.org/10.1016/j.bbrc.2018.05.105
https://doi.org/10.3748/wjg.v20.i43.16079
https://doi.org/10.1186/s13578-017-0183-1
https://doi.org/10.1186/s13578-017-0183-1
https://doi.org/10.1016/j.clnu.2014.06.001
https://doi.org/10.1373/clinchem.2006.144618
https://doi.org/10.1373/clinchem.2006.144618
https://doi.org/10.1186/1475-2840-8-20
https://doi.org/10.1186/1475-2840-8-20
https://doi.org/10.1097/00003246-198512000-00016
https://doi.org/10.1371/journal.pbio.2006607
https://doi.org/10.1371/journal.pone.0164978
https://doi.org/10.1179/096805105X35215
https://doi.org/10.3109/10408363.2015.1123215
https://doi.org/10.3390/diagnostics10060428
https://doi.org/10.3390/nu12103009
https://doi.org/10.1016/j.drudis.2016.10.017
https://doi.org/10.1016/j.drudis.2016.10.017
https://doi.org/10.1038/srep31577
https://doi.org/10.1016/j.drup.2016.04.002
https://doi.org/10.1098/rstb.2015.0292
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Role of Metabolic Endotoxemia in Systemic Inflammation and Potential Interventions
	Introduction
	Immune Activation in Metabolic Endotoxemia
	LPS
	Toll-Like Receptors
	Toll-Like Receptor 4 Signaling
	MyD88-Dependent Pathway
	MyD88-Independent Pathway

	Intestinal Change
	Components of the Intestinal Epithelial
	Cell Junctional Protein Complexes and a Leaky Intestinal Barrier
	Regulation of Tight Junctions

	Evidence of Metabolic Endotoxemia in Human and Animal Studies
	Potential Pharmacological Interventions
	Antimicrobial Peptides
	Mechanism of Action of Antimicrobial Peptides
	Intestinal Antimicrobial Peptides
	Defensins
	Cathelicidin


	Potential Dietary Interventions
	Limitations
	LAL Assay
	Interventions Using AMPs
	Antibody Therapy

	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


