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ABSTRACT

Sepsis is a life-threatening organ dysfunction triggered by a dysregulated host immune response
attempting to eliminate the infection. After hospital discharge, half of the sepsis survivors recover,
one-third of the patients die the following year, and one-sixth have a long-term cognitive impairment,
including memory dysfunction, anxiety, depression, and post-traumatic stress disorder. The infection
triggers the host immune response, and both can cause vascular endothelial damage, interrupting
tight junctions proteins; consequently, the blood-brain barrier (BBB) breaks down, allowing and
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facilitating the entry of peripheral immune cells into the brain, which triggers or exacerbates the
activation of glial cells and neuroinflammation. The focus of this review is to identify biochemical
abnormalities induced by sepsis, which is associated with BBB dysfunction; provide evidence of
biomarkers involved in the tight junction disruption and BBB damage, and draw attention to the
role of the BBB as a bridge between systemic infection and brain inflammation.

Background

Sepsis is a syndrome that triggers an organic dys-
function with life-threatening, triggered by a host’s
unregulated immune response in a tentative to
eliminate the infection." The Center for Disease
Control (CDC) estimates that sepsis affects
approximately 1.7 million adults, causing the
death of 270,000 individuals and being responsible
for one in three hospital deaths per year in the
United States of America.” After hospital discharge,
half of the sepsis survivors recover, one-third of the
patients die the following year, and one-sixth of
them have a long-term cognitive impairment,
including memory dysfunction, anxiety, depres-
sion, and post-traumatic stress disorder.’”

In most cases, sepsis is triggered by bacterial infec-
tions, but other conditions, including viruses, para-
sites, and fungi, cause sepsis. The pathogen can
replicate and release its compounds during the sys-
temic infectious progression, known as pathogen-
associated molecular patterns (PAMPs).”® These
PAMPs are recognized by pattern recognition recep-
tors (PRRs) and non-PRRs, which are essential con-
stituents of the immune system.”'® The detection of

PAMPs by immune receptors triggers a cascade of
signaling pathways that activate several transcription
factors and promotes the production of proinflam-
matory molecules to eliminate invading pathogens."'
The host’s immune response and pathogen virulence
factors may also trigger cellular damage; these cells
begin to release endogenous molecules, causing an
exacerbation of the inflammatory response. These
endogenous molecules are known as damage-
associated molecular patterns (DAMPs) and also
are recognized by PRRs.">"? In the sequence, the
immune response can trigger vascular endothelial
cells damage, interrupting tight junctions proteins;
consequently, the blood-brain barrier (BBB) breaks
down, allowing and facilitating the entry of periph-
eral immune cells into the brain, which triggers or
exacerbates the activation of glial cells and
neuroinflammation.'*"” The focus of this review is
to 1. Identify biochemical abnormalities induced by
sepsis, which is associated with BBB dysfunction; 2.
Provide evidence of biomarkers involved in the tight
junction disruption and BBB damage; and 3. Draw
attention to the function of the BBB as a bridge
between systemic infection and brain inflammation.
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Sepsis pathophysiology on the blood-brain
barrier

The BBB is formed by brain endothelial cells that
line the cerebral microvasculature and is a vital
mechanism to protect the brain from changes in
the composition of plasma and circulating com-
pounds capable of disrupting the neurona
function.'®®  Anatomically the BBB s
a component of the neurovascular unit. The neu-
rovascular unit (NVU) is formed by a complex
cellular system, including neurons, interneurons,
astrocytes foot, microglia, oligodendrocytes, basal
lamina covered by vascular smooth muscle cells
and pericytes, endothelial cells, and extracellular
matrix in addition to components of circulating
blood. However, the NVU composition varies
among different brain regions.*® Sepsis is associated
with changes in the BBB, NVU, and astrocytes. In
preclinical models, lipopolysaccharide (LPS) trig-
gered  pericyte loss and  microvascular
dysfunction.”’ The knockout mice of miR-145a
submitted to CLP surgery presented increased
inflammatory molecules and deaths rate compared
to the control group.”* Both astrocytes and peri-
cytes cell types are essential to maintain the BBB
integrity; with the dysfunction of these cells, occurs
the BBB disruption,> however, the pericyte cell
damage was identified in experimental research.
Sepsis triggers immune cells to express PRR that
provides initial discrimination between self and non-
self. After PPRs activation, tumor necrosis factor-
alpha (TNF-a), IL (interleukin)-1f, and IL-6 are
secreted, amplifying the production of inflammatory
mediators, including C-reactive protein (CRP), IL-6,
serum amyloid protein (SAP), fibrinogen, mannose-
biding lectin (MBL), surfactants proteins (SP)-A,
and SP-D, soluble receptors, among others. These
inflammatory mediators present deleterious effects
on the vascular endothelium cells, including disas-
sembling the intracellular junctions by modifying
the cytoskeletal structure or causing damage to the
cell monolayer resulting in microvascular leaking
and tissue edema usually found during sepsis.**
Also, endothelial cells increase the expression of the
intracellular adhesion molecules (ICAMs), including
ICAM-1, ICAM-2, vascular cell adhesion protein 1
(VCAM-1), and platelet endothelial cell adhesion
molecule (PECAM) on the vascular endothelium.

Then, the leukocytes ligands stick to the endothelial
cells and migrate in direction to the chemoattractant
mediators, for example, C-X-C motif chemokine
ligand (CXCL)-8 (IL-8) and C-C motif chemokine
ligand (CCL)-2.22¢

The immune cells present antimicrobial
mechanisms of phagocytosis enhanced by the fMet-
Leu-Phe (fMLF) and C5a receptors. Also, the most
critical antimicrobial products released are reactive
nitrogen species (RNS) such as nitric oxide (NO),
and reactive oxygen species (ROS), including
superoxide anion (O, ), hydrogen peroxide (H,
0,), singlet oxygen ('0,"), hydroxyl radical ("OH),
and hypohalite OCL™. The ROS and RNS contri-
bute to vascular endothelial cell dysfunction during
sepsis by direct damage or modulating innate
immune by activating the transcription factor
nuclear factor-kappa B (NF-«kB) enhancing TNF-
a, IL-1B, IL-6, IL-8, IL-17, and IL-18
production.”””?® The other mechanism that can
cause vascular endothelial cell damage is the pro-
duction of the matrix metalloproteinases (MMPs).
The expression of MMPs can be mediated by many
factors, such as vascular growth factors, including
angiopoietin (Ang)-2, which levels are increased in
the septic state and are associated with poor
prognosis.29 Also, interferon-gamma (IFN-y), IL-
1B, IL-6, adhesion of immune cells on the extracel-
lular matrix, PAMPs, and DAMPs can increase the
expression of MMPs. The expression of MMPs is
usually higher in tissues that are damaged,
inflamed, or undergoing repair or remodeling,
compared to the lesser expression in healthy
tissue.”® Plasma levels of MMP-3, MMP-7, MMP-
8, and MMP-9 were increased more than 3-fold in
severe sepsis in the intensive care unit (ICU).*!

In response to stimulation by inflammatory
mediators, tight junction proteins are disrupted,
which leads to increased vascular permeability and
edema. In a clinical study, the occludin (OCLN)
and zonula occludens 1 (ZO)-1 levels were ele-
vated according to sepsis severity, demonstrating
a positive correlation with the acute physiology
and chronic health evaluation II (APACHE II)
score, Sequential Organ Failure Assessment
(SOFA) score, and lactate levels of the patients.'”
In fatal sepsis, the BBB impairment was associated
with a loss of cerebral endothelial expression of
OCLN.? The activation of glial cells gives rise to



a less robust interaction between astrocytes and
the neuronal unit, leading to low maintenance of
neuronal synapses. The activation of astrocytes
can cause these cells to release neurotoxins, caus-
ing the demyelination of oligodendrocytes, axonal
damage, and loss of neurons. Thus, the complex
pathophysiology of sepsis, triggered by infectious
and inflammatory processes, which include
a network of cytokines, chemokines, proteolytic
enzymes, oxidants, immune cells, microglia, and
astrocytes, can be a double-edged sword. It is
necessary to eliminate the invading pathogen;
still, on the other hand, the exacerbated immune
response causes damage to the BBB, which can be
the gateway to the cognitive sequelae in which the
surviving patients experience in the long-term.
For more details, see Figure 1.

Preclinical sepsis model and blood-brain barrier
dysfunction

Sepsis preclinical models have been used to study
the complex syndrome that affects the NVU and,
consequently, the BBB integrity. The gold standard
model to study sepsis is laparotomy surgery with
cecal ligation and puncture (CLP).>>** However,
there are other models, including colon ascendens
stent peritonitis (CASP).”” and intraperitoneal fecal
material administration.>® The inoculation of Gram
(-) bacteria LPS is an endotoxemia model that trig-
gers inflammation instead of an infection; also mice
are less sensitive to this endotoxin than humans.””
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The polymicrobial sepsis induced by CLP
demonstrated that the leukocyte-endothelium roll-
ing started at 6 hours on the BBB vessels. The
leukocyte interaction in the cerebral microvascula-
ture started at 6 hours and remained until 24 hours
after CLP surgery. Both mechanisms of leukocytes
rolling and interaction of this study were evaluated
by intravital microscopy. The sepsis group
increased the rolling and adhesion of leukocytes
in the brain microvasculature, followed by an
increase in brain myeloperoxidase (MPO) activity
and the BBB breakdown 24 hours after CLP
surgery.”® The proinflammatory cytokines, IL-1p,
TNF-a, and IL-6, had higher levels 24 hours after
CLP surgery concomitant with the BBB breakdown.
The IL-1p receptor antagonist (IL1ra) administered
after the CLP surgery prevents BBB integrity and
decreases the levels of TL-1p.>

Also, the MMP-2 and MMP-9 were detected in
the cortex and hippocampus microvessels at
12 hours after CLP surgery, and the MMP-2/
MMP-9 inhibitors treatment prevented the BBB
disruption. In this study, sepsis-induced by CLP
released MMP-2 and MMP-9 before the BBB
breakdown that occurred at 24 hours after the
surgery.*” The BBB integrity and tight junction
proteins were evaluated in mice after seven days
of the LPS administration. This study demonstrated
that LPS triggered BBB disruption and decreased
the expression of claudin-5 (CLDN)-5 and OCLN.
Also, administration of apocynin (5-aminoimida-
zole-4-carboxamide ribonucleotide) that has been
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Figure 1. Sepsis pathophysiology on the BBB. The BBB junctions have transmembrane proteins, such as claudin (CLND), occluding
(OCLN), and junctional adhesion molecules (JAMs) that interact with each other and seal the spaces that exist between neighboring
cells. Adherens junctions have vascular endothelial cadherin (VE-cadherin), which facilitates the adhesion of endothelial cells to each
other. The BBB assists in interacting with other glial cells including astrocytes end-foot protecting the CNS against the invasion of
pathogens, toxins, and inflammation. During sepsis, infection and the host immune response promote the release of inflammatory
molecules that can damage the vascular endothelium cells, interrupt tight junction proteins, and lead to BBB dysfunction, allowing
peripheral immune cells to enter the CNS by altering their homeostasis with consequent neuronal damage. CLDN: claudin; IL:
interleukin; JAM: junction adhesion molecule; MMPs: matrix metalloproteinases; OCLN: occludin; ROS: reactive oxygen species; TNF-
a: tumor necrosis factor-alpha; VE-cadherin: vascular endothelial-cadherin.
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used to upregulate the AMP-activated protein
kinase (AMPK) activity eliminated the ROS pro-
duction, prevented the BBB disruption and CLDN-
5 and OCLN reduction triggered by LPS
administration.*’ LPS stimulates leukocytes to pro-
duce proinflammatory cytokines that trigger
endothelial ROS production. Using LPS as a mice
endotoxic model, the researchers found a decrease
in sphingosine-1-phosphate (S1P) levels in the mice
blood, microvessels, and brain tissue. Also, they
found an increased expression of the SI1P receptor
type 1 and sphingosine kinase-1.

The researchers added LPS to primary mouse
brain microvascular endothelial cells (PMBME)
culture in the second experiment. The LPS did not
change the transendothelial electrical resistance of
the cells. However, when they added the serum of
LPS-treated mice to the PMBME culture, it trig-
gered a breakdown of the barrier compared to
serum from vehicle-treated mice.*” In this present
work, rats were subjected to the CLP surgery to
evaluate the cerebral blood flow using arterial spin
labeling and gray and white matter structure with
T2- and diffusion magnetic resonance imaging. The
CLP surgery triggered deficits in the righting reflex.
It resulted in higher T2-weighted contrast intensi-
ties in the cortex, striatum, and the brain’s base
decreased blood perfusion distribution to the cor-
tex. Increased water diffusion parallels the corpus
callosum fibers compared to sham surgery.*’ In this
study, the researchers demonstrated the effect of
anti-C5a complement protein on BBB integrity.
Using the CLP model, rats were treated with anti-
C5a antibody or placebo. The placebo CLP group
had a severe BBB dysfunction accompanied by
a significant upregulation of pituitary C5a receptor
and proinflammatory cytokine expression.**
Magnetic resonance imaging technique was used
to assess brain morphology and metabolism in the
CLP model. CLP mice group had an accumulation
of vasogenic edematic fluid at the brain’s base
observed in the T2-weighted image at 6 and
24 hours after surgery. The water apparent diffu-
sion coefficients in both hippocampus and cortex
were decreased, suggesting cytotoxic edema in the
brains of nonsurvival septic animals.*> This study
evaluated the effect of statin treatment to prevent
microvascular cell dysfunction and reduce neuroin-
flammation during sepsis. Experimental sepsis was

triggered by intraperitoneal injection of fecal mate-
rial in mice. The statin prevented long-term cogni-
tive impairment, reduced the brain lipid
peroxidation and myeloperoxidase levels. The sep-
tic group had a decreased functional capillary den-
sity, an augment of rolling and adhesion of
leukocytes on the vessels, and blood flow impair-
ment, which were reversed by treatment with
statins.*® In CLP survivors mice, the mesenchymal
stromal cell therapy prevented the BBB disruption,
decreased astrocyte activation and neuroinflamma-
tion, and improved cognition and behavior.*’

Brain tight junction protein biomarkers in sepsis

Sepsis triggers a peripheral inflammation and activa-
tion of the cerebral endothelium, promoting an
increase in the permeability of the BBB, and these
abnormalities result in the release of bloodstream
endothelial markers. The present study reported find-
ings from magnetic resonance imaging of the brain of
nine septic patients. The brain imaging was standard
in two patients. Two patients had multiple ischemic
strokes. Five patients had white matter lesions around
of Virchow-Robin space, ranging from numerous
small to diffuse lesions, and characterized by hyper-
intensity on fluid-attenuated inversion recovery
images. The white matter lesions worsened with
increasing duration of shock and were correlated
with Glasgow Outcome Score. This study demon-
strated that sepsis triggers brain lesions predominated
in the white matter, suggesting increased BBB perme-
ability and poor outcome."

The proteins or peptides are biomarkers of
endothelial cells damage and BBB disruption and
maybe a helpful tool to predict mortality, multiple
organ dysfunction syndromes (MODS), SOFA, and
identify the sepsis-associated encephalopathy (SAE)
patients.'”*** In an observational study, the research-
ers investigated if plasma levels of OCLN, CLDN-5,
and ZO-1 could predict sepsis’s severity and clinical
outcome. The OCLN, CLDN-5, and ZO-1 levels were
evaluated in the blood of 51 septic patients. The OCLN
and ZO-1 had higher levels in patients with severe
sepsis and septic shock than sepsis; OCLN and ZO-1
had higher levels in the septic shock than severe sepsis.
The OCLN plasma levels correlated positively with the
severity of sepsis. The OCLN had an area under the
curve (AUC) of 0.773 to predict mortality. The ZO-1



plasma levels correlated positively with the SOFA and
APACHE II scores. The ZO-1 had an AUC of 0.748 to
diagnose MODS and an AUC of 0.856 to predict
mortality. The study demonstrated that OCLN and
Z0-1 could be used as a biomarker in early prognosis
in patients suffering from sepsis.'” A prospective
cohort study investigated the endothelial vascular
reactivity to predict prolonged acute brain dysfunc-
tion, BBB injury, and delirium duration during critical
illness. The plasma levels of plasminogen activator
inhibitor-1 (PAI-1), E-selectin, Ang-2, and calcium-
binding protein B (S100B) were evaluated. Among 134
included patients, delirium occurred in 94 patients.
The high levels of PAI-1, E-selectin, and S100B were
associated with fewer delirium/coma-free days. Also,
high levels of PAI-1 and S100B concentrations were
associated with longer delirium duration in
survivors.”” A prospective, observational study was
organized to investigate the association of soluble fms-
like tyrosine kinase 1 (sFlt-1), soluble E-selectin (sE-
Selectin), soluble intercellular adhesion molecule 1
(SICAM-1), soluble vascular cell adhesion molecule-
1 (sVCAM-1), and PAI-1 plasma levels of septic
patients with organ dysfunction and in-hospital mor-
tality. One hundred sixty-six patients were enrolled in
a study, including 63 with sepsis, 61 with severe sepsis,
and 42 with septic shock. The endothelial biomarkers
included in this study had a positive correlation with
sepsis severity. The sFlt-1 had the strongest association
with SOFA score; also, the sFlt-1 and PAI-1 had the
highest area under the operating receiver characteris-
tic curve for mortality of 0.87. This multicenter study
concluded that endothelial biomarker, sFlt-1, PAI-1,
sSICAM-1, and sVCAM-1 were associated with dys-
function of an organ, severity of sepsis, and mortality
in patients with sepsis.” Plasma levels of endothelial
markers, including Ang-1, Ang-2, sVCAM-1, and
inflammatory markers were evaluated in 943 critically
ill patients that had systemic inflammatory response
syndrome (SIRS) to investigate associations between
each marker and 28-day mortality, shock, and SOFA
score. Higher levels of all biomarkers were associated
with increased 28-day mortality, but Ang-1 was asso-
ciated with lower mortality. Ang-1 was higher in sur-
vivors, 5719 pg/ml versus non-survivors, 2504 pg/ml,
while Ang-2 was lower in survivors, 11934 pg/ml,
versus non-survivors, 42063 pg/ml. sVCAM-1 was
also lower in survivors, 536 pg/ml versus non-
survivors, 819 pg/mlL>' Syndecan-1 is a structural
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component of the endothelium. Antithrombin, PAI-
1, syndecan-1, VCAM-1, E-selectin, IL-1p, IL-6, IL-8,
high mobility group box 1 (HMGB-1), histone-H3
were evaluated in 39 septic patients, and 15 healthy
controls. Syndecan-1 levels were increased in the sep-
tic patients compared with the healthy controls.
Deceased patients had higher syndecan-1 levels com-
pared with survivors™ patients. On day one in ICU
were found significant correlations between synde-
can-1 levels, APACHE II score, and SOFA score.
The disseminated intravascular coagulation (DIC),
hemostatic markers, IL-1B, IL-8, and PAI-1, were
positively correlated with syndecan-1 levels. Also, syn-
decan-1 levels predicted mortality.>*

The biomarker, S100B in serum, is a maker that
can reflect the BBB disruption, glial cells injury, and
activation. S100B also is a vital maker to evaluate
brain injury severity and predict the outcomes of
stroke, traumatic brain injury, encephalopathy, and
delirium.” A prospective cohort study included
104 adult patients with sepsis, 59 SAE patients, 45
non-SAE patients, and evaluated serum S100B on
days 1 and 3 after ICU admission. The SAE group
presented day 1 of 0.226 ug/l and day 3 of 0.144 pg/1
of S100B levels. The AUC for S100B on day 3 for
predicting 180-day mortality was more extensive
than for S100B on day 1 (0.731 vs. 0.611).>*
A total of 22 patients with septic shock were
included in an observational study. Delirium was
present in 10 of 22 patients, and the serum S100p
levels had a cutoft of 0.15 pg/l in 59.1% of the
patients. The cases with an S100p > 0.15 pg/l had
an odds ratio of 18 for the risk of developing delir-
ium. Patients who had delirium presented higher
plasma levels of IL-6, 138.3 pg/ml, compared to
those without delirium, 53.6 pg/ml. Also, S100 f
and IL-6 levels presented a positive correlation.>

A case series study evaluated 47-brain tissue
samples from patients deceased by sepsis. Thirty-
eight percent of patients did not present the OCLN
expression in the endothelium of cerebral micro-
vessels; moreover, 34% of the patients before death
had multiple organ failure, and 74.5% of the
patients had septic shock. The patients deceased
by sepsis that had a BBB damage also had a higher
SOFA score and high levels of procalcitonin in the
bloodstream during their stay in the ICU. CLDN-5
and ZO-1 staining were absent from the endothelial
cells, and the endothelial OCLN expression in the
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telencephalon was present in 62% of cases and in
the cerebellum in only 32% of patients samples. In
this study, the BBB damage was associated with
elevated systemic inflammation and organ
dysfunction.>® For more details, see Table 1.

Conclusion

Sepsis is a life-threatening organ dysfunction trig-
gered by an imbalance of the host immune response
to eliminate the infection. Recent studies have sug-
gested the importance of evaluating tight-junction
markers and identify patients with a possible BBB
injury. Also, several soluble tight junction proteins
biomarkers presented prognostic values for in-
hospital mortality. They were associated with SOFA
score, identified MODS, and SAE, demonstrating the
high importance of these biomarkers. The endothelial
cells and BBB biomarkers should include in the rou-
tine of sepsis patients admitted to the ICU.
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