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Abstract
Low-grade chronic systemic inflammation has been shown to possess the potential to cause obesity, metabolic syndrome, and insulin resistance. Numerous studies 
have provided insight into the mechanisms by which dietary fat can cause the absorption or permeation of lipopolysaccharides (LPS) present in the gut bacteria 
into systemic circulation. Additionally, studies have deciphered the vital role of the innate immune system in linking gut microflora and inflammation. High-
throughput sequencing has enabled metagenomic analyses, revealing changes in the gut microbiota composition incurred by high-fat diet. Further insights into the 
pathophysiological understanding of the interplay between innate immunity, metabolism, and microbiota would help improve therapeutics. This article focuses on 
the early events leading to the dysfunction of the intestinal epithelial barrier with additional emphasis on the technical problems encountered in in vivo and in vitro 
experiments. Emerging research results stress the importance of the interaction of LPS with dietary fatty acids and bile acids, as factors that impact the integrity 
of the gut barrier. Recent findings related to Akkermansia muciniphila and the endocannabinoid system are insightful and indicative of their potential usefulness for 
therapeutics. Detoxification and tolerance of endotoxin are areas where future developments can be expected. Although not a non-systematic review, this article 
focuses on the studies that help untangle complicated interplay between microbiology, biochemistry, and immunology.
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Introduction
The intestinal commensal microbiota is essential for many host 

physiological processes and play a major role in the development of 
many diseases. A major risk factor for metabolic diseases is obesity and 
the associated metabolic disorders that are characterized by a chronic 
low-grade inflammation [1,2]. This sub-clinical chronic inflammation, 
along with metabolic diseases contributes to the development of 
atherosclerosis [3]. This link between metabolic disorders and 
inflammation has led to an interest in understanding the effects of 
lipids on the immune system and the impact immune system dynamics 
has on lipid metabolism [2]. In white adipose tissue (WAT), several 
distinct inflammatory pathways act in a coordinated manner to secrete 
proinflammatory cytokines and chemokines, such as (interleukin) 
IL-6, IL-1β and monocyte chemoattractant protein-1 (MCP-1), 
respectively. Additionally, WAT secretes adipokines and plays an 
important role in glucose tolerance and inflammatory responses [4]. In 
particular, inflamed adipose tissue produces adiponectin that has anti-
inflammatory effects and decreases lipid accumulation.

The key event triggering low-grade inflammation is the immune 
response by the innate immune system against various endotoxins, 
mainly lipopolysaccharide (LPS), a unique component of the gram-
negative bacterial cell wall. In most clinical situations, diverse gram-
negative bacteria present in the gut microflora are the well-known 
sources of circulating LPS [5-7]. 

Toll-like receptors (TLRs) are by far the best-studied family of 
innate immune receptors). Pattern recognition receptors such as TLRs 
and nucleotide-binding oligomerization domain proteins (NOD) 
play a vital role in the detection of microbial infection of induction of 

inflammation responses. Activation of both TLRs and NODs results 
in the activation of NF-κB (nuclear factor κB) via downstream signals.  
TLRs are expressed by professional immune cells and by epithelial 
cells in various organs [8]. To name but a few, TLR2, as a heterodimer 
with TLR1 or TLR6, detects bacterial lipopeptides. TLR4 is capable 
of forming a receptor complex with membrane-associated protein 
CD14, myeloid differentiation protein 2 (MD2) and/or other adaptor 
molecules, and detects LPS [8].

In humans, interplay between resident commensal bacteria and 
a single layer of intestinal epithelial cells is critical in regulating the 
energy harvesting mechanism from nutrients and in the functioning 
of the immune system [9]. As discussed in the article, postprandial 
endotoxemia mainly occurs in a high-fat diet (HFD) dependent 
manner. Recent studies have established a consensus that low-grade 
inflammation occurs due to the repeated absorption of LPS from the 
gut during the digestion of lipids, which in turn could increase the risk 
of atherosclerosis [5].
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Within the last decade, numerous reports have linked meta-
organismal bioinformatics data to different diseases. This article 
focuses on the early changes induced by low-grade endotoxemia. So, 
the following recent review articles could be referred for information 
related to important diseases, such as obesity or metabolic syndrome [2], 
diabetes mellitus [10], liver diseases [12], cancer [13,14], cardiovascular 
diseases [15], neuropsychiatric disorders [16] and a wide range of 
immunological or inflammatory diseases [6,17]. A growing number of 
review articles focus on potential therapies aimed at modulating the gut 
microbiota [18].

Recent years have witnessed an increase in the number of 
translational studies including adventurous research possibilities. 
Many of these efforts encounter challenges and limitations resulting in 
negative results in the light of the hypotheses. In addition to reporting 
the findings that substantiate the predefined scientific hypothesis, in 
the present article, an attempt has been made to reflect the authors’ 
thoughts for a relatively small number of papers. Hence, this article 
should be complemented by ones that are more comprehensive 
[5,7,19,20]. Important topics not covered here include the role of 
metabolites such as trimethylamine (TMA) that have implications for 
atherosclerosis and short chain fatty acids (SCFA) that modulate levels 
of gut hormones involved in glucose and energy homeostasis [11,15].

Endotoxin 
Endotoxin and markers 

Endotoxin is mostly used synonymously with LPS, a major 
component of the outer membrane of gram-negative bacteria [21,22]. 
Endotoxins can induce potent responses in a wide range of host species 
including humans by rapidly inducing cellular biosynthesis and 
release of pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α) and other bioactive metabolites causing circulatory 
failure and septic shock. Different species of bacteria produce slightly 
distinctive forms of LPS with differing toxicity [23]. LPS is released 
from the bacterial cell wall by shedding or through bacterial lysis [24]. 
Chemically, LPS is an amphiphilic molecule consisting of hydrophilic 
polysaccharide components linked to a hydrophobic component called 
lipid A. Lipid A is the bioactive endotoxin subunit of LPS.  

This article mainly focuses on gut-derived LPS, not LPS entering 
circulation due to infection of exogenous microorganisms. Gut lumen, 
where many trillions of commensal bacteria reside, has the highest 
concentrations of LPS [25]. Bacteria and their fragmented component 
can enter the systemic circulation through several routes including 
the lymph system [26-28]. Although they do not enter via the hepatic 
portal system, traumatic injury allows their entry into the systemic 
circulation. Further, HFD has been reported to facilitate the entry of 
bacterial products into the systemic circulation at low concentrations. 

Depending on the experimental setting, both paracellular 
permeability and transcellular transport of the gut mucosa are 
recognized as being important, while the latter is considered more 
efficient in elevating the levels of LPS in the systemic circulation. 
This process circumvents hepatic detoxification as LPS is packaged 
into chylomicrons along with nutrient lipids, which then enter the 
lymph system for transport to the systemic circulation. In addition 
to the technical issues concerning measurement (mentioned below), 
the proinflammatory signal initiation by LPS may depend upon 
its detailed chemical and physical structure, such as, presence of 
phosphate groups (that can be removed by alkaline phosphatase), and 

associated molecules such as bile acids, fatty acids (FAs), membranes 
or lipoproteins. 

Presence of LPS in human serum is primarily measured using a 
Limulus amebocyte lysate (LAL) assay, which has technical drawbacks 
due to the presence of interfering compounds in the serum [29,30]. 
LPS is quantified either in terms of its weight (ng) or in endotoxin units 
(EU). The term EU reflects the endotoxic activity of the mixture of LPS 
molecules present in the sample. According to the international WHO 
Standard, 1 EU is defined as the biological activity measured by the 
endotoxin test that was induced by 120 pg of LPS from Escherichia coli 
O113:H10:K [30]. However, the absolute values of LPS measured in 
the plasma showed large variations among studies, probably because of 
the higher sensitivity of LAL assay towards pre-treatment procedures. 
The mean values measured in healthy subjects ranged from 0.15 to 
61 EU/mL (median 0.32 EU/mL) or from 0.5 to 65 pg/mL. However, 
for diluted samples, the mean value was 12.1 EU/mL, which was far 
higher than that obtained for undiluted samples [30]. Thus, for patients 
with low-grade endotoxemia, absolute LPS levels are rather unreliable, 
suggesting the relative importance of nonparametric statistical analysis 
in these cases. An LPS ELISA kit assay was recently used by Gnauck et 
al. [31] instead of the LAL assay, after checking with a recovery test in 
which a known dose of LPS was added to serum samples [31]. 

LPS-binding protein (LBP) recognizes LPS and transfers it to 
CD14, thereby enhancing host cell stimulation.  LBP can also transfer 
LPS to HDL particles in vitro [32,33].   LBP, an acute-phase protein 
produced mainly by the liver, binds to the lipid A portion of LPS and 
enhances its ability to activate immune cells. LBP has the unique ability 
to recognize and bind LPS multimers or LPS contained in fat micelles, 
initiating its monomerization. Immune receptors and proteins such 
as CD14, TLR4 and MD-2 recognize and bind to LPS monomers and 
initiate an immune response [32]. Lamping et al. [33] presented a 
bimodal effect for LBP. In vitro, addition of recombinant LBP (mLBP) 
at < 1 µg/mL resulted in increased secretion of TNF-α upon LPS 
challenge. However, higher concentrations of mLBP (10 µg/mL) in 
the acute phase stimulated decreased secretion of TNF-α in response 
to the LPS challenge, relative to the case with 0.1 µg/mL mLBP. Thus, 
acute phase LBP is likely to have a protective effect against LPS and 
bacterial infections. LBP is increasingly being used as a relevant marker 
for metabolic endotoxemia in clinical and rodent studies, although 
systemic inflammation should cause non-specific increases of acute-
phase proteins including LBP.  Results from the studies conducted by 
Laugerette [34], indicated correlation between plasma LBP and plasma 
IL-6 (r = 0.905) in individual mice (fed on palm oil-enriched diet, in 
this case).

LPS cannot directly bind to TLR4/MD-2 but must be presented by 
CD14 [23]. CD14 is multifunctional protein with specificity for LPS 
and together with TLR4 forms a complex that activates the innate 
immunity system.  CD14 exists in two forms, namely, a membrane-
bound glycoprotien form (mCD14) that act on the surface of 
monocytes, macrophages and poymorphonuclear leukocytes, and a 
circulating soluble form (sCD14) [35]. sCD14 has suppressing effects 
on endotoxin activity by facilitating the transfer of LPS micelles to 
HDL, and further to phosphatidylcholine membranes, assisting their 
transport to the liver, and thereby driving detoxification [36,37]. A 
dual stimulatory and inhibitory mechanism of sCD14 and LBP has 
been reviewed by Kitchens and Thompson [38].  Broadly, LBP appears 
to reflect inflammation levels like other acute-phase proteins, but 
sCD14 appears to have a protective action; high sCD14 may counteract 
progress of inflammation in the presence of LPS.
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Other potential markers of bacterial exposure include bacterial 
FAs. In a randomized, controlled trial with humans, Umoh et al. [39] 
tested a Mediterranean diet and the healthy diet [40] over 6 months. 
No change was detected in serum LBP concentrations with either 
diet intervention, relative to the control diet group. However, across 
individuals, LBP showed a positive correlation with C-reactive protein 
(CRP) and a negative correlation with carotenoids. Importantly, a 
decrease in the concentration of branched-chain bacterial fatty acids 
(BFAs) was observed in both diet groups. Thus, BFAs, commonly 
present in gram-positive and gram-negative bacteria, could serve as a 
promising direct marker to detect the extent of bacterial exposure. 

Diet and endotoxin

In response to the intake of HFD, LPS can diffuse from the gut 
to the blood stream either by direct diffusion mediated by paracellular 
permeability or through absorption by enterocytes during chylomicron 
secretion [26- 28]. 

Cani et al. [41] examined whether LPS could be a physiological 
regulating factor dependent on the feeding status. Mice fed a HFD (72% 
fat, corn oil and lard) for 4-weeks showed a constant increase in plasma 
endotoxin concentration, whereas in control groups the endotoxin 
concentration was elevated only in the feeding hours. In HFD-fed 
mice, several bacteria belonging to Eubacterium rectale/Clostridium 
coccoides group, Bifidobacterium and Bacteroides-like mouse intestinal 
bacteria were significantly reduced. HFD increased fasting glucose 
and insulin resistance, along with weight gain of overall-body, liver, 
visceral, and subcutaneous adipose tissue.  Infiltration of macrophages 
was seen in the adipose tissue. Additionally, in the liver and visceral 
adipose tissue increased levels of mRNA was detected for TNF-α, IL-1 
and IL-6. Similar effects were reproduced by subcutaneous infusion of 
LPS, retaining similar concentration of circulating LPS as in HFD-fed 
mice. These effects were reported to be mediated by TLR4 and CD14.

According to Cani et al. [41], a 72% HFD increased endotoxemia 
2.7-fold when compared with control fed mice. This increase was only 
1.4-fold when the mice were fed with a 40% HFD. If these results were 
assumed transferrable to humans where ethical issues would limit 
dietary fat intake, such a difference would lead to statistical challenges. 
Technically, in the study conducted by Cani et al. [41], the plasma 
concentration of LPS was determined using LAL assay. Additionally, 
levels of LBP and other relevant parameters were not reported. 

Erridge et al. [42] demonstrated that, in healthy humans, 
postprandial plasma endotoxin concentrations increased 18% on an 
average after a HFD (~380 kcal from fat, 42% of total energy) relative 
to the fasted state. In order to validate the result obtained with LAL 
assay, the authors used endotoxin neutralization capacity assays 
that measured the depletion (reduction) of endotoxin-neutralizing 
substances in the plasma; the reduction of such substances suggested 
prior exposure to endotoxin. 

Ghanim et al. [43] showed that compared to the American Heart 
Association (AHA)-recommended meal, 910 kcal containing high-fat, 
high-carbohydrate meal, increased postprandial plasma LPS by 47% in 
humans, at 1, 2 and 3hr after the meal, with an associated increase of 
plasma LBP by 34%. This increase was accompanied by an increase in 
the mRNA expression of TLR2 and TLR4 in blood mononuclear cells. 

sCD14 and plasma LBP are considered as relevant markers that 
reflect long-term exposure to endotoxin rather than the measurement 
of endotoxin itself. Such an estimation is relevant because of the long 
half-lives of sCD14 and LBP ranging from 24-48 h, which is much 

longer when compared to that of endotoxin < 8 min in mice to a 
maximum of 3 h in humans [34,44].  

Laugerette et al. [34] demonstrated that a synergistic pro-
inflammatory effect between LPS and FAs.  The authors subjected 
mice for 8 weeks on a diet enriched with milk fat, palm oil, rapeseed 
oil or sunflower oil. Major FA constituents of palm oil were 16:0 
(45%) and 18:1 n-9 (37%), with the content 18:3 n-3 being low (0.5%), 
whereas those of rapeseed oil were 18:1 (59%) and 18:2 (23%), with 
18:3 n-3 being relatively rich (9.7%). Intriguingly, palm oil-enriched 
diet resulted in inducing the highest inflammation in plasma (based 
on IL-6) and adipose tissue (IL-1β and TLR4) compared to the other 
diets. Rapeseed oil-based diet resulted in lower inflammation despite 
the elevated endotoxemia, probably mediated by higher levels of 
sCD14, suggesting a protective role for sCD14. It appears that not only 
LPS from the gut, but effects of dietary lipid on endotoxin receptors, 
transporters and CD14 activation seems to play an important role in 
the subsequent immune activation. Individual mice fed on palm oil-
enriched diet showed correlation between plasma LBP and IL-6 (r = 
0.905), although LBP increase may be secondary to the inflammation. 
These observations suggest the presence of synergistic action between 
FAs and LPS; apart from the levels of LPS present in the circulation, the 
saturation levels of FAs simultaneously absorbed from the gut lumen 
also exert an impact on the activation of endotoxin receptors. 

Laugerette et al. [45] further demonstrated that healthy human 
subjects overfed for 8 weeks (+760 kcal/day), showed increased levels 
of LBP/sCD14 suggesting that the inflammation setup during the 
initial phase of weight gain is linked to the relative variations of LBP 
and sCD14 [45].

These studies have generated a consensus that dietary fat could 
increase the concentration of circulating LPS and this resultant 
postprandial endotoxemia could lead to low-grade systemic 
inflammation, which has been implicated in metabolic disorders.

Translocation of LPS from gut to blood

In the early phase of postprandial endotoxemia, LPS present in 
the gut lumen enters into the lymphatic system, and eventually into 
the blood stream through transcellular transport. Chylomicron, 
a lipoprotein that transports triglyceride form the gut to adipose 
tissues, is an important carrier of LPS in this phase. Prolonged HFD 
and/or systemic inflammation leads to dysfunction of tight junction 
barriers, resulting in a leaky gut. This view assumes the transition 
from transcellular permeation to paracellular permeation by taking 
into consideration the relationship with various factors. However, 
emulsified FAs present in the diet are likely to cause dysfunction of 
tight junction leading directly to a leaky gut. Here, a few recent studies 
related to endotoxin detoxification and tolerance has been discussed 
briefly.

Transcellular epithelial transport of LPS - early events: In 
order to study the early events related to the transcellular epithelial 
transport of LPS, Tomita et al. [46] used a diffusion chamber system 
with colonic epithelial tissues isolated from normal rats. FITC 
(fluorescein isothiocyanate)-LPS applied at a concentration of 100 
ng/mL showed higher permeability from mucosal to serosal (M to S) 
direction, compared to the S to M direction. Permeability towards both 
directions was dependent on temperature, suggesting the involvement 
of an enzymatic and/or an energy-dependent process. Compared to 
normal rats, an intraperitoneal (i.p.) injection of LPS, 4 h before the 
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experiment did not detect any significant difference in transepithelial 
conductance, suggesting that the paracellular route including tight 
junctions remained unchanged by the pre-exposure. Thus, the 
permeability of FITC-LPS is at least in part mediated by a special 
transcellular transport system, other than tight junctions. Transport 
in both directions showed dependency on CD14 and TLR4. Although 
this study did not test the effects of dietary fat, efforts including this 
study have established the involvement of a TLR4-mediated, energy-
dependent transcellular transport mechanism for LPS. 

Mani et al. [47] compared the pigs fed with control meal and meals 
enriched in, fish oil, vegetable oil, and coconut oil. Postprandial (1-5 
hrs) serum endotoxin increased in pigs fed coconut oil, which was 
relatively rich in saturated FAs, whereas fish oil-enriched meal did not 
increase the endotoxin. The authors also performed ex vivo analyses in 
which normal pig ileum samples were mounted into modified Ussing 
chambers and treated with the different oils for 2 hrs. Fish oil and cod 
liver oil reduced FITC-LPS permeability but coconut oil increased the 
permeability. Lipid raft-modifier methyl-β-cyclodextran treatment 
greatly compromised FITC-LPS transport. Notably, transepithelial 
resistance unchanged through the experiment, suggesting that FITC-
LPS permeability is mainly accounted for by raft-mediated endocytosis. 

Thus, Mani et al. [47] showed a quick effect of saturated FAs-rich 
oil (within a few hours) on LPS permeation. It is interesting that, in 
such an early phase of postprandial period, LPS permeation occurred in 
a manner dependent on particular types of FAs and on some functions 
of lipid raft. A merit of this study was that relatively usual diets were 
used, compared to experiments using emulsified FAs. Although it still 
remains unclear whether differential modulations of lipid raft functions 
by different FAs is the key issue, this study suggested that the rate of 
raft-mediated LPS absorption is likely to be sensitive to the proportion 
of saturated FAs in diet.

Dietary fat is absorbed into enterocyte, and incorporated as 
triglycerides into chylomicron. Chylomicrons and their remnants are 
transported though mesenteric lymph before entering the blood stream 
and being cleared in liver and other organs/tissues or transported to 
adipose tissues. Chylomicrons have high affinity for LPS [48,49]. 

Ghoshal et al. [27] showed in mice that ingestion of long-chain 
triglycerides (triolein) for 6hr causes an increase in plasma LPS, the 
increase being mainly associated with the chylomicron remnant 
fraction.  Chylomicron remnants are particles corresponding to 
chylomicrons from which triglycerides have been transferred to adipose 
tissues. Triolein ingestion promoted LPS absorption into mesenteric 
lymph nodes in a manner dependent on chylomicron formation. They 
further showed that chylomicron formation enhances secretion of LPS 
from basolateral side of Caco-2 cells. 

As discussed in [27], although some LPS acquired by intestinal 
epithelial cells remains on the cell membrane [50], significant amounts 
of LPS are internalized and directed to the Golgi, where the most TLR4 
resides [51]. 

Laugerette et al. [28] focused on the effect of various structures (oil-
in-water emulsion, free oil or dispersion) and compositions of dietary 
fat on the kinetics of lipid and LPS absorption. In humans, postprandial 
LPS and sCD14 increased after 1hr (with increases over postprandial 4 
hr) of mixed meal containing dispersed lipids (LPS was not added). 
Using rats, they also showed that emulsified oil, which is a fine emulsion 
of sunflower oil in saline with lecithin at 35 mg/ml emulsion, enhances 
postprandial endotoxemia compared to non-emulsified oil. Strikingly, 

their Caco-2 experiments showed that, compared to incubation with 
LPS (at 1 micro g/ml) alone that showed negligible levels of absorption 
rate, dramatically higher levels of LPS absorption rate were observed 
when lipid micelles containing oleic acid at 0.5 mM or 1.5 mM were 
added.  Of note, the micelles contained taurocholate, lecithin and 
cholesterol. LPS absorption was efficient when LPS present in the 
apical side (i.e., the side facing the intestinal lumen) were contained 
in emulsified structures, likely because this enlarges the surface area 
aiding digestion and/or when phospholipids that act detergent that are 
known to facilitate absorption when contained in the dietary fat.

Thus, besides the amount of FAs, saturation levels and the degree 
of emulsification are important for absorption of LPS from the gut. It 
would be interesting to ask whether physiological emulsions that are 
mainly made up of bile acids could be safer and limit the absorption 
rate of LPS, compared to FA-rich emulsions.       

Intestinal tight junction: Tight junction is an important element 
of the intestinal epithelial barrier. Invasion of substances, such as 
LPS present in the lumen, through tight junctions is referred to as 
paracellular invasion. The structure of tight junction is dynamic and 
can be disrupted by inflammation [52,53]. Cytokines including TNF-γ, 
TNF-α and IL-6 increase the intestinal permeability by increasing 
myosin light chain kinase, phosphorylated myosin light chain (pMLC), 
and expression of claudin-2 (a pore forming type of protein belonging 
to the claudin family) [53]. Cytoplasmic sequestration (internalization) 
of the major constituents of tight junctions, such as occludin, claudins 
and zonula occludens-1 causes disruption of the barrier function 
[53,54]. 

Brun et al. [55] reported that genetically obese mice (ob/ob and 
db/db mice) had lower intestinal resistance, modified distribution of 
occludin and zonula occludens-1 (ZO-1) in the intestinal mucosa and 
higher levels of portal endotoxemia, compared to control mice [55]. de 
La Serre et al. [56] showed that HFD-induced obesity was associated 
with inflammation of the gut, increased permeability leading to 
occludin internalization and an increase in pMLC [56].   

Guo-Ma [57] examined the effects of inflammatory bowel diseases 
(IBDs)-relevant levels of circulating LPS on intestinal epithelial barrier 
[57]. IBDs exhibit circulating levels of LPS that are slightly higher 
than those of obesity and metabolic syndrome. Nevertheless, this 
study might shed light on the effects of milder endotoxemia. Based on 
transepithelial conductance and inulin flux measurements, they showed 
that LPS at 0.3 ng/mL or above caused an increase in permeability in 
Caco-2 cells (filter-grown, monolayers). This flux increase occurred 
4 days after the addition of LPS. Similar effects were shown by LPS 
in other cell lines (NCM460, a human colon mucosal epithelial cell 
line, and T84, a colonic adenocarcinoma cell line). Removal of LPS 
resulted in restoration of resistance in Caco-2 within 2 days. The effect 
on Caco-2 was pronounced when LPS was added to the basolateral 
side, while the addition to the apical side yielded negligible effects. 
Additionally, by using siRNA-induced silencing of TLR4 expression 
together with TAK-242 (inhibitor of TLR4 signaling), they proved that 
the above results seen in Caco-2 was mediated by TLR4. In vivo, in 
mice, administration of a stable concentration of LPS (0.4-0.5 ng/mL, 
while control mice had 0.017 nm/mL) showed increased permeation 
of texas-Red-dextran (10 kDa) at day 5, suggesting that clinically 
relevant concentrations of LPS could increase intestinal permeability. 
Experiments with knockout mice demonstrated the involvement 
of TLR4 in this process. In the above experiments, both, the in vitro 
and in vivo phenomenon was mediated by LPS-induced expression of 
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TLR4 and CD14, which was a relatively slow process (several days). The 
authors further proved that at physiological levels, LPS could initiate 
a TLR4 signal transduction cascade within epithelial cells, leading to 
the activation of focal adhesion kinase (FAK) over a period of 3-5 days 
[58]. FAK expression and signaling has been shown to be important 
for promoting cell adhesion, apoptosis, migration, and proliferation in 
a variety of cell types [59].     

Other pathophysiological and immunological factors affecting 
intestinal barrier: Recently, excellent review articles have summarized 
data on several non-dietary factors that affect intestinal permeability 
[60]. Such factors include stimulation via sympathetic nervous system, 
corticotropin-releasing hormone (that induces expression of TLR4), 
exercise-induced heat stress, and alcohol consumption. 

Several studies have shown that mature human intestinal epithelial 
cells (IECs) show hyporesponsiveness to LPS, and this is likely based 
on downregulation of TLR4/MD2 complex [61]. Exposure of murine 
neonatal IEC to LPS during vaginal delivery induces TLR4 pathway 
activation followed by a decrease in interleukin-1 receptor-associated 
kinase 1 (IRAK-1) protein levels, leading to the acquisition of tolerance 
to LPS [23,62]. 

The HFD-induced increase in barrier permeability is partly 
accounted for by the action of IFN-γ and IL-1β, whereas IL-22 and 
regulatory T cells (Tregs) exerted protective effects [7]. In the distal 
small bowel of mice and rats, prolonged HFD-feeding induced NF-κB 
expression and an increase in TNF-α and IL-1β. Typically, the increase 
was evident after 2 weeks rather than after 1 week, suggesting the need 
for a relatively long time course for the expression of pro-inflammatory 
changes [7]. Effects of prolonged HFD-feeding on TLRs signaling, 
nucleotide-binding oligomerization domain (NOD)-like receptors 
(NLRs), innate lymphoid cells such as, γδT cells, eosinophils, and 
macrophages, and on adaptive immune system have been discussed in 
detail elsewhere [7].

LPS clearance

Detoxification of LPS by alkaline phosphatase is discussed in 
section 5. Here, the mechanisms for LPS clearance from the circulation 
are briefly discussed. In both in vivo and in vitro experiments, LPS 
was rapidly bound to lipoproteins. Lipoprotein-bound LPS is less 
proinflammatory and is cleared more slowly than free LPS, possibly 
because of the sequestration of lipid A moiety within the lipoprotein 
micelle [63-65].  

Liver was identified as the primary site of LPS clearance in early 
studies [55,66]. Acyloxyacyl hydrolase (AOAH), an enzyme present 
in Kupffer cells is highly capable of detoxifying LPS. This enzyme is 
also expressed by non-hepatic macrophages [67,68]. Hepatocytes are 
reported to participate in LPS clearance [69,70]. A few prominent 
findings are discussed here.

Deng et al. [68] used tissue-specific TLR4-knockout mice (myeloid 
cells and hepatocytes) and showed that after cecal ligation and puncture 
(CLP), phagocytosis by myeloid cells (macrophages and neutrophils) 
was required for the rapid clearance of bacteria and LPS in the absence 
of antibiotics. TLR4 was essential for macrophage- and neutrophil-
mediated phagocytic bacterial clearance. However, in the presence 
of antibiotics, TLR4-mediated LPS clearance by hepatocytes was 
important to prevent low levels of LPS that could cause inflammation. 
These results imply that the main mechanism for LPS clearance 
differed in a manner that was dependent on the level of LPS present 
in the plasma. 

Imajo et al. [71] demonstrated that in mice, although normal liver is 
largely non-responsive to normal postprandial levels of LPS from portal 
vein, overexpression of CD14 in Kupffer cells triggered progression 
towards nonalcoholic steatohepatitis via hyper-responsivity to low-
dose LPS. Intriguingly, the upregulation of CD14 in Kupffer cells was 
observed in HFD-induced steatosis mice, but not in control mice. 
Strikingly, treatment with leptin in control mice caused increased 
hepatic expression of CD14 via STAT3 (signal transducer and activator 
of transcription 3) signaling, resulting in hyper-responsivity to low-
dose LPS without steatosis. This was an unexpected result taking 
into consideration that leptin was generally known to be a hormone 
suppressing appetite and improving insulin sensitivity. This study 
suggests that immune response against LPS is intricately controlled by 
factors involving hormones. 

In the study conducted by Imajo et al. [71], when the levels of 
bacteria were high as in sepsis, TLR4 supported both, the hepatic 
clearance of postprandial levels of LPS, and macrophage- and 
neutrophil-mediated phagocytic clearance of LPS. However, certain 
reports indicate that hepatocytes develop tolerance towards the uptake 
of LPS, which is mediated by previous exposure to low-levels of LPS 
[72]. What complicates the matter is the increased sensitivity to LPS 
seen in hepatic stellate cells isolated from leptin deficient mice (ob/ob) 
when compared to normal mice [55]. Thus, regulation of tolerance and 
sensitization against LPS seems important in hepatic response to long-
term exposure of low levels of LPS. It is tempting to envisage that subtle 
regulations of sensitivity to LPS could be possible through hormones in 
adipose tissue, intestinal cells, and macrophages.    

Fatty acids 
Dietary triacylglycerol is hydrolyzed in the gastrointestinal tract 

and yields FAs. Diets rich in saturated FAs have been implicated in 
the development of metabolic diseases associated with dyslipidemia, 
insulin resistance, and atherosclerosis [73,74]. Studies related to FAs, 
general proinflammatory role of saturated FA, and benefits of n-3 (ω-
3) polyunsaturated fatty acids (PUFAs) have been well documented 
[73,74]. 

n-3 PUFAs are preferred activators of peroxisome proliferator-
activated receptor (PPAR)-γ and PPAR-α, explaining their effects on 
fat mass reduction [75]. n-3 PUFAs act as competitive inhibitors of 
arachidonic acids on cyclooxygenase which produces proinflammatory 
eicosanoids. Although partly attributable to the competition with 
arachidonic acids, n-3 PUFA-rich diet can dramatically modulate 
the levels of arachidonic acids-derived endocannabinoids, such as 
2-arachidonylglycerol (2-AG) in humans and rodents [7,77]. Further, 
recent discoveries revealing the presence of G protein-coupled 
receptors (GPCRs) for FAs, indicate another level of FA functioning. 
However, given that saturated FAs enable formation of lipid raft on cell 
surface and that they themselves are precursors of signaling molecules, 
it is likely that they exert their effects at multiple levels, some being 
physicochemical, and some more specific. Understanding the relative 
significance of the diverse functional levels of FAs require further 
investigation [73,74].  

FAs emulsion can disrupt the intestinal epithelial barrier

A couple of studies on FAs’ effect on intestinal barrier, which 
seem somewhat unappreciated, are discussed.  FAs can enhance drug 
absorption in intestine as shown, for example, in the experiment 
using mannitol in the Caco-2 cell model [78].  Strikingly, Kvietys et 
al. [79] showed that emulsions made up of 10-40 mM oleic acid (16:1) 
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and 20mM bile salt cause disruption of both the jejunal mucosa in 
anesthetized rats in vivo and in intestinal epithelial cells (IEC-18) in 
vitro, based on the measurement using 51Cr-EDTA [79].  Aspenström-
Fagerlund et al. [80] showed that emulsions of FAs either with oleic 
acid or docosahexaenoic acid (C22:6 n-3, DHA) have potential to 
disrupt the intestinal epithelium barrier. Thus, epithelial injury may 
be a relatively common event during digestion and absorption of diet 
[79].  This finding was striking in that, despite its well-known benefit 
to our health, DHA emulsions can compromise the integrity of the 
intestinal epithelium, making the gut leaky.  It is important to note 
that restitution, or rapid reepithelialization of denuded basal lumina 
(on scales of hours), is likely to play an important role in repairing the 
superficial defects in the epithelial lining incurred during the normal 
course of digestion and absorption of food [81].

Recent notable studies include those on butyrate, a SCFA produced 
by Gram-positive anaerobic bacteria, as a product of fermentation 
of non-digestible carbohydrate [82].  Butyrate tends to reduce 
inflammation through binding to GPR43 [74].  Butyrate also has 
anti-obesity effects by stimulating the expression of angiopoietin-like 
protein-4 (ANGPTL-4) [81]. 

FA and inflammation

In animal models and clinical trials, long-chain n-3 PUFAs, such 
as eicosapentaenoic acid (C20:5 n-3, EPA) and DHA exerted beneficial 
effects in the treatment of IBDs [74]. In an in vivo inflammatory model, 
piglets after 4 h postinjection with LPS and supplementation with 
fish oil showed enrichment of EPA, DHA, and total (n-3) PUFA in 
intestinal mucosa, inhibition of TLR4 and NOD2 signaling pathways, 
and a concomitant improvement of intestinal integrity (increases in the 
number of tight junction proteins) [84]. Of note, NOD1 and NOD2 
can be indirectly activated by LPS through TLR4 and TNF-α. 

Next, the focus was to find if FAs could bind TLR4. Lee et al. [85] 
presented data indicating reciprocal modulation of TLR4 activation 
by saturated and PUFAs in transfection experiments conducted on 
293T cells. This confirmed the trend that overall saturated FAs favored 
TLR4 stimulation. [86] However, Erridge [87] reported that saturated 
FAs lacked the ability to stimulate TLRs directly, and emphasized 
the importance of measures needed to exclude contaminating LPS, 
and lipopeptides from experimental systems [88]. Schaeffler et al. 
[89] observed FA-induced induction of TLR4/NF-κB pathway in 
adipocytes, but this effect was caused by an endogenous ligand since 
FAs were shown not to bind directly to TLR4/MD-2 [89]. Pal et al. 
[90] reported fetuin A, a secretory glycoprotein of the liver, as an 
endogenous ligand of TLR4 mediating the above mentioned FAs 
stimulation of TLR4. However, further analyses on fetuin A would be 
beneficial as Jialal et al [91] reports no significant correlation between 
monocyte TLR4 and plasma fetuin A. These results suggests that in 
humans, fetuin A likely mediates the effects of FAs, but it might induce 
insulin resistance by mechanisms other than through the activation of 
TLR4 [91], although fetuin A showed a strong correlation with free 
FAs.  Further complications of saturated FAs arise due to their role as 
precursors. Saturated FAs are used for the biosynthesis of ceramide or 
other functional lipids, thereby permitting or enhancing TLR4 activity 
[92]. FAs also modify physical properties of the bilayer and modulate 
raft and signaling activities of various signaling molecules [93]. Further, 
FA receptors have been characterized recently and a few of them are 
presently reviewed.

Many studies have focused on GPCRs that could recognize FAs. To 
name but a few, Hirasawa et al. [94] showed that GPR120, abundantly 

expressed in intestine, functions as a receptor for unsaturated long-
chain Fas. Stimulation of GPR120 by FAs promoted the secretion 
of glucagon-like peptide-1 (GLP-1) both, in vitro and in vivo, and 
increased the levels of insulin in the circulation. GPR120 is expressed 
in adipose tissue and proinflammatory macrophages. Additionally, 
n-3 PUFAs (DHA and EPA), the major ingredients in fish oil, exerted 
potent anti-inflammatory effects through GPR120 [95]. Stimulation 
of GPR120 with n-3 PUFAs or a chemical agonist causes broad anti-
inflammatory effects in monocytic RAW 264.7 cells and in primary 
intraperitoneal macrophages. In human, loss-of-function GPR120 
gene variants caused increased risk of obesity, insulin resistance, and 
its sequelae [96]. These findings are consistent with the beneficial effect 
of fish oil. i.c.v. administration of n-3 PUFAs into obese rats resulted 
in local anti-inflammatory effects, through the hypothalamic GPR120 
receptor [97]. Anbazhagan et al. [98] showed that, stimulation of 
GPR120 in Caco-2 cells inhibits NF-κB activation in a β-arrestin-2 
dependent manner. Similar effects of PUFA HFD was observed in wild 
type mice by Bjursell et al. [99] using a GPR120-deficient mouse strain, 
leading the authors to conclude that GPR120 appears to be dispensable 
for the improved metabolic profile associated with the intake of a diet 
enriched in n-3 PUFAs. These results imply that n-3 PUFA could exert 
beneficial effects through many levels, relative significances of which 
have yet to be studied. 

Microbiota
The diverse gut microbiota, its relevance to our health and 

associated clinical problems has been summarized in various reviews 
including Marchesi et al. [100]. In the following, a few studies related 
to the intestinal barrier have been reviewed briefly.  

Diet, metabolic diseases and microbiota

Numerous studies have shown the impact of diet and its role in 
the modulation of gut microbiota [100,101]. Large variations are 
observed in the composition of the gut microbiota associated with 
decreased microbial diversity in Western populations as compared 
with people from rural Africa [102]. LeChatelier et al. [103] described 
the association of obesity with low bacterial richness. The bacterial 
richness could be increased by restriction energy in diet. However, 
in individuals with lower gene richness, this dietary intervention was 
found to be less efficient for inflammatory variables [104,105].  

In several studies, large alterations in gut microbiota were found 
to be associated with switching to HFD, including a decrease in 
Bacteroidetes and an increase in both Firmicutes and Proteobacteria 
[11,105]. A cross-sectional analysis carried out by Wu et al. [106] using 
16S rDNA sequencing and shotgun metagenomics of fecal samples 
from 98 individuals found that enterotypes were associated with long-
term diets, particularly protein and animal fat (Bacteroides) versus 
carbohydrates (Prevotella). A significantly higher ratio of Firmicutes/
Bacteroides was reported in type 2 diabetes compared to lean controls 
and obese subjects [107]. Although discussing the influence of non-
dietary factors on gut microbiota is beyond the scope of this review, it is 
worth mentioning that stress alters gut motility and mucin production, 
thereby altering the habitat of resident bacteria [108]. 

A number of studies have established the effect of HFD on 
microbiome composition, yet, insight into how such difference are 
linked to human health still remains to be explained. The importance 
of Firmicutes/Bacteroides ratio itself is a matter of debate as LPS is 
derived from the latter. Such changes might merely indicate as to how 
microbiome could form an ecosystem and rapidly adapt to the change 
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in food. Nonetheless, there are several examples conforming positive 
results related to different probiotics strains, prebiotics treatments, 
and, although mostly in animals, fecal (gut microbiota) transplantation 
[100]. 

Commensal bacteria residing in the gut exert a significant impact 
on the intestinal barrier in many ways by varied mechanisms and are 
discussed in the next section. Many pathogenic bacteria including, 
Helicobacter pylori, E. coli, Staphylococcus aureus, Pseudomonas 
aeruginosa, and Campylobacter jejuni alter or disassemble tight 
junctions by increasing inflammation, thereby making the gut leaky 
[109].  

Linkage of the effect of diet to microbiota, barrier and 
inflammation

Colonization of germ-free (GF) mice with contents obtained 
from the cecum of conventionally raised mice resulted in a 60% 
increase of body fat content and insulin resistance in the originally 
GF mice [110]. Additionally, the microbiota promoted absorption of 
monosaccharides form the gut lumen, and the microbiota-induced 
deposition of triglyceride in adipocytes required suppression of Fiaf 
(fasting-induced adipocyte factor, later referred to as ANGPTL-4), a 
circulating lipoprotein lipase inhibitor. 

In the quest for knowledge related to beneficial probiotic 
interventions, studies using animal models and cell culture systems 
have shown that lactobacilli and bifidobacteria are able to counteract 
increased paracellular permeability evoked by cytokines, chemicals, 
infections, or stress [111,112]. Administration of prebiotics 
(oligofructose) in ob/ob mice increased Bifidobacterium spp. and 
Lactobacillus spp. [113]. This increase was in turn associated with a 
decrease in inflammation and oxidative stress markers. Additionally, 
it improved tight junction integrity and thereby lowered intestinal 
permeability. In a mouse model representing necrotizing enterocolitis, 
administration of a probiotic composed of Bifidobacterium infantis 
stabilized claudins at tight junctions and prevented dysfunction of 
the intestinal barrier [114]. These findings are consistent with the 
results that HFD induced alterations in the gut microbiota leading to 
reduction in the population of bifidobacteria [26]. In the near future, 
molecular mechanisms behind these finding might be deciphered, 
although these effects would likely involve complex interactions of the 
immune system [7].  

It is difficult to address within a single study, the linkage of diet 
to microbiota, inflammation, and metabolism. However, one such 
endeavor was made by Caesar et al. [115], wherein mice were fed with 
lard for 11 weeks. At the end of the experiment, these mice showed 
an increase in TLR activation and WAT inflammation with reduced 
insulin sensitivity compared to mice fed on fish oil. The phenotypic 
differences between the two groups were partly attributed to the 
difference in the microbiota composition, based on the analyses using 
GF mice. Analyses of cecal microbiota transplant showed that the 
microbiota from the mice fed with fish oil counteracted adiposity and 
inflammation in mice subsequently fed with lard. The chemokine CCL2 
was found to contribute to the microbiota-induced WAT inflammation 
in lard-fed mice. 16S rRNA sequencing indicated 24% variability in 
the microbiota composition, which was explained by the difference in 
the fat source. This result was remarkable given the variance among 
individual mice of the same group. (Core microbiome and between-
individual variances in humans have been reported [116].) SCFA levels 
were largely similar in cecal samples between the lard-fed mice and fish 
oil-fed mice. Serum from mice fed with lard had higher levels of ligands 

for TLR2 and TLR4. Sequence profiling of bacteria in blood (vena 
cava) and WAT did not show significant difference between mice fed 
on lard or fish oil. Thus, it is likely that the gut microbiota stimulates 
inflammation through their pro-inflammatory molecules rather than 
by translocation of the bacteria themselves. This report also revealed 
that mice fed with fish oil had increased number of bacteria belonging 
to the genera Lactobacillus and Akkermansia muciniphila.

Studies on A. muciniphila have provided important insights on 
the effect of microbiota on the intestinal barrier. A. muciniphila is a 
mucin-degrading bacterium that resides in the mucus layer [117]. A 
HFD regimen reduced the abundance of Bifidobacterium spp. and A. 
muciniphila [41,118]. In an in vivo mice model, with HFD, metabolic 
disorders progressively developed with time over the tested period 
(12 weeks) [119]. The abundance of Bifidobacterium spp. and A. 
muciniphila, were strongly associated with markers of lipid metabolism 
(FA oxidation and fat browning) and negatively associated with 
inflammation in adipose tissue, circulating glucose, leptin, triglycerides 
and insulin. Interestingly, Bilophila wadsworthia showed an opposite 
trend [119]. Increased abundance of B. wadsworthia was associated 
with fat feeding and inflammation [120].

In mice with diet-induced obesity, oral administration of A. 
muciniphila reduced fat mass gain and WAT macrophage infiltration 
and improved the gut barrier function (restoration of mucus thickness 
thinned by HFD) and glucose metabolism [118]. 

Elevated levels of arachidonic acid-derived endocannabinoids 
(eCBs) have been implicated in obesity [73,121]. eCBs are generated 
on demand from phospholipids of cell membranes.  The eCB 
system is likely a key signaling system in the energy homeostasis 
and metabolism. eCBs are likely to account for at least part of the 
beneficial effects of A. muciniphila [122]. With regard to its effect on 
intestinal barrier, well-studied examples of eCBs include 2-AG and 
N-arachidonoylethanolamine (AEA, also called anandamide). In 
general, AEA contributes to the disruption of the intestinal barrier 
function, while 2-AG had beneficial effect on the barrier integrity 
in vivo [122]. 2-AG is a major endogenous agonist of both CB1 and 
CB2 receptors that are involved in intestinal motility, secretion and 
inflammation [123]. As reviewed by Cani et al. [122], obesity is known 
to have a greater endocannabinoid system tone, with increased eCBs 
levels and CB1 activity in the brain, liver, adipose tissue and muscles.  
Of note, CB1 knockout mice have been shown to be resistant to diet-
induced obesity [122]. 

Prebiotics treatment of obese mice (ob/ob) reduced gut AEA content 
and increased the mRNA levels of fatty acid amide hydrolase (FAAH), 
which degrades several eCBs including AEA, in correlation with low 
levels of LPS in plasma [124]. In obese mice, 12 days of administration 
of CB1 receptor antagonist (SR141716A) partially restored the 
localization of tight junction proteins ZO-1 and occludin and reduced 
circulating levels of LPS [124]. In contrast, administration of CB1/
CB2 agonist HU-210 in wild-type mice increased gut permeability 
and exacerbated glucose tolerance [125]. Apical application of AEA 
and 2-AG exacerbated the EDTA-mediated increase in permeability 
in Caco-2 cells, although basolateral application enhanced recovery 
in EDTA-induced permeability [126]. Several studies support the 
conclusion that 2-AG can counteract murine colitis and systemic 
inflammation induced by colitis [127,128].  

Everard et al. [129] provided an example in which the functions 
of the innate immune system could influence the gut microbiota 
and the eCB system. In myeloid differentiation protein 88 (MyD88)-
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knockout mice, the composition of the gut microbiota was altered 
along with increased levels of anti-inflammatory eCBs, 2-AG and 
2-oleoylglycerol (2-OG), and decreased levels of AEA [129]. The oral 
administration of A. muciniphila increased the levels of 2-OG, 2-AG 
and 2-palmitoylglycerol (2-PG) in the ileum [118]. Binding of 2-OG 
to GPR119 [130,131], stimulates production of GLP-1 and GLP-2 
from intestinal L-cells. GLP-1 stimulates insulin secretion, and GLP-
2 stabilizes intestinal barrier [113,122]. 2-PG potentiates the anti-
inflammatory effects of 2-AG [118]

The mechanisms by which colonization of A. muciniphila increased 
expression of 2-OG, 2-AG and 2-PG in the ileum are currently 
unknown. Given that eCB tone changes over relatively longer time 
periods, analysis of cause and effect relationship could be challenging. 
Nonetheless, the findings on A. muciniphila have provided a paradigm 
that can facilitate future studies.  

Perspectives
As discussed above, several notable findings have improved 

our understanding about relationship between diet and low-grade 
endotoxemia and contributed towards development of improved 
therapeutics. Studies by Liu et al. [84] have shown that different FAs 
have different effects on cellular morphology. For example, 21 days 
of consumption of fish oil diet increased jejunal and ileal villus height 
and the villus height: crypt depth ratio, indicating improved intestinal 
morphology, relative to the corn oil diet [84]. Considering this, it is 
intriguing that emulsified FAs shows compromise with the integrity of 
the intestinal gut barrier. Long chain n-3 PUFAs were by no means safe 
when it comes to the barrier integrity against the emulsified structure 
of FAs [80]. For better understandings of biochemical aspects, 
structural characterization of emulsions of various FAs in the presence 
of physiological levels of bile acids would be helpful. It could be that 
micelles with different FAs/LPS compositions leads to differential 
absorption rates. It would also be interesting to test the TLR4-
stimulation effects of various chylomicron remnant-like lipoproteins 
in vitro and in vivo. 

Although not discussed here, other interesting clues may be 
gained from studies related to alkaline phosphatase. The structure 
of LPS, particularly, regarding the number of phosphate groups 
impacts the balance in activation of the MyD88 and TRIF (Toll/IL-1 
domain-containing adapter inducing IFN-β)-dependent pathways, 
thereby impacting overall inflammatory responses [23]. Alkaline 
phosphatases can reduce the toxicity of LPS both, in vivo and in vitro 
through dephosphorylation. Intestinal alkaline phosphatase (IAP) is 
induced within 2 h of oral LPS administration [132]. Recently, in a 
murine dextran sulfate sodium (DSS) model of colitis, administration 
of resolvin RvE1 resulted in significant improvement of disease 
activity indices (e.g., body weight, colon length) in an ALP expression 
dependent manner [133]. Other examples emphasizing the importance 
of IAP in innate immunity response against microbial LPS or tight 
junction regulation are shown in Yang et al. [134] and Liu et al. [135]. 
Reports linking IAP and metabolic states/diseases include Kaliannan et 
al. [136] and Malo et al. [137].

Given the large among-individual variance of serum levels of 
intestinal isozyme of ALP, it could be interesting to investigate the 
abundance of a particular species of bacteria possibly associated with 
this phenomenon. From the biochemical perspective, it would be 
interesting to examine whether LPS emulsified by bile acids could 
better serve as substrates for IAP compared to LPS emulsified by FAs. 
It is quite possible from the above discussion that the structure of 

emulsions and/or saturation levels of FAs associated with LPS might 
exert some influence on the toxicity of LPS by unknown mechanisms. 
Such effect of structures on the rate of alkaline phosphatase reaction 
with LPS would thus be of biochemical interest.

After weeks of HFD consumption, the intestinal barrier permeability 
was increased partly by loosening tight junctions as discussed above. 
This phenomenon is regulated by several factors including oxidative 
stress. For example, Deopurkar et al. [138] and Ghanim et al. [139] 
reported the effectiveness of anti-oxidant vitamin, indicating that 
oxidative stress is a significant factor in mucosal cells that could 
cause local inflammation. Such studies convey insights into the tight 
junctional regulation that enrolls networks of a variety of biochemical 
reactions, some of which may provide hints for therapeutics.

Another important area not covered in this article is endotoxin 
tolerance, the state of reduced capacity of the host to respond to 
LPS activation following a first exposure to this stimulus [140,141]. 
High dose of E. coli LPS (10-100 ng/ml) robustly upregulates TLR4-
mediated IL-6 response [23,142], but this is followed by IL-10 
production that represents anti-inflammatory feedback. Importantly, 
in the case of subclinical levels of LPS (<10 ng/ml), this second phase 
is not induced [143]. Other mechanisms for tolerance are likely to 
involve internalization of TLR4 [144], IRAK-1 phosphorylation [145], 
expression of SH-2 containing inositol phosphatase [23,143]

Occurrence of endotoxin tolerance has been reported in various 
immune cells [141]. Endotoxin tolerance dramatically changes the 
gene expression pattern [141] and may drive macrophages from one 
that predominantly release proinflammatory mediators amplifying 
inflammation and damaging host, to one that better kills and presents 
the antigen [140]. Focus of the current research is on micro RNA 
genes that coordinate the induction of tolerance in macrophage [146-
149]. Intriguingly, miR-146a has been shown to mediate induction of 
protective innate immune tolerance in the neonate intestine [150]. 
Thus, establishment of intestinal mucosal homeostasis involving 
colonization of bacterial flora, is likely enabled by appropriate fine 
tuning and induction of immune tolerance in intestinal epithelial cells 
[150]. 

However, further clarification is required as to how HFD-induced 
phenomena are associated with endotoxin tolerance. It is worthwhile 
to analyze whether IL-10 and TGF-β-dependent induction of tolerance 
to LPS in human peripheral blood monocytes could be envisaged for 
intestinal epithelium and WAT macrophages as well [151].

Finally, although this article focused on the pro-inflammatory 
activity of LPS, Cani et al. have proposed that the eCB system mediates 
communication between adipose and the gut [122]. Further studies 
may provide insights into relative significances of LPS and eCB in 
HFD-induced low-grade systemic inflammation. 
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