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Abstract

Background: Neuroinflammation often develops in sepsis along with increasing permeability of the blood-brain
barrier (BBB), which leads to septic encephalopathy. The barrier is formed by tight junction structures between the
cerebral endothelial cells. We investigated the expression of tight junction proteins related to endothelial
permeability in brain autopsy specimens in critically ill patients deceased with sepsis and analyzed the relationship
of BBB damage with measures of systemic inflammation and systemic organ dysfunction.

Methods: The case series included all (385) adult patients deceased due to sepsis in the years 2007–2015 with
available brain specimens taken at autopsy. Specimens were categorized according to anatomical location
(cerebrum, cerebellum). The immunohistochemical stainings were performed for occludin, ZO-1, and claudin.
Patients were categorized as having BBB damage if there was no expression of occludin in the endothelium of
cerebral microvessels.

Results: Brain tissue samples were available in 47 autopsies, of which 38% (18/47) had no expression of occludin in
the endothelium of cerebral microvessels, 34% (16/47) developed multiple organ failure before death, and 74.5%
(35/47) had septic shock.
The deceased with BBB damage had higher maximum SOFA scores (16 vs. 14, p = 0.04) and more often had
procalcitonin levels above 10 μg/L (56% vs. 28%, p = 0.045) during their ICU stay. BBB damage in the cerebellum
was more common in cases with C-reactive protein (CRP) above 100 mg/L as compared with CRP less than 100
(69% vs. 25%, p = 0.025).

Conclusions: In fatal sepsis, damaged BBB defined as a loss of cerebral endothelial expression of occludin is related
with severe organ dysfunction and systemic inflammation.
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Introduction
Sepsis is a life-threatening organ dysfunction caused by
a dysregulated host response to an infection [1]. It is a
common cause of death among critically ill patients.
Sepsis is associated with widespread endothelial cell
damage from uncontrolled inflammation and leads to
multiorgan failure. It has been suggested that neuroin-
flammation develops in sepsis along with an activation
of the cerebral endothelium, an increase in the perme-
ability of the blood-brain barrier (BBB) and a promotion
of neutrophil infiltration; all these abnormalities result in
brain dysfunction [2, 3]. Subsequent septic encephalop-
athy is associated with a further breakdown of the
blood-brain barrier [4] and manifests clinically as an al-
tered mental status and disturbed consciousness, and
leads to increased mortality as well as long-term cogni-
tive dysfunction in survivors [5].
The blood-brain barrier (BBB) is a structural and bio-

chemical barrier that regulates the entry of molecules
from the plasma into the brain and preserves ionic
homeostasis within the brain [6]. The functionally im-
portant part of the barrier is formed by tight junction
(TJ) structures between the endothelial cells. TJs are
composed of—among other proteins—occludin, claudin-
5, and ZO-1, which are all present in human brain endo-
thelial cells [7]. Several endogenous and exogenous sub-
stances, such as proinflammatory cytokines, reactive
oxygen species, and bacterial toxins increase the perme-
ability of TJs. Most of the studies thus far have been
based on animal data and in vitro cell culture methods
[8, 9], and there are only a limited number of human
studies on BBB dysfunction in sepsis and association of
the dysfunction with clinical features such as systemic
level inflammation. Previous clinical research on the
pathophysiology of septic encephalopathy has revealed
cytotoxic or vasogenic edema as the most consistently
reported MRI change in septic encephalopathy [10, 11].
Postmortem human studies have revealed mainly ische-
mic lesions and diffuse neuroaxonal injury [12], and—in
a limited series of three cases—chemokine and cytokine
expression has been shown to be upregulated [13].
To gain more insight into the pathophysiology of brain

dysfunction in human sepsis, we investigated the expres-
sion of proteins related to endothelial permeability in
brain autopsy specimens in critically ill patients deceased
with sepsis. Our hypothesis was that sepsis induces
downregulation of tight junction proteins leading to BBB
damage and that alterations in these proteins are related
to the severity of sepsis and systemic inflammation.

Material and methods
Patients
The study was approved by the ethics committee of the
Oulu University Hospital and the Northern Ostrobothnia

Hospital District (224/2013). The use of brain tissue sam-
ples obtained in the autopsy was approved by the National
Institute for Health and Welfare (BB_2017_1003). This
retrospective observational cohort study was conducted at
the Oulu University Hospital, Oulu, Finland, an academic
tertiary level referral hospital. Adult patients deceased
with sepsis who underwent postmortem examination dur-
ing the years 2007–2015 and had brain tissue specimens
available were included in the study. Medical non-forensic
autopsies are performed if antemortem data or clinical
examination does not provide the clinician enough infor-
mation to issue a death certificate and to better under-
stand the disease course, or in cases in which the next of
kin request it. The final decision is made at the discretion
of the treating physician. All patients were treated by a
multidisciplinary team of intensivists and infectious dis-
ease specialists in our 26 beds, closed adult intensive care
unit. Sepsis was defined according to the American Col-
lege of Chest Physicians/Society of Critical care medicine
criteria [14]. The intensive care treatment was performed
according to normal intensive care unit (ICU) protocols
and sepsis guidelines.

Clinical data collection
Clinical parameters were gathered from the ICU clinical
data management system database (Centricity Critical
Care, Clinisoft; GE Healthcare, Helsinki, Finland). On
admission, the severity of illness was determined by the
Acute Physiology and Chronic Health (APACHE II)
score [15], and daily total and individual organ group se-
quential organ failure assessment score (SOFA) was used
as a measure of organ dysfunction [16]. The Glasgow
Coma Score (GCS) was employed for assessing the im-
pairment of patients’ level of consciousness [17]. The
presence of multi-organ failure (MOF) during the ICU
treatment was defined as more than two organs failing
based on grade 3 or 4 sequential organ failure assess-
ment [16]. Data regarding age, sex, time to death, focus
of infection, and blood culture positivity were collected.
Procalcitonin (PCT) on admission and its highest value,
as well as white blood cell count were retrieved. Clinical
laboratory samples were analyzed by commercially
available laboratory methods in the hospital accredited
central laboratory (NordLab, Oulu University Hospital,
Oulu, Finland).

Immunohistochemical stainings
The median time from the death to autopsy was 5 (3–6)
days. At the autopsy, brain specimens were routinely
collected, usually from a least two anatomical locations.
A systematic neuropathological examination was per-
formed when the pathologist in charge considered it ne-
cessary or by request of the clinician, for example, in
cases when the patient had neurological symptoms. For
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each deceased subject, brain tissue specimens were cate-
gorized according to anatomical location (cerebrum,
cerebellum), and one representative tissue block from
each location was selected for the study. The exact loca-
tion of the specimens had not been registered in all
cases, but according to the suggested sampling routine
of our hospital, likely followed in most cases, cerebral
samples represented the precentral gyrus, and the cere-
bellar samples the lateral aspect of either hemisphere.
The immunohistochemical stainings were performed in
accordance with the manufacturer’s recommendation,
and a set of samples was used to optimize the dilution of
primary antibodies. We used the following antibodies
and conditions: (1) human occludin (rabbit polyclonal,
catalog no: 711500, Invitrogen, Frederick, MD, USA),
with pretreatment using pronase, at a dilution of 1:800,
incubation at room temperature (RT) 60min; (2) ZO-1
(rabbit polyclonal; Zymed, cat no: 61-7300, Carlsbad CA,
USA), pretreatment with 15 min boiling in a TRIS-
EDTA buffer, dilution at 1:400, incubation for 60 min at
RT); and (3) claudin-5 (mouse monoclonal, clone
4C3C2, Zymed), pretreatment with TRIS-EDTA, dilu-
tion at 1:50, incubation for 60 min at RT. For all anti-
bodies, the detection was performed with a polymer-
based kit (Envision, Dako, Copenhagen, Denmark). Di-
aminobenzidine (Dako basic DAB-kit, Dako) was used as
a chromogen. All stainings were performed with the
Dako Autostainer (Dako, Copenhagen, Denmark). Valid-
ation of our immunohistochemical analysis was per-
formed through a series of negative controls by omitting
the primary antibody.

Evaluation of immunohistochemical stainings
Stained sections were digitized (Leica-Aperio AT2; Leica
Biosystems, Nussloch, Germany) and assessed using the
Aperio ImageScope program independently by two re-
searchers (KE and ME) supervised by an experienced
neuropathologist (HT), all blinded for the clinical and
outcome data. Endothelial cells of the capillaries were
analyzed for each anatomic location. Expression was
considered positive if 50% or more showed a positive re-
action of any degree and were negative in the absence of
any staining or if less than 50% showed a positive
reaction.

Detection of BBB dysfunction
Occludin is the key tight junction (TJ) protein in cere-
bral endothelial cells which modulates blood-brain bar-
rier (BBB) functions and maintains TJ stability, and
accordingly, patients were categorized as having BBB
damage if there was no expression of occludin in the
endothelium of the cerebral microvessels [18, 19].

Outcome variables
The associations of an absence of occludin to the sever-
ity of illness were evaluated by comparison with the
maximum SOFA score recorded during the ICU stay, an
increase of PCT to > 10 μg/L and CRP to > 100 mg/L.
The cut-off point for CRP as a marker of inflammation
was chosen according to Falk et al. [20]. The cutoff value
for PCT > 10 μg/L was used as a marker of organ dys-
function in sepsis [21].

Statistical analysis
Statistical analyses were performed with SPSS for Win-
dows (2017 release, Version 25; IBM Corporation,
Armonk, NY, USA). Data are expressed as the percent-
age of stained cells as median (25–75th percentile) in
continuous variables. Categorical data were analyzed
with Fisher’s exact test. Mann-Whitney U test was ap-
plied to distributions across the two groups. Spearman’s
correlation coefficient (rho) was calculated. Two-sided p
values are presented and a p < 0.05 was considered sta-
tistically significant. However, the level of statistical sig-
nificance should be treated with caution, given the large
number of statistical tests performed.

Results
During the study period from 2007 to 2015, 105 patients
deceased due to sepsis had autopsies. Brain tissue sam-
ples were available in 47 autopsies (Fig. 1). Specimens
from the cerebrum were available in 47 subjects (100%),
and from the cerebellum in 32 subjects (68%). The main
macroscopic pathological findings were cerebral oedema
(8.5%), meningioma (2%), cerebral infarctions (4.2%),
intracranial hemorrhages (4.2%), cerebral arteriosclerosis
(6.3%), leukemic lesion (2%), and encephalitic oedema
(2%).
All other macroscopic examples were normal. The me-

dian age on admission was 63 years (56–69), 34% (16/
47) developed multiple organ failure before death. All
patients with MOF also had septic shock. Seventy-five
percent (35/47) had a septic shock while 26 (55%) re-
ceived corticosteroids for vasopressor-resistant shock.
The median time to death was 1.2 days (0.6–6.9)
(Table 1).
Of the entire group of patients, 22 (47%) had a positive

blood culture; 13 (28%) with a gram-positive bacteria
(Streptococcus pneumoniae, n = 3; Staph aureus, n = 2;
Streptococcus betahemolyticus, n = 3; Coagulase negative
staphylococci, n = 3; Enterococcus, n = 2), and 9 (19%)
with gram-negative bacteria (E. coli, n = 3; Klebsiella
pneumoniea, n = 2; Pseudomonas aeroginosa, n = 2; En-
terobacter aerogenes, n = 1; Capnocytophaga canimorsus,
n = 1). In addition, one patient had an anaerobic bacter-
ium (Clostridium septicum) (Table 2). Antimicrobial
treatment was directed according to microbiological
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findings. The foci of infections were as follows: lungs
40%, abdomen 23%, soft tissue 6%, urinary 2%, and pri-
mary septichemia 28%. Two of the patients (4%) also
had a central nervous system infection (Streptococcus
pneumoniae, n = 1, Capnocytophaga canimorsus, n = 1).
There were no differences in the frequencies of the foci
of infections between those with BBB damage and those
without.
A systematic evaluation of the tight junction protein

expression in brain samples indicated that there was a
distinct variation between the cases (Table 3). Occludin

expression (Fig. 2) in the endothelium of the cerebral
microvessels was missing in 38% (18/47) of samples.
Positive ZO-1 staining was practically absent from the
endothelial cells (Fig. 3). Claudin-5 was similarly absent
from the endothelium. Cerebrum endothelial occludin
expression was present in 62% of cases, and in the cere-
bellum in 32% of cases.
After our systematic evaluation, we assessed the rela-

tionship between tight junction protein expression and
clinical findings. A high blood CRP (> 100 mg/L) was as-
sociated with an absence of occludin expression in

Table 1 Demographic data and clinical features

Parameter All, N = 47 BBB damage, N = 18 No BBB damage, N = 29 p

Age, years, median (percentiles) 62.5 (56–69) 61 (56–69) 63 (60–69.50) 0.7

Sex (male/female) 34/13 14/4 20/9 0.73

APACHE II, admission, median (percentiles) 24 (18–30) 27 (22–31) 24 (17–29) 0.16

SOFA score, admission, median (percentiles) 11 (7–14) 11 (8–15) 11 (7–14) 0.47

SOFA score, maximum, median (percentiles) 15 (12–17) 16.5 (15–20) 14 (11–15.5) 0.04

GCS admission, median (percentiles) 15 (6–15) 15 (8–15) 14 (6–15) 0.8

GCS less than 13, n (%) 22 (47%) 9 (50%) 12 (42%) 0.48

Operated, n (%) 10 (21.3%) 2 (11.1%) 8 (27.6%) 0.27

Intra-abdominal surgery, n (%) 7 (14.9%) 2 (11.1%) 5 (17.2%) 0.7

LOS (days), median (percentiles) 1.2 (0.6–6.9) 2.3 (0.96–9.14) 0.79 (0.4–6.72) 0.228

Septic shock, n (%) 35 (74.5%) 14 (78%) 21 (75%) 0.74

Multiple organ failure, n (%) 16 (34%) 6 (12.7%) 10 (55.6%) 0.9

Received MV, n (%) 41 (88%) 17 (95%) 24 (83%) 0.384

Received ARRT, n (%) 25 (53%) 13 (72%) 12 (42%) 0.07

*P value calculated using Fisher’s exact test
APACHE II Acute Physiology and Chronic Health Evaluation II, ARRT acute renal replacement therapy, ICU intensive care unit, LOS length of stay, SAPS II Simplified
Acute Physiology Score, SOFA Sequential Organ Failure Assessment score, MV mechanical ventilation, GCS Glasgow Coma Scale

Fig. 1 Patients inclusion and exclusion criteria
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cerebellar endothelium as compared to low CRP (< 100
mg/L; 69% vs. 25%; p = 0.025). Similarly, high blood PCT
(> 10 μg/L) was associated with an absence of occludin
expression in cerebral endothelial cells as compared to
lower PCT (< 10 μg/L; 56% vs 26%, p = 0.045).
In cases with BBB damage (absent occludin in cere-

bral endothelium), the maximum SOFA score and
percentage of patients with PCT levels above 10 μg/L
were higher than in those without BBB damage
(Table 2).

Discussion
There is experimental evidence that damage to the
BBB involving intercellular junctions of the endothe-
lial cells is an essential stage in the development of
septic encephalopathy, but there is only scanty and
indirect human data supporting this concept. To our
knowledge, this is the first study describing immuno-
histochemical findings of TJ expression in clinical hu-
man autopsy specimens in sepsis. Interestingly, the
high organ failure scores and biomarkers of systemic
inflammation were associated with a loss of TJ pro-
tein expression. These findings support the role of

BBB damage involving TJs in human sepsis. Our
results bring new insight to the pathophysiology of
sepsis-related brain dysfunction, highlighting the
occurrence of variable responses in different brain
regions and different types of cells and levels of
markers of the severity of illness.
In our series, in cases with a CRP level above 100

mg/L, the proportion of occludin-negative samples
was higher in the cerebellar endothelium. It has re-
cently been presented that the neuroinflammatory
cascade has been strongly linked to elevated levels of
pro-inflammatory cytokines which can lead to dys-
regulated BBB permeability [22, 23]. According to
mice studies, one of the main mechanisms is the pro-
inflammatory status, which causes the activation and
dysfunction of cerebrovascular endothelial cells [23,
24]. Proinflammatory cytokines are important media-
tors for inducing the C-reactive protein response [25].
Occludin is a key tight junction protein in cerebral

endothelial cells and plays an important role in modulat-
ing blood-brain barrier (BBB) functions. In our series,
the absence of occludin in cerebral microvascular endo-
thelia was related to a more severe disease and a higher

Table 2 Microbiology and systemic inflammation markers

Parameter All, N = 47 BBB damage, N = 18 No BBB damage, N = 29 p

The highest PCT > 10 on stay, n (%) 18 (38.3%) 10 (56%) 8 (27.6%) 0.045

The highest CRP > 100 on stay, n (%) 23 (49%) 10 (56%) 13 (45%) 0.47

CRP on admission, median (percentiles) 104 (34–161) 105.5 (35–154) 76 (26–206) 0.9

PCT on admission, median (percentiles) 1625 (0.28–28.5) 3.3 (1.3–35.9) 0.8 (0–20.4) 0.7

Leuc on admission, median (percentiles) 11.1 (3.5–15.3) 14.1 (6.3–19.2) 10 (3.5–15) 0.23

Blood culture positive, n (%) 22 (47%) 9 (50%) 13 (45%) 0.7

Gram positive, n (%) 13 (28%) 5 (28%) 8 (28%) 0.7

Gram negative, n (%) 9 (19%) 4 (22%) 5 (17%) 0.7

Received corticosteroid, n (%) 26 (55%) 9 (50%) 17 (58.6%) 0.53

*P value calculated using Fisher’s exact test
CRP C-reactive protein, PCT procalcitonin, Leuc leukocytes

Table 3 Absence (% of cases) of claudin-5 and ZO-1 expression in different brain anatomical area and presence or absence of BBB
damage

Area All, N = 47 BBB damage, N = 18 No BBB damage, N = 29 p

Cerebrum

ZO1

Endothelium 1 (2.1%) 1 (5.6%) 0 (0%) 0.383

Claudin-5

Endothelium 2 (4.3%) 1 (5.6%) 1 (3.5%) > 0.9

Cerebellum

ZO1

Endothelium 0 (0%) 0 (0%) 0 (0%) NA

Claudin-5

Endothelium 0 (0%) 0 (0%) 0 (0%) NA
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level in the inflammatory response. These findings are in
good agreement with findings from rodent studies. In a
rat model, cerebral ischemia induced an increase of
blood occludin with a loss of occludin from ischemic
cerebral microvessels and BBB damage [26]. Further-
more, in an in vitro human cerebral endothelial cell
model, pro-inflammatory cytokines and endotoxin re-
sulted in a significant decrease in the expression of
occludin [27]. Similarly, human cerebral microvascular
endothelial cells in vitro exposed to endotoxin decreased
levels of occludin and ZO-1 [28].
In our series, the expression of claudin 5 was only

present in 4% of the cerebral endothelial samples. In an
in vitro study, the endotoxin exposure of human brain
microvascular endothelial cells increased the permeabil-
ity of the BBB with lowered expression levels of occludin
and claudin-5 [29].

Clinical significance
Our study stresses the importance of BBB damage in
sepsis. The results of the present study support those re-
ported in experimental studies, but also new findings of
clinical associations were found. Our findings suggest
that analyzing of blood occludin concentration might
serve as a biomarker in human sepsis for the detection
of BBB damage, as already shown in a rat study with
cerebral arterial occlusion [30]. We have earlier shown
that delirium in septic shock was associated with an ele-
vation in protein S-100β expression [31]. Modulating
BBB function may also offer new treatment possibilities
for preventing brain dysfunction. For example, an
in vitro model of human BBB composed of brain micro-
vascular endothelial cells showed that anti-TNF-α anti-
body improved the upregulation of tight junction
protein expressions following oxidative stress [32].

Limitations
The collection of multiple brain samples was not stan-
dardized as the autopsies were performed when judged
to be clinically pertinent. It is possible that the autopsies
were only performed in the deceased with whom there
were diagnostic difficulties during their ICU stay. More-
over, at the time of their death, the patients were at dif-
ferent stages of inflammation. Due to the retrospective
study design, we were not able to include focused data
on the brain function during the ICU stay including
EEG or MRI of the brain. Further studies with compari-
son to non-septic patients are needed to explore the link
between sepsis and TJ proteins.

Conclusions
Patients with damaged BBB defined as a missing cerebral
endothelial expression of occludin developed more se-
vere organ dysfunctions and more severe inflammation.
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