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Sepsis remains a leading cause of mortality 
in ICUs worldwide (Vincent et al. 2009) 
and is considered a global health priority 

(Reinhart et al. 2017). In 2016, new defini-
tions and criteria of sepsis, underlining the 
utmost importance of the non-homeostatic 
host response to infection in the development 
of this syndrome, were published (Singer et 
al. 2016). 

Sepsis incidence is rising due to several 
reasons and treatment is becoming increas-
ingly difficult because of the spreading of 
multidrug-resistant bacteria. The number of 
Gram-negative infections in ICU is progres-
sively increasing. In 2007, 62% of the positive 
isolates in ICU patients were Gram-negative 
organisms (Vincent et al. 2009); moreover 
the mortality for Gram-negative bacteraemia 
is higher than that for Gram-positive (Cohen 
et al. 2004). 

Endotoxins as PAMPs
Endotoxin (LPS) is probably the most impor-
tant trigger of inflammatory response in 
Gram-negative infection. It is a three domains 
essential component of the cell wall of Gram-
negative bacteria and it has a highly conserved 
structure (Opal and Gluck 2003). However, 
it is the ‘regulated host response’ to LPS, 
rather than the intrinsic properties of LPS 
itself, which is responsible for the potentially 
lethal consequence attributed to this mediator 
(Monti et al. 2010). 

The innate immune response is the first line 
of defence against infections and is based on 
recognition of pathogens structures, termed 
pathogen-associated molecular patterns (PAMPs), 
which are vital for survival of microorganisms 
and have consequently remained immutable 
over millennia. When PAMPs, such as LPS, 
peptidoglycan and lipoteichoic acid of Gram-
positive bacteria, fungal glucan, (Marshfield 
2011) bind to the so-called pattern recogni-
tion receptors (PRRs), the proinflammatory 
and antimicrobial response is triggered. It is 
noteworthy that also host fragments altered by 
cellular stress are equally recognised by the PRRs 
as “danger” signals, termed damage-associated 
molecular patterns (DAMPs) (Mogensen 2009). 

Toll-like receptors (TLRs) are the family of 
PRRs that have been studied more thoroughly. 
Currently, ten TLRs have been described. TLR-4 
interacts with LPS and HSP (Opal 2010; Saha 
et al. 2010). LPS, through LPS binding protein, 
binds to the complex CD14/TLR4/MD2, 
which is expressed on the cell surface on both 
immune and non-immune cells (Molteni et 
al 2016). Then, two different pathways of 
cellular activation can occur through either 
the MyD88 (myeloid differentiation factor 
88), which mediates the early activation of 
nuclear factor κB (NFκB), leading mainly 
to the synthesis of pro-inflammatory cyto-
kines (TNF-α, IL1B, IL-6, IL12B), or the TRIF 
(Toll-like receptor domain adaptor inducing 
interferon-β), which, on the other hand, is 
involved in the late phase of transcriptional 
activation (IL-10) and in the development of 
endotoxin tolerance (Biswas and Lopez-Collazo 
2009) (Figure 1A).

Clinical relevance of LPS
The most clear-cut example of the relation-
ship between endotoxaemia and outcome is 
meningococcal disease (Cohen 2000). Even 
if this relationship is much more difficult to 
demonstrate in a heterogeneous ICU popula-
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Pathophysiology of endotoxic 
shock
Mechanisms of endotoxin-induced multi-organ damage

Endotoxin-induced sepsis remains a leading cause of mortality in intensive 
care units (ICUs) worldwide. Lipopolysaccharide (LPS) identification by the 
immune system triggers a cascade of signalling pathways, leading to the 
release of several cytokines and chemokines, which orchestrate the anti-
microbial and inflammatory response, though causing multiorgan damage 
as well. Furthermore, endotoxin is involved in the alterations of the innate 
and adaptative immune system, which are of utmost important in the 
development of immune-paralysis in sepsis and may contribute to sepsis 
late mortality. Even if clinical studies on techniques aiming to remove 
endotoxin have yielded conflicting results so far, it seems that selected 
subgroups of patients could benefit from their use.
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tion, several studies have highlighted the role 
of endotoxaemia on progression and outcome 
of sepsis and septic shock (Danner et al 1991;  
Opal et al 1999). 

In 2004, the MEDIC study, enrolling 857 
ICU patients, was the first large observational 
cohort study to correlate endotoxin level, 
measured by endotoxin activity assay (EAA), 
with mortality. Rates of severe sepsis were 
4.9%, 9.2%, and 13.2%, and ICU mortality 
was 10.9%, 13.2%, and 16.8% for patients 
with low, intermediate, and high EA levels, 
respectively (Marshall et al. 2004). Similarly, in 
a prospective study, Monti et al. (2010) showed 
that ‘high EA level septic shock patients’ were 
in need of a significantly higher vasopressors 
dose than intermediate and low EA groups 
with increased hospital mortality.

Interestingly, EA is not detectable only in 
patients with Gram-negative infection. More 
than 50% of patients admitted in ICU have 
intermediate or high levels of EA as compared 
to healthy volunteers; however, only 4% of 
this population had a documented Gram-
negative infection (Monti et al. 2010). It has 
been hypothesised that the reason behind 
endotoxin increase in those patients is the 
gut barrier dysfunction (Esteban et al. 2013) 
associated with splanchnic hypoperfusion 
or gut permeability changes (McIntyre et al. 
2011; Klein et al. 2007). 

Pathophysiology of organ damage in 
Gram-negative sepsis
Endothelial dysfunction and the consequential 
barrier disruption leading to increased vascular 
permeability is critical to the pathogenesis of 
multi-organ failure in sepsis (Winkler et al. 
2017). Specifically, stimulation of endothelial 
cells with LPS leads to the upregulation of several 
adhesion molecules (E-selectin, P-selectin, 
intercellular adhesion molecule-1, etc), cytokine 
(IFN-α, INF-γ, IL-6) and chemokine (CCL2, 
CCL3, CCL5). Moreover, endotoxin decreases 
the expression of thrombomodulin, tissue-
type plasminogen activator and heparin, while 
increasing the expression of tissue factor (TF) 
and plasminogen activator inhibitor 1 (PAI-1), 
thus shifting the haemostatic balance from an 
anticoagulant to a procoagulant state. Systemic 
infusion of low dose LPS in healthy humans 
results in an enormous rise in TF mRNA levels 
in mononuclear cells causing thrombin genera-
tion and further haemostatic activation (Levi 
and Sivapalaratnam 2018). Furthermore, LPS-
induced apoptosis of endothelial cells, exposing 
prothrombotic subendothelial proteins to clot-
ting factors, further tilts the balance towards a 
procoagulant state (Seeley et al. 2012). 

After an LPS challenge or sepsis insult, the 
heart may become dysfunctional, exhibiting a 
“stunning”-like profile characterised by a diffuse 
and reversible decrease in ejection fraction with 

enlargement of ventricular diameter/volumes 
(Chagnon et al. 2005), associated with altered 
muscle compliance (Chagnon et al. 2006).  
Microscopically, reversible and irreversible 
cytopathologic basic alterations include apop-
tosis, focal necrosis, congestion, inflammatory 
infiltrates, and oedema (Chagnon et al. 2006). 
The impairment of cardiac function during 
sepsis is due to several mechanisms (Flesch et 
al. 1999), which have not been exactly clari-
fied yet (Yucel et al. 2017).  A controversial 
hypothesis proposed to explain sepsis-induced 
cardiac dysfunctions is inadequate coronary 
blood flow (Chagnon et al. 2006). In fact, 
some studies in animals have showed that 
coronary blood flow is reduced by infusion of 
endotoxin. On the other hand, others reported 
a marked coronary vasodilation and even 
higher coronary flow in patients with sepsis 
(Yucel et al. 2017). Furthermore, numerous 
chemical mediators such as tumour necrosis 
factor alpha (TNF-α), MIF, interleukin-1, nitric 
oxide and reactive oxygen species (ROS) have 
been widely implicated in the pathogenesis of 
sepsis-induced cardiomyopathy (Chagnon et 
al. 2006; Yucel et al. 2017). Apoptosis seems to 
play an important role as well (Chagnon et al. 
2005; Lancel et al. 2005). In detail, not only 
may endotoxin trigger heart multiple caspase 
activation and cytochrome c release from the 
mitochondria causing end-stage apoptosis of 
myocardial cells, but caspase-3 activation may 
also directly cause changes in calcium myofila-
ment response, in troponin T cleavage, and in 
sarcomere disorganisation, without inducing 
myocardial cell death (Lancel et al. 2005). 
Also myocardial wall oedema per se can be an 
underestimated component of this reversible 
dysfunction altering myocardial compliance 
and elastance (Chagnon et al. 2006). 

The frequent cardiac rhythm alteration 
in septic patients may be partially explained 
by the evidence of action potential duration 
(ADP)-prolongation in human pluripotent 
stem cell treated with LPS (Yucel et al. 2017). 

LPS infusion is often used to recreate ALI 
(acute lung injury) in different species (Waer-
haug et al. 2008). In animal models, after 1 hour 
from intratracheal instillation or intravenous 
infusion, considerable tissue injury can be 
observed, and it is characterised by neutrophil 
accumulation in the alveolar and interstitial 
space, alveolar wall thickening, accumulation 
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Figure 1. Schematic representation of pathophysiology of endotoxin sepsis A) After the binding of LPS to CD14 
and then TLR-4/MD-2, two not mutually exclusive pathways can be activated. B) The activation of the immune 
system can lead both to multiorgan damage and to immunosuppression (see text)
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of proteinaceous oedema and detritus in the 
alveolar space (Matute-Bello et al. 2011). These 
alterations are mostly due to the presence of 
profound vascular leakage causing not only 
movement of fluid and macro-molecules 
into the interstitium and airspace, but also 
transendothelial diapedesis of leukocytes into 
lung tissues, further contributing to vascular 
and alveolar dysfunction (Peng et al. 2004). 
Another important feature of ALI is the forma-
tion of microthrombi (Proudfoot et al. 2011) 
and alveolar fibrin deposition that, due to the 
extensive cross-talk between coagulation and 
inflammation, may further inflame the lungs 
(Tuinman et al. 2012). Futhermore, Rodriguez-
Gonzalez et al. (2015) showed that inflammatory 
mediators released during LPS-induced lung 
epithelial cell injury might contribute to the 
development of septic-associated encephalopathy. 

The pathogenesis of LPS-induced acute kidney 
injury (AKI) in humans is complex and it is 
not simplistically related to hypoperfusion and 
ischaemia (Morrell et al. 2014a; Nakano et al. 
2015). In the kidney, as well as in the lung and 
in the heart, TLR-4 is constitutively expressed 
on tubular epithelial cells (especially within 
the apical brush border of proximal tubules) 
(Morrell et al. 2014a). Unfortunately, so far, 
little is known about the final downstream 
mechanisms that produce AKI after TLR-4 
activation and the start of the intracellular 
signalling cascades (Morrell et al. 2014a). In 
a recent review, Morrell et al. (2014b) have 
suggested that the inflammatory pathway can 
induce renal tubular transport dysfunction with 
enhanced NaCl delivery to the macula densa 
and increased tubule-glomerular feedback, 
impairing the glomerular filtration rate (GFR). 
A study on LPS-induced AKI in mice showed 
LPS selectively accumulated in proximal tubule 
cells through a TLR-4 dependent mechanism, 
associated initially with a reduction in tubular 
flow rate and then with cells swelling and 
tubular obstruction (Nakano et al. 2015). 
Additionally, apoptosis has been proposed to 
play a role in the pathogenesis of septic AKI, 
probably through the TNFR1 (Tumor Necrosis 
Factor Receptor 1), as supported by a study 
where TNFR1−/− mice had less apoptosis in 
renal cells and fewer neutrophils infiltrating the 
kidney following LPS administration compared 
with TNFR1+/+ (Cunningham et al. 2002). 
Nonetheless, a recent study shows that LPS can 

also directly cause apoptosis of tubular cells 
through Fas-mediated and caspase-mediated 
pathways (Cantaluppi et al. 2008). Moreover, 
LPS can directly act on kidney-resident cells such 
as podocytes and tubular epithelium, stimulat-
ing the synthesis of inflammatory mediators 
(Zurovsky et al. 1995) (Figure 1B).

Endotoxin and the immune system
Due to improvements in intensive care manage-
ment, early sepsis mortality has gone down 
during the last decades. However, late mortality 
is soaring. The alterations in innate and adaptive 
immune system induced by sepsis are thought 
to be of paramount importance in long-term 
mortality (Delano and Ward 2016). 

Experimental models of sepsis have been 
widely used to study the so-called endotoxin 
tolerance, that is the desensitisation to endotoxin-
induced lethality after a priming (small) dose of 
endotoxin before an otherwise lethal challenge 
dose of endotoxin. It probably occurs also in 
human Gram-negative sepsis (Opal 2007). The 
concept of ‘endotoxin tolerance’ is very helpful 
to identify the probable mechanisms beyond 
sepsis-induced alterations of the immune system 
and their consequences, although it is not easily 
adaptable to humans, because it is an oversim-
plification of the far more complex concept of 
immunoparalysis seen in human sepsis. 

The mechanisms underlining LPS tolerance 
are still ill-understood, though recently it has 
been hypothesised that sepsis-induced monocyte 
epigenetic reprogramming may play a pivotal 
role in the suppressive monocyte phenotype 
(Delano and Ward 2016). Alterated nuclear trans-
location of transduction molecules, decreased 
stability of messenger RNA for cytokine genes 
(Opal 2007), and enhanced expression of two 
micro-RNAs (miR146 e miR155) (Biswas and 
Lopez-Collazo 2009) are mechanisms implicated 
in the genetic reprogramming of immune cells. 

Altogether, after LPS challenge, monocytes 
produce less levels of pro-inflammatory cyto-
kine such as TNF-α, IL-1, IL-6, IL-12 and more 
anti-inflammatory ones. Moreover, the ability 
of monocytes to present antigens is highly 
impaired due to reduced expression of MCH 
II molecules such as HLA-DR (Biswas and 
Lopez-Collazo 2009; Delano and Ward 2016).  
It is noteworthy that not only monocytes, but 
also dendritic cells, neutrophils, T cells (Elyce 
2011), and NK cells, are involved in the genesis 

of immunoparalysis (Delano and Ward 2016). 
The widespread apoptosis of specific subsets 
of immune cells may contribute as well (Opal 
2007) (Figure 1B).

Therapeutical approach
Since the first attempt of anti-endotoxin treat-
ment by Ziegler, published in 1982, several 
strategies aiming to remove endotoxin have 
been proposed, from agents that inhibit endo-
toxin synthesis, to anti endotoxin vaccines or 
anti endotoxin antibodies. Unfortunately, all 
of them have failed the U.S. Food and Drug 
Administration (FDA) clinical trials (Romaschin 
et al. 2012). Hence, recently much research on 
blood purification techniques able to remove 
LPS has been carried out, giving contrasting 
results. In the fourth edition of the Surviving 
Sepsis Campaign Guidelines (Rhodes et al. 
2017), blood purification was considered for 
the first time, but neither recommended in 
favour nor against (Ilia et al. 2017).  

Several cartridges for extracorporeal blood 
purification have been developed, though Toray-
mixin® has the highest removal capacities and 
is the most studied.  Three large randomised 
controlled trials (RCT)s have been set up on 
Polymyxin-B (PMX-B) so far, giving contrasting 
results.  The ABDOMIX trial did not demon-
strate any benefit of PMX haemoperfusion 
in organ failure or mortality in patients with 
peritonitis-induced septic shock (Payen et al. 
2015), while the Early use of polymyxin B 
hemoperfusion in abdominal septic shock 
(EUPHAS) trial, reported improvement in 
organ dysfunction, and reduction of 28-day 
of mortality (Cruz et al. 2009). Similar results 
were demonstrated in the retrospective EUPHAS 
2 registry (Cutuli et al. 2016). Finally, Evaluat-
ing the Use of Polymyxin B Hemoperfusion 
in a Randomized Controlled trial of Adults 
Treated for Endotoxemia and Septic Shock 
(EUPHRATES), a placebo-controlled multi-
centred blinded trial was  concluded in 2016 
(Klein et al. 2014). Currently, the only existing 
report is a press release that states that PMX 
haemoperfusion significantly improved 28-day 
survival outcomes of patients with an EAA 
level in the range of 0.6-0.9 and a multiple 
organ dysfunction > 9, based on the results of 
a subgroup analysis (spectraldx.com/assets/
spectral-rls-05.30.17.pdf). 

As described by De Grooth et al. (2018), 
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substantial between-trial heterogeneity limits the reproducibility 
and generalisability of septic shock research and may inhibit the 
discovery of beneficial therapies for specific (sub)-populations. 

Conclusion
Sepsis and septic shock are still associated with a high mortal-
ity risk, and endotoxin is probably the most important trigger 
of inflammatory response. Although the complex interaction 
between the immune system and endotoxin has not been 
completely elucidated so far, it is clear that elevated endotoxaemia 
is associated with increased mortality and organ dysfunction in 
critically ill patients. 

The clinical efficacy of extracorporeal blood purification 
techniques in sepsis and septic shock remains uncertain, even 
though Polymyxin B hemoperfusion could be considered as a 
complementary therapeutic strategy for unresponsive endotoxin-
based septic shock.  
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