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Abstract
It has been established that ingestion of a high-fat diet increases the blood levels of lipopolysaccharides (LPS) from Gram-negative bacteria in
the gut. Obesity is characterised by low-grade systemic and adipose tissue inflammation. This is suggested to be implicated in the metabolic
syndrome and obesity. In the present review, we hypothesise that LPS directly and indirectly participates in the inflammatory reaction in
adipose tissue during obesity. The experimental evidence shows that LPS is involved in the transition of macrophages from the M2 to the M1
phenotype. In addition, LPS inside adipocytes may activate caspase-4/5/11. This may induce a highly inflammatory type of programmed cell
death (i.e. pyroptosis), which also occurs after infection with intracellular pathogens. Lipoproteins with or without LPS are taken up by
adipocytes. Large adipocytes are more metabolically active and potentially more exposed to LPS than small adipocytes are. Thus, LPS might be
involved in defining the adipocyte death size and the formation of crown-like structures. The adipocyte death size is reached when the
intracellular concentration of LPS initiates pyroptosis. The mechanistic details remain to be elucidated, but the observations indicate that
adipocytes are stimulated to cell death by processes that involve LPS from the gut microbiota. There is a complex interplay between the
composition of the diet and microbiota. This influences the amount of LPS that is translocated from the gut. In particular, the lipid content of a
meal may correlate with the amount of LPS built in to chylomicrons.
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Obesity is now one of the largest public health challenges(1).
Worldwide, the prevalence of obesity has nearly doubled since
1980(2). In 2014, 11 % of men and 15 % of women were obese.
In the USA, 67·3 % and 33·7 % of the adult population are
overweight (BMI≥ 25 kg/m2) and obese (BMI≥ 30 kg/m2),
respectively(2). The secular trend in obesity has multiple causes,
including genetics, exposure to environmental toxins, increased
food availability, altered frequency of eating, increased
energy density in foods, physical inactivity and socio-economic
status(3–5).
The volume of adipose tissue (AT) in obese individuals

correlates with the increased levels of cytokines and chemo-
kines such as TNF-α, IL-1 and IL-6, and acute-phase proteins
such as C-reactive protein. The increased levels of pro-
inflammatory cytokines in blood may originate from the
AT(6,7). In obesity, the expansion of the AT is associated with a
local infiltration of inflammatory cells, mainly macrophages that
gives rise to low-level chronic inflammation(6,8). It is believed
that a chronic low-grade inflammation in the AT in obese

individuals contributes to the increased mortality and morbidity
by increasing the risks from complications such as insulin
resistance, type 2 diabetes, hypertension, the metabolic
syndrome, coronary artery diseases, non-alcohol fatty liver
disease and cancer(9–13). Despite an intense research in AT
inflammation, it has not yet been possible to find the factors that
trigger and sustain the inflammation(14). Nevertheless, certain
AT are localised in close proximity to barriers to the external
environment. The subcutaneous AT (SAT) and visceral AT
(VAT) are exposed to microbial products(15,16). Recently, we
have described how lipopolysaccharide (LPS) from the gut may
enhance the transport of lipids to the AT by facilitating trans-
cytosis through the capillary endothelium(17). The exposure of
AT to LPS depends on the lipid content, the type of lipids in the
diet, and the gut permeability to LPS(18). The latter is influenced
by the microbiome and the composition of the ingested
food(19). In the present review, we focus on associations
between AT inflammation and exposure to LPS from the gut
microbiota. We hypothesise that ingestion of lipids facilitates a
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translocation of LPS from the gut microbiome to the circulation.
Furthermore, we hypothesise that LPS is involved in defining
the adipocyte death size, formation of crown-like structures,
activation of caspase-4/5/11, and induction of pyroptosis in
adipocytes.
The present review is based on literature searches conducted

using PubMed and Web of Science for full-text English language
original research and review articles published from 1996 to
June 2016 with the following key words and their combinations:
obesity, adipose tissue, adipocytes, inflammation, gut micro-
biota, LPS, endotoxemia and inflammasome. Articles were
included if they described causes of inflammation in AT, the
role of the gut microbiota in AT inflammation, cellular reactions
to LPS exposure and pyroptosis. Reference lists from the articles
in the initial search were also assessed for relevant articles to
include in the review.

Adipose tissue in obesity

AT plays several functions depending on its specialisation
(brown or white AT) and location (SAT or VAT). It secretes a
number of signalling molecules (for example, chemokines,
interleukins and adipokines) that regulate energy homeostasis,
innate immunity and inflammation(20). AT contains pre-adipo-
cytes, fibroblasts, endothelial cells, immune cells and multi-
potent stem cells. The cells are embedded in the extracellular
matrix, which is composed of collagen 1, 3, 4 and 6, different
proteoglycans, and matrix metalloproteinases(21,22). The volume
of AT can increase by increasing the volume of pre-existing
adipocytes (hypertrophy) or by generating new small adipo-
cytes (hyperplasia). The expansion is caused by an increased
rate of TAG storage (lipogenesis) and a decreased TAG removal
rate (lipolysis)(23). Increased size of adipocytes within the AT
correlates with insulin concentration, insulin resistance and
increased risk of developing type 2 diabetes(24–26). Adipocyte
hypertrophy may impair AT function(27). AT with low recruit-
ment rates of small pre-adipocytes displays hypertrophy,
whereas a high rate of recruiting pre-adipocytes is associated
with hyperplasia(27). Subjects with AT hypertrophy have
increased secretion of inflammatory proteins, enhanced
lipolytic activity and decreased insulin-induced glucose meta-
bolism in adipocytes(28). Therefore, hypertrophic AT is termed
‘unhealthy’, whereas hyperplasic AT is termed ‘healthy’(29).
Furthermore, it has been suggested that the unhealthy proper-
ties of hypertrophic AT is caused by a lower capacity to store
lipids compared with hyperplasic AT(30). This is associated with
metabolic complications and insulin resistance due to ectopic
deposition of lipids in non-AT(30). Animal studies have shown
that LPS exposure increases the proliferation of pre-adipocytes
through a cluster of differentiation (CD) CD14-dependent
mechanism, whereas CD14-positive cells are not recruited
from non-adipose depot origin(31). On the other hand, another
study has shown that LPS exposure reduces adipogenesis in AT
by disrupting the differentiation and inducing premature
senescence of pre-adipocytes(32). Therefore, LPS can influence
the balance between hypertrophia and hyperplasia in AT, but
the overall effect may depend on concentration, genetic
background and the local chemical environment. Time-course

studies of the size and number of adipocytes in rats suggest that
a ‘critical’ adipocyte size threshold triggers the recruitment of
pre-adipocytes, which eventually differentiate into mature
adipocytes(33). This may explain the interindividual differences in
the adipocyte number associated with fat mass in adults(34). The
numbers of adipocytes are remarkably constant in adulthood
in both obese and lean individuals even after weight loss(34).
Adipocytes and macrophages share several characteristics
related to the storing of lipids and regulation of metabolic
homeostasis. In conditions such as overnutrition and obesity,
pre-adipocytes act as immune cells, develop phagocytic and
antimicrobial properties, and differentiate into macrophages(35,36).

It has been shown that the adipocytes from VAT are smaller
than those from SAT in the same subject(37,38). The adipocytes
from VAT are also more metabolically active than their
counterparts in SAT, whereas large adipocytes are more meta-
bolically active and have a higher adipokine production(39). In
obesity VAT contains more macrophages as compared with
SAT(6). However, it is unresolved whether or not adipocytes in
VAT and SAT have different responsiveness to LPS stimulation.

Cellular changes and formation of crown-like cells in
adipose tissue during obesity

Macrophages were the first leucocytes to be identified in
hypertrophic AT. Subsequently, natural killer cells, B lympho-
cytes, and CD4+ Th1 and CD8+ T lymphocytes have been found
in AT and the number of these cells increase in obesity(40).
Recent studies have demonstrated novel effector and regulatory
roles of other cells in the innate and adaptive immune system,
such as T regulatory (Treg) cells, neutrophils, eosinophils, mast
cells and innate lymphoid type 2 cells(41). In AT, macrophages
can be activated by classic or alternative pathways (i.e. macro-
phage phenotype 1 (M1) or macrophage phenotype 2 (M2),
respectively), depending on signals from the extracellular
milieu(42). Macrophages can develop the M1 phenotype when
exposed to microbial products or cytokines such as IL-4, IL-10,
IL-13 and IL-33(43). The M1 macrophages are characterised by an
IL-12high, IL-23high and IL-10low phenotype(43). Macrophages with
the M1 phenotype participate as inducers in polarised Th1
responses, which are primarily directed against intracellular
infections (cytosolic LPS), parasites and tumours. M2 cells are
involved in tissue remodelling and express high levels of
scavenger-, galactose- and mannose-type receptors(44). Interest-
ingly, resident macrophages have a predominantly M2 pheno-
type in AT from lean subjects, whereas they display
predominantly the M1 phenotype in obese subjects(45). It has
been shown that the number of M1 macrophages increase
dramatically in obese mice on a high-fat diet (HFD), while the
increase in the number of M2 macrophages is modest(46). This
might be due to increased exposure to intracellular microbial
cues, rather than by extracellular microbial cues, because the
Th1 response primarily is directed against intracellular infections.

It has been shown that the rate of adipocyte death is
increased by 30-fold with obesity in both mice and human
subjects(47). The presence of dead adipocyte remnants and
macrophages gives rise to so-called crown-like structures(47).
The involvement of macrophages indicates that adipocytes die
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by pyroptosis, which is morphologically distinct from apoptosis
because there is little formation of nuclear and mitochondrial
degeneration(48). Infiltration of macrophages into AT has
clinical importance due to the association with the onset of
insulin resistance(6,8,49,50). It is well known that dying cells have
to be removed by macrophages, whereas the mechanism
behind adipocyte cell death remains to be unravelled. In
addition, it seems that the largest proportion of dying cells
consist of large adipocytes(47). We hypothesise that macro-
phages are recruited to the AT by adipocytes and they are
subsequently transformed from M2 to M1 cells during obesity
by microbial substances(17)(Fig. 1).
This hypothesis is supported by observations that obese

subjects have higher plasma levels of LPS than do lean
subjects(51). In addition, it has been shown that the plasma
levels of LPS have a stronger correlation with intra-abdominal
fat volume than with subcutaneous fat volume. This was
hypothesised to be related to a closer proximity of the VAT to
the gut and a relatively higher exposure to bacterial compo-
nents. The same study also showed that the microbial DNA
content was successively higher in AT from subcutaneous,
omental and mesenteric tissue samples(52).

Translocation of lipopolysaccharide from the gut and
metabolic endotoxaemia

The diversity of the gut microbiota is huge as exemplified by
observations of 100 times more bacterial genes than the entire
mammalian genome(53). These bacteria usually colonise the
gastrointestinal tract of the host without causing symptoms and
they typically extend the capacity to degrade ingested foods,

but they may also cause diseases(54). The extended metabolic
capacity of the microbiota provides a supply of vitamins, anti-
oxidants and SCFA(55,56). The microbiota also releases LPS,
which is composed of an O-antigen, a core region, and a lipid A
tail (lipophilic lipid). LPS is an amphipathic molecule (a mole-
cule having hydrophobic and hydrophilic regions). It is
primarily the lipid A part that is responsible for the high toxicity
and immunomodulatory property of LPS(57).

Ingestion of a HFD has been associated with elevated levels
of Gram-positive (Firmicutes) and decreased levels of
Gram-negative (with LPS in the cell wall) (Bacterioidetes).
The Firmicutes:Bacterioidetes ratio is higher in heavily obese
individuals compared with ‘healthy obese’ and lean indivi-
duals(58,59). Reduction in body weight as a consequence of an
energy-restricted diet has been shown to reduce the Firmicutes:
Bacterioidetes ratio to values that are similar to that in lean
individuals(60). Studies in both human subjects and mice have
shown that ingestion of a HFD increases the proportion of
Firmicutes. However, some human studies did not show an
increased proportion of Firmicutes in obese individuals(61) and
some studies even showed a decreased proportion of
Firmicutes(62). An explanation of this discrepancy was recently
suggested in a study using meta-genomics and microarray-
based meta-transcriptomics analysis of stool samples. It showed
multiple microbial community-wide transcriptional interactions
and that gene regulation played an important role in bacterial
species adaption and niche segregation in the gut(63). Classic
population ecology theory predicts that competition between
two undifferentiated species leads to extinction of one
species(64). This is not the case in the human gastrointestinal
tract where many microbial species co-exist. One way to
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Lean VAT Obese VAT

Increased uptake of LPS-bound lipoprotiens

Crown-like structure Pyroptotic large adipocyte

Change polarisation
M1 > M2M1 < M2

Adipocyte M1 macrophage M2 macrophage

Fig. 1. Activation of macrophages in adipose tissue by microbial substances such as lipopolysaccharide (LPS) in lipoproteins. In lean visceral adipose tissue (VAT) the
macrophages are predominately of the M2 phenotype. During transition towards obesity, adipocytes increase in size and the phenotype of macrophages changes to
the inflammatory M1 phenotype and an increasing number of large adipocytes die of pyroptosis. When adipocytes enlarge they become increasingly metabolic active
and internalise increasing quantities of lipoproteins with associated LPS. This increases the possibility of a non-canonical activation of caspase-4/5/11 leading to
pyroptosis. For a colour figure, see the online version of the paper.
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develop co-existence with other species could be through
differentiation by transcriptional adaption(63). This implies that
the microbiome has this ability both quantitatively and quali-
tatively. It could be an explanation for the different observations
of the abundance of Firmicutes in different studies. In addition,
HFD have been associated with decreased levels of Gram-
positive Bifidobacterium in the gut and elevated plasma LPS
levels in mice(65,66). It has been shown that a HFD increases the
plasma concentration of LPS by 2- to 3-fold as compared with a
low-fat low-carbohydrate control diet and a high-carbohydrate
diet(67). Intestinotropic proglucagon-derived peptide (glucagon-
like peptide-2; GLP-2) is produced by L cells in the intestinal
mucosa and it promotes intestinal growth and barrier function via
insulin-like growth factor-1 and β-catenin pathways. The decrease
in Bifidobacterium results in decreased production of GLP-2,
decreased gene expression levels of tight junction proteins zona
occludens 1 and occludin, and increased gut permeability(68). The
species Akkermansia muciniphila, which colonises the mucus
layer in the intestine, has been shown to induce the gene
expression of zonula occludens 1 and occludin in ApoE
knockout mice(69). A deficiency of A. muciniphila might be
associated with reduced tightness of the gut mucosa and
increased translocation of LPS to the circulation(17). Moreover, the
postprandial period may be protracted after intake of a HFD,
leading to a higher rate of translocation of LPS(17).

Dietary fat and its influence on the microbiota

Ingestion of lipids promotes the excretion of bile from the liver
to the small intestine, which solubilises dietary lipids through
the formation of micelles. SFA promote the hepatic production
of taurine-conjugated bile acids, whereas an isoenergetic diet
rich in PUFA (safflower-seed oil) and glycine-conjugated bile
acid increases the production of glycine-conjugated bile
acids(55). The primary bile acids in humans are cholic acid and
chenodeoxycholic acid and these acids are transformed by the
microbiota to deoxycholic acid and lithocholic acid, respec-
tively(70). Deconjugation of the taurine-conjugated bile acids
stimulates the growth of Bilophilia wadsdorpia. Dietary cholic
acid supplementation to rats has been found to decrease the
total bacterial cell count in the caecum(71). The microbial
degradation of cholic acid to deoxycholic acid resulted in a ten
times higher bactericidal activity. Bile acids also lower the gut
pH and have strong antimicrobial activity, leaving only a
microbiota that is tolerant to these high bile acid levels. Inter-
estingly, cholic acid- and HFD-fed rats had the same caecal
Firmicutes:Bacterioidetes ratio(71,72). Bile acids activate specific
nuclear receptors (farnesoid X receptor, preganane X receptor
and vitamin D receptor), G protein-coupled receptor, and cell
signalling pathways (c-jun N-terminal kinase 1/2, AKT and
ERK 1/2) in the liver and gastrointestinal tract. Activation of
nuclear receptors and cell signalling pathways alter the
expression of genes encoding enzymes/proteins involved in
the regulation and synthesis of bile acids(73).
Thus, it is possible that the altered microbiota, as a con-

sequence of HFD and saturated fats, activates the farnesoid X
receptor and subsequently increases bile production. The bile
acids may selectively decrease the growth of bacteria, which

protect against obesity and its metabolic effects. Likewise, bile
acids may promote the growth of bacteria, which increase the
gut permeability and facilitate a translocation of LPS to the cir-
culation. Several studies have shown that metabolic
endotoxaemia could be generated by gut LPS absorption during
digestion of a HFD(67,74–77). However, none of these studies has
investigated the endotoxin metabolism or inflammation in
plasma and AT of different dietary fats. A recent study in mice
showed that compared with milk fat, sunflower-seed oil and
palm oil resulted in higher systemic and AT inflammation,
whereas rapeseed oil resulted in lower inflammation(78).
Another study showed that the addition of both lard and fish oil
to the diet promotes an interaction with the gut microbiota,
which induces inflammation in AT by increasing the circulating
levels of microbial products in the blood(18). The mice, which
were fed lard for 11 weeks, had higher toll-like receptor (TLR)
activation and AT inflammation and lower insulin sensitivity as
compared with mice that were fed with fish oil. Additionally,
knockout mice for TLR signalling were protected against lard-
induced AT inflammation(18). Lastly, the study showed that
serum levels of LPS were higher in mice fed lard compared with
mice fed fish oil, indicating that lard mediates an increased
uptake of LPS that may directly affect AT inflammation(18).

Lipopolysaccharide in the circulation and trafficking to
adipose tissue

In the circulation, LPS is primarily (about 90 %) bound to lipopro-
teins(79). It has been shown that all plasma lipoprotein subclasses
sequester LPS under simulated physiological conditions. HDL has
the highest binding capacity for LPS, although HDL-bound LPS is
redistributed between different classes of lipoproteins(80). Free LPS
in plasma is quickly attached to soluble CD14 (sCD14) or LPS-
binding protein (LBP), which are located exclusively on HDL(81).
Studies on overweight and obese individuals have shown a link
between poor habitual diet and low plasma levels of sCD14
levels(82). LBP catalyses a transfer of LPS to lipoproteins, transfer of
LPS from LPS micelles to sCD14, and from LPS–sCD14 complexes
to HDL and possibly also to other lipoproteins(83). Overfeeding in
healthy men has been shown to increase plasma LPS levels and
decrease the LBP:sCD14 ratio(84), suggesting a preferential seques-
tering of LPS in lipoproteins that may facilitate a transport of LPS to
AT. Interestingly, one study has shown that intake of milk fat,
compared with rapeseed oil, sunflower-seed oil and palm oil,
resulted in a higher LBP:sCD14 ratio. In contrast, intake of rapeseed
oil was associated with reduced inflammation, through higher
levels of sCD14, despite a more pronounced endotoxaemia(78). The
authors proposed that HFD-induced inflammation in mice depends
on the dietary fat composition. The inflammatory reaction could be
partly mediated by plasma LPS receptors and transporters (sCD14
and LBP) directed toward TLR4 and CD14 activation, whereas an
increased gut-derived plasma LPS concentration is a less likely
initiator of inflammation(78).

There is structural homology between phospholipids and
LPS. Indeed, LPS is classified as a phospholipid with amphi-
pathic properties. The phospholipid transport protein (PLTP),
which regulates the transport of phospholipids between cell
membranes and HDL, also transfers LPS between different classes
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of lipoproteins. PLTP has been shown to transfer LPS from arti-
ficial vesicles to reconstituted HDL in a model system(85). The
rapid sequestration of LPS appears to be an innate immune
response against sustained activation of cellular immunity by LPS
in the host(86). The evolution of this system to neutralise LPS by
transfer to lipoproteins suggests that there is likewise a sophisti-
cated system to handle the LPS-containing lipoproteins.
LPS activates pathogen-associated molecular pattern (PAMP)

responses by acting as an agonist on TLR4, which increases the
expression and secretion of inflammatory cytokines(65). TLR4
does not bind directly to LPS, but the activation of TLR leads to
the assembly of a complex of LPS-binding proteins such as LBP,
CD14 and myeloid differentiation factor-2 (MD-2). This
complex recognises a common ‘pattern’ in structurally diverse
LPS molecules, which results in the formation of the activated
(TLR4–MD-2–LPS)2 complex(87). LPS binds to CD14 and this
complex functions as a fundamental chaperone and assists in
the formation of the signalling complex (TLR4–MD-2–LPS)2.
This complex initiates the myeloid differentiation primary
response protein 88 (MyD88)-dependent pathway leading to
NF-κB activation(88). The involvement of MyD88 in HFD-
induced endotoxaemia has been documented through studies
where targeted reduction of MyD88 expression in intestinal
cells was associated with unaltered serum levels of LPS and
IL-6(89). It has also been shown that CD36 knockout mice on a
HFD displayed reduced AT inflammation, and adipocytes and
macrophages from these mice had reduced pro-inflammatory
cytokine response when exposed ex vivo to LPS(90). Addition-
ally, CD14 is also required for LPS-induced TLR4 endocytosis
and relocalisation of the entire LPS receptor complex(91).
It has been estimated that the human gut contains about 1 g

of LPS(75). However, it should be emphasised that LPS from
different Gram-negative bacteria displays differences in the
ability to mount an inflammatory response in cultured cells
under standardised conditions(92). It can be speculated that both
the pool size and composition of Gram-negative bacteria in the
gut are important determinants for the systemic availability of
LPS. LPS has been detected in the blood and plasma of healthy
animals and humans at low concentrations (between 1 and
200 pg/ml)(74–76), suggesting that small amounts of LPS are
constantly passing through the intestinal epithelial barrier and
that the gut is a repository of immunological triggers. These
concentrations are similar to the plasma concentrations
(30–60 pg/ml) in human volunteers after the administration of
2–4 ng LPS/kg body weight(93). Therefore, if LPS is translocated
to the circulation, inactivation of LPS and LPS clearance from the
circulation are tremendously important in order to maintain
the highly sensitive reactions of the innate immune system to
the bacterial components. It has been a common notion that the
intestinal mucosa is an effective barrier against LPS in the gut in
healthy animals and only in a diseased state would LPS be
present in the circulation. However, we have previously sug-
gested that a HFD increases the demand of phospholipids in
enterocytes to build chylomicrons (CM). This lipid transport
particle has an outer layer of phospholipids, which probably is
in shortage inside the cells after a HFD(17). LPS in the gut may
be utilised instead of phospholipids by enterocytes to assemble
CM(17). Additionally, LPS also binds to the scavenger receptors

SR-BI and CD36(94–96), which are involved in transcytosis of
lipoproteins through the capillary endothelium. Thus, there may
be a facilitated transport of LPS away from the blood and to the
target tissue. For instance, LPS-rich CM may be phagocytised by
adipocytes and macrophages(17). It has been suggested that the
immune system’s threshold could be modulated by LPS to
adjust inflammation and resistance to infections(97).

Delipidation of lipoproteins in adipose tissue

The AT has a high lipoprotein lipase (LPL) activity resulting in a
high delipidation rate of lipoproteins with high lipid content
such as CM, HDL and VLDL. As a consequence of LPL activity,
phospholipids and LPS are transferred from CM, HDL and VLDL
to lipid-poor lipoproteins in the capillaries to LBP in the extra-
cellular compartment(81,98). The latter may be internalised by
adipocytes and macrophages that express CD14 receptors.
A fraction of the LPS-containing remnant CM, HDL and LDL may
pass the endothelium in the capillaries and be internalised by
the adipocytes and macrophages (Fig. 2). This route of clear-
ance is attractive because some of the postprandial LPS uptake
could be removed from the circulation and intermediately
stored in the adipocytes or macrophages.

Adipocyte inflammasomes and pyroptosis

The mammalian innate immune system has evolved a diverse set
of microbial sensors such as the TLR, C-type lectin receptors, Rig-I-
like receptors/helicases, AIM2 (absent in melanoma 2)-like
receptors (ALR), and nucleotide-binding oligomerisation domain
(NOD)-like receptors (NLR)(99). These receptor proteins orches-
trate appropriate responses against microbes and microbial
products, including LPS, in both extra-cellular and intra-cellular
locations. The NLR and ALR family proteins sense molecules of
microbial origin in the cytosol, and assemble a large multimeric
signalling complex called the inflammasome(100). The canonical
inflammasome can be assembled by members of the NLR family
or the PYHIN (pyrin and HIN (haemopoietic expression, inter-
feron-inducibility, nuclear localisation) domain-containing pro-
tein) family member AIM2. The inflammasome recruits and
proteolytically cleaves pro-caspase-1 to activated caspase-1
through interaction with the conserved caspase activation and
recruitment domain (CARD) and the adaptor protein apoptosis-
associated speck-like protein containing a CARD (ASC)(101), which
subsequently proteolytically cleaves the cytokine precursors of
IL-1β and IL-18 to initiate a pro-inflammatory and antimicrobial
response(102). It has recently been shown that intracellular LPS
activates pro-caspase-11 in mice, corresponding to caspase-4/5 in
humans, by a non-canonical response and serves as an innate
immune sensor by inducing an immune response independently
of TLR4(103,104). In this process, NLR family pyrin domain
containing-3 (NLRP3) and cytosolic pre-caspase-11 (caspase-4/5)
are activated by LPS, but the details are not yet understood. An
LPS-binding site within the CARD domain of caspase-11 (caspase-
4/5) has been found and LPS binding results in oligomerisation
and activation of the caspase(105). The activated caspase-11
(caspase-4/5) controls the assembly of ASC by NLRP3(100). It has
been shown that transfection of LPS into human monocytes,
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fibroblasts (HeLa cells) or promyelocytic leukaemia (HL60) cells
promote pyroptosis, whereas attempts to find the cytosolic LPS
receptor, which was suspected to contain a CARD domain, have
not been successful(105). Nevertheless, purified recombinant
caspases-4/5/11 from bacteria, but not caspases from insects, sti-
mulated caspases to undergo auto-oligomerisation. This indicates
that caspases oligomerise because of bacterial impurities such as
LPS(106). Indeed it was shown that LPS binding is required for
caspase-4/5/11 oligomerisation, activation and induction of pyr-
optosis(105). Pyroptosis requires activation of caspase-4/5/11, but it
is independent of caspase-1 and the adaptor protein ASC(106).
Therefore, it is possible that the detection of LPS in the cytosol
activates caspase-4/5/11, which subsequently promotes the
assembly of ASC via NLRP3. This activates caspase-1, leading to
activation of pro-IL-1β and pro-IL-18 without pyroptosis. How-
ever, LPS-activated caspase-4/5/11 also can directly induce pyr-
optosis(100,106). Interestingly, it has recently been shown that
the AT in leptin-deficient and HFD-induced obese mice have
hypertrophic adipocytes that express NLRP3 inflammasome acti-
vation, active caspase-1 and a high level of pyroptotic cells(14).
This suggests that pyroptosis of large adipocytes, mediated
by activated NLPR3 inflammasomes and caspase-1, occurs as
a consequence of exposure to cytosolic LPS and activation of
caspase-4/5/11.

Adipocyte size, exposure to lipopolysaccharide and
pyroptosis

There is an upper limit for the expansion of large hypertropic
adipocytes because of factors such as hypoxia and differential

matrix mechanisms(107). We hypothesise that adipocyte death
size is reached when the intracellular concentration of LPS
initiates pyroptosis. The intracellular concentration of LPS may
therefore depend on of the metabolic activity of the cell and the
amount of LPS that is translocated from lipoproteins. LPS is
incorporated into CM and subsequently transported by the
lymph to the blood, where it can be translocated to other
lipoproteins(17). Different adipocyte death sizes could reflect a
difference in LPS exposure. The existence of an adipocyte death
size is supported by the observation that the adipocyte cell size
increases with adiposity level and it reaches a plateau in heavily
obese individuals(108). This hypothesis is supported by
observations that infusion of LPS resulted in reduced adipocyte
size in wild-type mice, whereas there was no effect in CD14
knockout mice(67).

LPS molecules can self-aggregate to supra-molecular struc-
tures with a critical micelle concentration of 10–20 µg/ml(57). It
has been suggested that LPS micelles activate the caspases(106).
Non-canonical activation of caspase-11 in cells exposed to
intracellular LPS has been reported(103,104). In the intracellular
environment, LPS might be unevenly distributed in the cyto-
plasm. LPS concentrations might locally reach the critical micelle
concentration and interact with caspase-4/5/11(106). In addition,
caspase activation might be mediated by the trapping of LPS in
the phospholipid layer surrounding the lipid droplets. LPS can
move freely in the phospholipid layer; it may self-aggregate at a
critical concentration and activate caspase-4/5/11 (Fig. 3). The
latter may be the most likely mechanism for the activation of
caspase-4/5/11 because it has been shown that internalised LPS
co-localises with membrane compartments inside cells(94). This is
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supported by observations showing that LPS preferentially seg-
regates into ordered domains in giant unilamellar vesicles(109).
The positive residues in the CARD domain of caspase-4/5/11
may bind to the negatively charged polar head of LPS aggregates
or micelles. Caspases are recruited on the surface of these LPS
structures and the close proximity of caspases on micelles sti-
mulates oligomerisation, which is a prerequisite for activation of
caspases. This can start a self-propagating signalling cascade that
rapidly leads to pyroptosis(106). Thus, we hypothesise that LPS
locally reaches the critical micelle concentration and/or aggre-
gate at the surface of lipid droplets, which in turn starts the
signalling cascade, leading to pyroptotsis in the highly active and
large adipocytes. In the hypertrophic AT, pyroptotic cells can
recruit macrophages to remove cell remnants and debris,
forming crown-like structures. It has been described that the
development of crown-like structures occurs concurrently with
the infiltration of neutrophils and macrophages that actively
engulf remnant lipids from dead adipocytes in AT during acute
lipoatrophy(110). It has been suggested that inflammation is a
direct cause of pyroptosis(110). VAT is more inflamed than SAT
during weight gain, suggesting that the higher rate of pyroptosis
in VAT is related to a higher transfer of LPS to VAT. Thus, LPS
might be a direct cause of inflammation. AT with a higher
potential to expand by hyperplasia may have lower ratio of
large to small adipocytes. It means that there might be fewer
adipocytes undergoing pyroptosis in types of AT with a tendency
to enlarge by hyperplasia if the adipocyte death size is caused by
LPS. This further implies that AT, which expand primarily
by hyperplasia, might be healthier than AT that expand by
hypertrophy.

Systemic and adipose tissue-specific insulin sensitivity

The accumulation of pro-inflammatory cells in VAT is an
important cause of insulin resistance, which in turn is associated
with type 2 diabetes. Immune cells produce cytokines and other
factors that contribute to insulin resistance(111). Circumstantial
experimental evidence also suggests that LPS impairs the liver’s
crucial function in maintaining whole-body glucose metabo-
lism. It has been shown in animal models of periodontitis that
LPS-stimulated macrophages from the gingival sulci secrete
TNF-α, IL-1β and IL-6(112). Systemic translocation of these
cytokines and/or LPS from the gingival sulci may stimulate
TLR4 receptors on Kupffer cells in the liver to secrete pro-
inflammatory cytokines, which may result in glucose intoler-
ance and insulin resistance(112). An altered generation of SCFA
may be observed during overfeeding, obesity and the metabolic
syndrome. However, studies have shown both an
increased(113–117) and decreased(118,119) production of SCFA
during overfeeding, obesity and the metabolic syndrome.
Recently, it was shown that an increased production of acetate,
due to a gut microbiota–nutrient interaction in HFD-fed rodents,
leads to activation of the parasympathetic nervous system. This
resulted in increased secretion of ghrelin and augmented
glucose-stimulated insulin secretion (GSIS). This generates a
positive feedback loop, resulting in hyperphagia, hyper-
triacylglycerolaemia, ectopic lipid deposition in the liver and
skeletal muscle, and liver and muscle insulin resistance(120). In
order to investigate a causal relationship between microbiota
and GSIS, faecal material was transferred from chow- or HFD-
fed donor rats to chow- or HFD-fed recipients. It was shown
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that the Firmicutes:Bacteroidetes ratio was higher in fresh faecal
pellets from HFD-fed donors compared with chow-fed donors.
In addition, the faecal transplantation changed the microbiome,
acetate turnover, faecal acetate and GSIS in the recipient animal
to resemble that of the donors(120). The effect of acetate on GSIS
was mediated by a central parasympathetic outflow. It has been
proposed that both the sympathetic and the parasympathetic
arm of the autonomic nervous system innervate AT(121). Sym-
pathetic activity induces catabolic effects (lipolysis), whereas
parasympathetic activity induces anabolic effects (lipogen-
esis)(121,122). However, it has not been possible to verify the
existence of parasympathetic innervations in AT(123). Insulin
resistance in AT is governed by the local secretion of cytokines.
The expressions of NLRP3 inflammasome and caspase-1 by
macrophages and adipocytes are associated with the severity of
obesity, insulin resistance and type 2 diabetes(124). This is
mediated by the elevated production of IL-1β and IL-18. These
cytokines may reduce the secretion of insulin and decrease
glucose uptake, which are hallmarks of insulin resistance(124).

Conclusion

Obesity is characterised by low-grade inflammation, which may
originate from AT, although the underlying molecular mechan-
isms are largely unknown. A moderate increase in the plasma
concentration of LPS, translocated from the gut, may be impli-
cated in metabolic diseases. We have outlined a coherent chain
of events that links postprandial lipid absorption, composition of
the intestinal microbiome, endotoxaemia and metabolic disease.
The evidence suggests that LPS is directly and indirectly involved
in the histological and biological changes that occur in AT during
obesity. The hypotheses can be summarised as follows: (1) LPS is
involved in defining the adipocyte death size and formation of
crown-like structures; (2) LPS is involved in the transition of
macrophages with the M2 phenotype to the M1 phenotype;
(3) LPS is responsible for the activation of caspase-4/5/11 and
the induction of pyroptosis in adipocytes; and (4) LPS oligo-
merises in lipid droplet membranes and subsequently activates
caspase-4/5/11. Further studies are warranted to test the
hypotheses and subsequently integrate the information into a
coherent description of the effects of HFD and microbiota-
derived LPS as a mechanism of action of obesity.
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