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ABSTRACT

Gut dysbiosis is characterized by bacteria overgrowth that ultimately leads to increased intestinal
barrier permeability and translocation of bacteria or bacterial products such as lipopolysaccharide
(LPS) in the portal and, eventually, systemic circulation. Intestinal epithelial cells and hepatocytes
possess enzymatic armamentarium to counteract the LPS toxic effect, however, impaired deg-
radation results in LPS accumulation in the hepatocytes and endothelial wall. Experimental and
clinical studies documented that in patients with liver disease, such as nonalcoholic fatty acid liver
disease (NAFLD), low-grade endotoxemia caused by LPS is implicated in liver inflammation and
thrombosis via interaction with its Toll-like receptor 4 (TLR4) expressed by hepatocytes and plate-
lets. Furthermore, studies in patients with severe atherosclerosis documented that LPS localizes in
atherosclerotic plaque in close association with activated macrophages expressing TLR4 suggesting
LPS’s role in vascular inflammation, atherosclerotic progression, and thrombosis. Finally, LPS may
directly interact with myocardial cells to induce electric and functional changes leading to atrial
fibrillation or heart failure. This review will focus on experimental and clinical evidence suggesting
that low-grade endotoxemia, as a mechanism, potentially accounts for vascular damage occurring

INTRODUCTION
The gut microbiota comprises trillions of bac-
teria localized in the intestinal tube with in-
creasing colonization from the stomach to the
colon [1]. There is an emerging body of clinical
and experimental studies indicating that gut
microbiota isimplicated in liver and cardiovas-
cular disease. Such arelationship relies on the
fact that changes in gut microbiota, so-called
dysbiosis, resulting in an imbalance between
commensal and pathogenic bacteria, leads
to translocation of bacteria or bacterial prod-
ucts into the portal and, eventually, systemic
circulation with ensuing damage to the liver
and systemic circulation. Gut dysbiosis is an
alteration of the gut microbiome character-
ized by a reduction in microbial diversity,

at the level of the hepatic and systemic circulation and myocardial cells.
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with a predominance of pathogenic bacteria
such as Bacteroidetes and Enterococcaceae
and a reduction in beneficial bacteria such as
Bifidobacterium and Firmicutes [2].

Changes in gut bacteria diversity may
represent an important pathogenic factor via
translocation of bacterial products such as
lipopolysaccharide (LPS)-related endotoxemia
into the systemic circulation [3-5].

LPS is a glycolipid component of the
bacterial outer membrane of Gram-negative
bacteria comprising carbohydrates and lipid
A portion and may be detected in the periph-
eral human circulation with values usually
<20 pg/ml [6]. In the blood, LPS is transported
by a specific transport 60-kDa acute phase
response glycoprotein, the lipopolysaccharide
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binding protein (LBP), and cleared from the circulation by
plasma lipoprotein subclasses such as HDL, VLDL, and LDL;
about 80% of circulating LPS is transported by LDL [6].

An increase in LPS may occur in physiological con-
ditions such as in the post-prandial phase as LPS across
the intestinal barrier is embedded in freshly synthesized
chylomicrons [7]. Hence, elevated circulating LPS may
be detected in the peripheral circulation after a high-fat
diet with a deleterious metabolic effect as LPS negatively
affect insulin secretion and activity [7]. Pathogenic factors
associated with elevated LPS levels include aging, alco-
hol abuse, metabolic and cardiovascular diseases, acute
infections, and systemic inflammation [6-8]. Metabolic
diseases such as type 2 diabetes, obesity [9, 10], or acute or
chronic cardiovascular disease are associated with elevated
circulating LPS levels [11]. Low-grade LPS endotoxemia has
also been detected in patients with non-septic pneumonia
[12-14], in experimental models of intestinal anoxia [15,16],
and in systemic inflammation-associated overproduction
of pro-inflammatory cytokines, such as interferon-y and
tumor necrosis factor (TNF) [17].

Experimental and clinical studies suggested a potential
role for endotoxemia as a mechanism eliciting in situ liver
inflammation via interaction with its receptor, Toll-like
receptor 4 (TLR4) [18-20]. Also, LPS has been reported to
prime platelets to respond to the common agonists indi-
cating that LPS behaves as a pro-aggregating molecule
interacting with monocytes to promote the expression
of Tissue factor (TF), a glycoprotein that converts factor X
to Xa [21], and causing endothelial perturbation favoring
the release of von Willebrand factor (vWF) and factor VIII
(FVIIN) [22, 23]. Finally, LPS may directly interact with myo-
cardial cells to elicit electric changes or cardiac dysfunction
eventually leading to atrial fibrillation (AF) or heart failure
(HF) [24, 25]. Upon interaction with its receptor TLR4, LPS
may, therefore, interact with liver, blood, endothelial, and
myocardial cells, and potentially it can be a factor causing
liver and cardiovascular disease. This review will analyze
the experimental and clinical evidence indicating that gut
dysbiosis-related low-grade endotoxemia may be implicat-
ed in liver damage such as nonalcoholic fatty liver disease
(NAFLD) and its sequelae and cardiovascular disease.

GUT DYSBIOSIS-RELATED ENDOTOXEMIA:
MECHANISM OF DISEASE

There is emerging evidence that gut dysbiosis-related
endotoxemia is detectable in patients with liver disease
and/or cardiovascular disease. Small intestine bacterial
overgrowth (SIBO) is among the most important mecha-
nisms causing gut dysbiosis and ensuing changes in gut
barrier functionality with increased permeability. SIBO
may be caused by impaired bile secretion and/or delayed
gastrointestinal transition-related mucus layer thinning or
downregulation of adhesion proteins [26].

Gut dysbiosis may be analyzed by next-generation
sequencing approaches that allow identifying specific

regions of DNA by bacterial 16S ribosomal RNA (16SRNA)
and quantifying species of bacteria [27]. Direct sequence of
analysis may be also determined by metagenomic shotgun
sequencing, which is a more reliable method to quantify
gut bacteria [28].

Gut dysbiosis is usually associated with enhanced in-
testinal permeability; in 35 consecutive biopsy-confirmed
NAFLD patients presenting with SIBO, enhanced gut
permeability, documented in vivo by urinary excretion of
51Cr-EDTA and reduced expression of tight junctions in
duodenal biopsy specimens, was reported [18].

Analysis of gut permeability has been performed in
patients at risk or with coronary heart disease by measuring
serum levels of zonulin, which is an indirect marker of gut
permeability and is released by epithelial cells of the small
intestine as a consequence of dysbiosis [29].

LPS detoxification by the human body occurs overall
at levels of the intestinal tube and liver. Local defense
mechanism includes the intestinal mucus that separates
gut microbiota from the intestinal barrier consisting of epi-
thelial cells that are held together by adhesion protein such
as tight junction (TJ) proteins, adherence junctions (AJ)
proteins (cadherins and catenins), gap junction (connexin)
proteins and desmosomes (desmoglein and desmocollins).
Just below the epithelial barrier, the gut vascular barrier is
also implicated in modulating bacterial translocation into
the portal vein [30]. Disruption of the intestinal barrier oc-
curring in metabolic diseases usually results from intestinal
dysbiosis and is associated with endotoxemia [31]. This
close relationship is supported by an interventional study
in animals treated with a large spectrum of antibiotics
showing reduced endotoxemia simultaneously with the
improvement of gut barrier dysfunctionality [32]. In the
case of damage to the intestinal barrier, two sequential
mechanisms detoxicating LPS occur at the level of intestinal
or liver cells. Indeed, intestinal cells secrete the lipoprotein
HDL, that exerts anti-inflammatory activity by inactivat-
ing LPS [33]. Thus, epithelial cells express the cholesterol
transporter ATP-binding cassette transporter 1 (ABCA1),
which is essential for the biogenesis ofHDL3; once secreted,
HDL, binds LBP so inhibiting LPS recognition by its recep-
tor TLR4 at the level of liver macrophages [33]. A further
inactivation of LPS may occur through liver acyloxyacyl
hydrolase, which deacylates critical fatty acid residues for
LPS recognition [34] (Figure 1).

Another clearance mechanism for LPS is represented by
intestinal alkaline phosphatase (IAP) that removes one of
the two phosphate groups of lipid A moiety resulting in LPS
degradation to monophosphoryl-LPS [35]; this molecule
still binds TLR4 but acts as an antagonist. In animals given
a high-fat diet, IAP overexpression resulted in maintaining
intestinal mucosa integrity and LPS translocation lowering;
a similar detoxification pathway is retained by liver cells,
which contributes to lower endotoxemia also via LPS ex-
cretion into the bile through scavenger receptors [36]. If
these detoxification mechanisms are unable to metabolize
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Figure 1. Gut dysfunction and endotoxemia in NAFLD. A. In healthy individuals, LPS is detoxified by several mechanisms: (1) IAP, an endoge-
nous protein that catalyzes the hydrolysis of one of the 2 phosphate groups from the lipid A moiety of LPS resulting in monophosphoryl-LPS;
(2) cholesterol transporter ABCA1 on intestinal epithelial cells generates HDL,, which, via LBP, inhibits LPS-TLR4 binding on hepatocytes and
intestinal epithelial cells; and (3) extracellular acyloxyacyl hydrolase (AOAH), which removes the two secondary acyl chains to inactivate LPS.
B. LPS increases gut permeability downregulating adhesion proteins. The impaired gut barrier allows LPS translocation into the portal circu-
lation and can induce liver injury by interacting with its receptor TLR4

Abbreviations: AOAH, acyloxyacyl hydrolase; IAP, intestinal alkaline phosphatase; LBP, lipopolysaccharide binding protein; NAFLD, nonalco-
holic fatty liver disease LPS, lipopolysaccharide; TLR4, Toll-like receptor 4

LPS, endotoxemia becomes detectable in the peripheral
circulation with potentially deleterious consequences
for the human body considering that LPS is a powerful
inflammatory molecule (Figure 1). The pro-inflammatory
damage by LPS occurs via binding of its lipid moiety, i.e.
lipid A to TLR4, which binds LPS via the membrane-bound
ligand CD14. LPS binding to TLR4 leads recruitment of
the adaptor myeloid differentiation factor 88 (MyD88) to
the cytoplasmic domain of TLR4, resulting in activation of
transcription factor nuclear factor-kappa B (NF-kB) [371].
TLR4 activation by LPS mediates an inflammatory response
that is involved in many chronic inflammatory disorders
such as atherosclerosis [38]. Indeed, TLR4 interaction with
LPS leads to the downstream stimulation of different signal-
ing pathways including type | interferons (IFNs), activator
protein-1 (AP-1), and NF-kB [39] which culminate in the
production of large amounts of inflammatory proteins and
cytokines, such asTNFaq, IL-13, IL-6, IL-12, secreted by several
TLR4 expressing cells such as macrophages, neutrophils,
and endothelial cells [40], driving inflammatory responses.

Experimental and clinical studies documented that
upon reaching the systemic circulation, i.e. portal and sys-
temic circulation may localize at the levels of specific organs
where it may beget detrimental effects. Thus, experimental
studies conducted in patients with liver disease showed
an LPS increase in the portal circulation, and immune-

-histologic analysis of hepatic specimens taken from pa-
tients with NAFLD demonstrated enhanced LPS localization
in the liver cells with an up-regulation of TLR4 [20]. A similar
study performed in patients with atherosclerosis showed
that LPS localizes in the atherosclerotic plaque in close
association with activated macrophages overexpressing
TLR4, suggesting a potential implication of in situ artery
inflammation [41]. Together, these data point to gut dys-
biosis-related gut barrier dysfunction as the“prime mover”
of a sequence of events that lead to potentially detrimental
effects of LPS in the liver, systemic circulation, and, even-
tually, myocardium.

LOW-GRADE ENDOTOXEMIA AND NAFLD
Systemic levels of LPS have been analyzed in children
and adults with NAFLD. Thus, elevated values have been
detected in children with biopsy-confirmed NAFLD/NASH
showing that low-grade endotoxemiais an early phenome-
non of the disease [42]. Similar findings have been reported
in adults with NAFLD showing a significant association
between circulating LPS and the severity of liver steatosis
[43] and between serum LBP and liver steatosis [44]. The
relationship between LPS and liver inflammation has been
experimentally investigated in mice on methionine, and
choline-deficient diet-induced NASH, in which administra-
tion of rifaximin, a non-absorbable antibiotic, reduced gut
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Figure 2. Low-grade endotoxemia and liver damage. Small intestinal bacterial overgrowth (SIBO) contributes to increased gut barrier perme-
ability, low-grade endotoxemia, and eventually liver damage. After lipopolysaccharide (LPS) translocation into the portal circulation, LPS is

metabolized by liver cell enzymes, such as acyloxyacyl hydroxylase and alkaline phosphatase. If LPS is not fully metabolized, it accumulates
within hepatocytes with potentially deleterious effects in terms of inflammation and eventually hepatic fibrosis. Furthermore, LPS, through
the binding of TLR4 on platelets into sinusoids, results in platelet-related micro-thrombosis with ensuing liver damage.

Abbreviations: see Figure 1

dysbiosis, endotoxemia, liver inflammation, and eventually
NASH [45]. LPS-TLR4 is likely to play a key role in this pro-
cess as supported by experiments in TLR4 knock-out mice
displaying resistance to experimentally-induced NAFLD
[46]. Studies in humans corroborated this hypothesis as
documented by immune-histochemistry analysis of liver
specimens taken from NAFLD-NASH patients reporting
greater LPS localization in patients compared to controls
as well as macrophage and platelet TLR4 overexpression
that significantly correlated with serum LPS. Reduced liver
inflammation detected in experimentally-induced NASH in
animals treated with aTLR4 inhibitor corroborated the role
of the LPS-TLR4 axis in favoring NASH [20]. In this context,
the role of platelets has attracted attention as platelets
express TLR4; thus, in vitro experiments showed a functional
interplay between LPS and platelet activation via TLR4 [47]
and studies in 24 consecutive nonobese and nondiabetic
biopsy-confirmed NAFLD/NASH patients found a higher
number of platelets and platelet aggregates in the sinu-
soids of NASH patients compared to controls [48].

Also, our group showed that in biopsy-confirmed
patients, a higher number of platelets were detected
in the liver sinusoids of patients with liver steatosis and
NASH and highly expressed TLR4; a significant correlation
was detected between LPS and platelet TLR4 suggesting
LPS can be a pivotal trigger of platelet TLR4 overex-
pression [20] (Figure 2). Finally, in high-fat diet-treated
mice, the role of platelets and TLR4 in the pathogenesis

of NADLD/NASH animals was supported by adminis-
trating a TLR4 inhibitor, which resulted in lowered liver
inflammation [20]. Together, these data suggest that
NAFLD-NASH LPS may trigger TLR4-mediated platelet
activation resulting in platelet-related micro-thrombosis
with ensuing liver damage (Figure 2). In accordance with
this, a significant reduction of NAFLD has been detected
in animals treated with antiplatelet drugs such as aspirin
[49] or clopidogrel [50].

In vivo and in vitro studies have been conducted to
support the hypothesis that LPS behaves as a pro-ag-
gregating molecule. An interventional study in humans
consisting of intravenous injection of LPS (20 1U/kg i.v.)
documented acute activation of platelets just after one
hour of infusion with a return to baseline values after
24 hours. Platelet-monocyte aggregates, TF binding on
monocytes, and surface expression of platelet CD40L
significantly increased after LPS administration [51]. Also,
experiments in vitro documented that LPS per se, at levels
detectable in human circulation, is unable to promote
aggregation but amplifies platelet response to common
agonists, such as collagen and ADP, via over-production
of eicosanoids that are implicated in platelet aggregation
such as TxA, and 8-iso-PGF2alpha-lll as well as oxidant
species such as H,0, [52]. Such an effect was inhibited in
the presence of an inhibitor of TLR4 suggesting that LPS-
TLR4 interaction was a prerequisite for eicosanoids and
oxidant species overproduction [52].
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cardiovascular disease. A. LPS as a trigger
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dative stress. B. LPS in atrial fibrillation (AF):
increased levels of circulating LPS up-reg-
ulate the expression of NOD-like receptor
protein (NLRP)-3 inflammasome in the atria,
resulting in atrial structural remodeling
favoring fibrosis and eventually promoting
AF development. C. LPS in heart failure (HF):
elevated blood LPS levels may contribute
to structural and functional changes in the
myocytes, reducing myocardial function or
eliciting atrial fibrosis that contributes to
worsening HF
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Abbreviations: see Figure 1

The elevated levels of endotoxemia in NAFLD patients
may be a tool to interpret the reported association between
NAFLD and cardiovascular disease. In a cohort of 898 pa-
tients with and without NAFLD followed up for 41 months,
we found, in fact, that the risk of cardiovascular events were
higherin NAFLD versus non-NAFLD patients. Such a differ-
ence persisted after adjusting for confounding factors and
was similarly detectable if patients were divided according
to the FIB-4 score to classify liver fibrosis [53]. In an even
higher cohort including 14 819 patients treated with lip-
id-lowering drugs, NAFLD classified by the fibrosis score
allowed identifying patients at higher risk of cardiovascular
events [54]. These studies, however, did not analyze if the
relationship between NAFLD and cardiovascular diseases
may depend upon elevated LPS levels, thereby further
studies are necessary to assess if endotoxemia may account
for increased risk of cardiovascular events in NAFLD.

LOW-GRADE ENDOTOXEMIA AND
CARDIOVASCULAR DISEASE
Low-grade endotoxemia has been detected in patients
at risk of cardiovascular disease, in those with acute and
chronic cardiovascular disease, and in patients with AF or HF.

www.journals.viamedica.pl/kardiologia_

The relationship between endothelial damage and en-
dotoxemia has been investigated by Loffredo et al. [55] who
reported elevated LPS levels in patients with microvascular
angina, which correlated inversely with serum nitric oxide
and directly with serum endothelin 1. Similarly, enhanced
LPS levels have been detected in patients with stable
angina and myocardial infarction with a gradient increase
from stable to unstable disease. Notably, LPS localized in
coronary thrombi overexpressing leucocyte TLR4 suggests
LPS can be a trigger of thrombosis [11].

This hypothesis has been substantiated in an experi-
mental study in animals that were injected with a quantity
of LPS mimicking the concentration detected in human
thrombi. The study showed that LPS enhanced thrombus
growth via interaction with TLR4 just as a concomitant
infusion of a TLR4 inhibitor blunted thrombus growth
coincidentally with inhibition of platelet activation [11].
Another mechanism potentially contributing to throm-
bosis by LPS has been evidenced by in vitro experiments
documenting that LPS can favor a prothrombotic milieu by
eliciting endothelial secretion of FVIlland vVWF [23] (Figure
3). Regarding thrombosis, the LPS-TLR4 axis acts at several
cellular levels such as endothelial cells, platelets, and white
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cells. Thus, experimental studies demonstrated that LPS
elicits FVIIl and vWF secretion by endothelial cells, up-
-regulates monocyte TF, and amplifies the platelet response
to common agonists. In addition, clinical studies showed
an inverse relationship between flow-mediated dilatation
(FMD) and endotoxemia, which suggests that LPS may
also induce changes in endothelial cell redox status via
production of reactive oxygen species (ROS) that are known
to neutralize nitric oxide thus reducing the endothelial
vasodilating property [56].

Considering the impact of LPS on clotting activation, it
cannot be excluded that endotoxemia may also be associat-
ed with venous thrombosis. There is evidence, for instance,
that gut dysbiosis-associated inflammatory bowel disease is
associated with venous thromboembolism, but the role of
LPS needs further investigation [57]. Conversely, in patients
with advanced liver disease, who are characterized by an
enhanced risk of portal vein thrombosis [58-60], elevated
levels of LSP have been detected in the portal circulation
with a significant association with endothelial damage,
hypercoagulation, and platelet activation [3, 61, 62].

In addition to this prothrombotic property, LPS may
damage the arterial wall so predisposing to atherosclerotic
progression. Thus, in patients undergoing endarterectomy,
immuno-histochemical analysis of atherosclerotic plaque
revealed that LPS localizes within the arterial wall in close
association with activated macrophages overexpressing
TLR4, suggesting a potential role of LPS as a promoter
of inflammation in situ (Figure 3). Also, a previous study
analyzing the relationship between endotoxemia and
atherosclerotic burden demonstrated that during a 5-year
follow-up, subjects with LPS >50 pg/ml at baseline had
a threefold increased risk of incident carotid artery ather-
osclerosis compared with subjects with blood LPS levels
<50 pg/ml [63].

AF is another setting characterized by low-grade endo-
toxemia, which may be a risk factor for arrhythmia as well
as incident cardiovascular disease. Thus, an experimental
model of AF demonstrated that gut dysbiosis may promote
AF in old rats, an effect that could be counteracted in old
rats receiving fecal transplantation from young animals
[64]. Overexpression of TLR4 and activation of the NLRP3 in-
flammasome in the atria were key factors driving atrial
fibrosis and increased susceptibility to AF [64] (Figure 3).In
addition, an observational study conducted in AF patients
showed that LPS may be a risk factor for poor vascular
outcomes in AF patients as shown by a higher incidence
of major adverse cardiovascular events during a 3-year
follow-up in patients with blood LPS levels >100 pg/ml.
It was also interesting that AF patients following a Medi-
terranean diet, which is known to protect from gut barrier
dysfunction, had lower blood LPS and reduced risk of poor
outcomes [65].

Finally, there is consistent evidence that endotoxemia
and HF are closely associated (Figure 3). Thus, an exper-
imental study with low LPS doses demonstrated that

endotoxemia may reduce myocardium function or elicit
atrial fibrosis, which potentially contributes to triggering
AF, which frequently complicates and worsens HF [64].
Clinical studies involved essentially of cross-sectional stud-
ies, which reported enhanced circulating levels of LPS in
HF patients compared to control groups. Thus, LPS blood
levels were more elevated in patients with severe HF and
during an acute edematous exacerbation, with a significant
reduction after clinical compensation [66], which supports
the hypothesis that bowel congestion is a prerequisite for
gutbarrier dysfunctionality and ensuing LPS translocation
into the systemic circulation. However, while there is an
agreement that endotoxemia could contribute to systemic
inflammation occurring in HF, the impact of endotoxemia
on clinical outcomes is still unclear.

THERAPEUTIC PERSPECTIVES

The data so far reported suggest that once crossing the
intestinal epithelial wall, LPS may exert a pro-inflamma-
tory and pro-thrombotic effect at two different levels,
i.e. the liver as the first level and the systemic circulation
thereafter. At the level of the liver, LPS may accumulate as
a consequence of impaired degradation so favoring plate-
let-dependent thrombosis, steatosis, and inflammation.
Impaired liver degradation is also responsible for releasing
enhanced LPS levels into the systemic circulation, which
may be deleterious not only at the level of the arterial wall
but also may directly interact with myocardial cells. Thus,
the LPS-TLR4 axis may represent a unique mechanism
causing local and systemic inflammation and thrombosis.

This hypothesis, however, must be substantiated by
interventional trials aimed at reducing systemic LPS and
eventually, the vascular disease occurring in the liver and
systemic circulatory compartments. At least 3 therapeutic
approaches could be considered for lowering LPS, i.e.
(1) reducing dysbiosis; (2) improving gut permeability;
and (3) LPS detoxifying. Concerning the first point, non-
absorbable antibiotics such as rifaximin are an interesting
option as they reduce LPS by increasing the beneficial flora
and exert anti-inflammatory activity by lowering TNF-o. or
leucocyte TLR4 [67]. The second option includes the use
of microbiota metabolites with a protective role for the
gut barrier, such as short-chain fatty acid (SCFA) including
propionate, butyrate, and acetate, which can up-regulate
epithelial adhesive protein [68]. Alternative approaches to
improve gut permeability include probiotics, which are live
bacteria, or prebiotics, which are plant-derived fibers, with
a highintake of fish oils to increase the n-3/n-6 polyunsatu-
rated fatty acids (PUFA) ratio, or drugs such as statins, or
glucagon-like peptides that may have a beneficial effect
on gut barrier dysfunction by modulating gut dysbiosis
or up-regulating the intestinal adhesive proteins [69-72].
LPS detoxifyication is the third possibility to reduce the
negative effects of endotoxemia. Enhancing physiological
properties to degrade LPS upregulating the secretion of
HDL, or IAP may represent an innovative approach to lower
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endotoxemia and its local and systemic deleterious effects;
this therapeutic option may be considered in the future.

CONCLUSIONS

In conclusion, experimental and clinical studies provide
evidence of gut dysbiosis-related endotoxemia as a novel
mechanism potentially favoring the occurrence of inflam-
mation and thrombosis in the liver and systemic circulation
and damaging myocardial cells potentially favoring AF
and HF occurrence. A cause-effect relationship in vivo,
however, is still lacking, and further studies are necessary
to assess if lowering endotoxemia actually cures liver and
cardiovascular diseases.
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