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Cortistatin deficiency reveals a dysfunctional ===

brain endothelium with impaired gene
pathways, exacerbated immune activation,
and disrupted barrier integrity
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Abstract

Background Brain activity governing cognition and behaviour depends on the fine-tuned microenvironment pro-
vided by a tightly controlled blood-brain barrier (BBB). Brain endothelium dysfunction is a hallmark of BBB breakdown
in most neurodegenerative/neuroinflammatory disorders. Therefore, the identification of new endogenous molecules
involved in endothelial cell disruption is essential to better understand BBB dynamics. Cortistatin is a neuroimmune
mediator with anti-inflammatory and neuroprotective properties that exerts beneficial effects on the peripheral
endothelium. However, its role in the healthy and injured brain endothelium remains to be evaluated. Herein, this
study aimed to investigate the potential function of endogenous and therapeutic cortistatin in regulating brain
endothelium dysfunction in a neuroinflammatory/neurodegenerative environment.

Methods Wild-type and cortistatin-deficient murine brain endothelium and human cells were used for an in vitro
barrier model, where a simulated ischemia-like environment was mimicked. Endothelial permeability, junction
integrity, and immune response in the presence and absence of cortistatin were evaluated using different size tracers,
immunofluorescence labelling, gPCR, and ELISA. Cortistatin molecular mechanisms underlying brain endothelium
dynamics were assessed by RNA-sequencing analysis. Cortistatin role in BBB leakage was evaluated in adult mice
injected with LPS.

Results The endogenous lack of cortistatin predisposes endothelium weakening with increased permeability, tight-
junctions breakdown, and dysregulated immune activity. We demonstrated that both damaged and uninjured brain
endothelial cells isolated from cortistatin-deficient mice, present a dysregulated and/or deactivated genetic program-
ming. These pathways, related to basic physiology but also crucial for the repair after damage (e.g., extracellular matrix
remodelling, angiogenesis, response to oxygen, signalling, and metabolites transport), are dysfunctional and make
brain endothelial barrier lacking cortistatin non-responsive to any further injury. Treatment with cortistatin reversed

in vitro hyperpermeability, tight-junctions disruption, inflammatory response, and reduced in vivo BBB leakage.
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Conclusions The neuropeptide cortistatin has a key role in the physiology of the cerebral microvasculature and its
presence is crucial to develop a canonical balanced response to damage. The reparative effects of cortistatin

in the brain endothelium were accompanied by the modulation of the immune function and the rescue of barrier
integrity. Cortistatin-based therapies could emerge as a novel pleiotropic strategy to ameliorate neuroinflammatory/

neurodegenerative disorders with disrupted BBB.

Keywords Blood-brain barrier, Cortistatin, Tight-junctions, Brain endothelium transcriptome, Oxygen—glucose

deprivation, Ischemia, Endothelial immune activation

Introduction
The blood—brain barrier (BBB) is a highly dynamic inter-
face between the central nervous system (CNS) and the
peripheral circulation [1]. BBB is comprised of brain
endothelial cells (BECs) surrounded by astrocyte end-feet
and pericytes, all of them embedded in an extracellular
matrix network [2]. The function of the BBB is intricately
controlled as it provides a tight regulation of ions and
nutrient influx, restricts the transport of harmful agents,
and selectively limits the traffic of immune cells and
inflammatory mediators [1]. Brain endothelial cells show
unique features compared to other endothelial peripheral
cells that allow this fine regulation. Among them, it is the
presence of tight-junction (TJ) and adherens-junction
(AJ) proteins, which attach adjacent endothelial cells and
connect to cytoskeletal proteins, such as actin, thereby
maintaining the structural integrity of the endothe-
lium [3]. In addition, endothelial cells exhibit a low rate
of pinocytosis, present several transporters that facili-
tate nutrient uptake and waste elimination, and express
low levels of leukocyte adhesion molecules [1]. BBB
disruption is a key feature of most neuroinflammatory/
neurodegenerative disorders, such as Parkinson’s and
Alzheimer’s disease, or brain ischemia. This provokes
an imbalance in the transport of and/or permeability to
proteins, inflammatory cells, or pathogens, leading to
brain homeostasis failure, glial activation, and neuronal
dysfunction [4]. Importantly, BECs dysfunction is suf-
ficient to promote BBB breakdown, and this is mainly
attributed to the loss of junction integrity [3]. Therefore,
the identification of new endogenous molecules that tar-
get endothelial cell dysfunction seems essential to better
understand and promote BBB stability and maintenance.
Cortistatin is a cyclic neuropeptide first discovered in
the brain cortex and hippocampus but widely distrib-
uted in the immune system [5, 6]. Highly homologous to
somatostatin (SST), cortistatin can bind to somatostatin
receptors (SSTR1-5) sharing functional properties with
SST. However, cortistatin displays unique functions in
the nervous system and peripheral tissues [7, 8] by inter-
acting with other receptors different from those of SST,
including the ghrelin receptor (GHSR1a), the Mas gene-
related receptor X-2 (MRGPRX2), and a still unidentified

cortistatin-selective receptor. In fact, cortistatin has been
described as a potent anti-inflammatory molecule that
protects against the development and progression of sev-
eral inflammatory and autoimmune disorders (reviewed
in [5]). Specifically, multiple studies have reported that
cortistatin treatment exerts immunomodulatory and
neuroprotective effects in models of neuroinflamma-
tory/neuroimmune injury, such as excitotoxicity [9],
meningoencephalitis [10], multiple sclerosis [11], or
neuropathic pain [12]. In all of them, cortistatin reduced
inflammatory mediators and modulated glial cell func-
tion while maintaining their tissue-surveillance activities.
Interestingly, the lack of cortistatin has been reported to
cause an exacerbated pro-inflammatory basal state in the
CNS and periphery, accompanied by decreased expres-
sion of neurotrophic factors [5, 11]. Moreover, cortistatin
plays a key role in peripheral vascular function, as it has
been shown that the arterial endothelium expresses cor-
tistatin and its receptors, especially in response to injury,
and that cortistatin impairs the binding of immune cells
to the peripheral endothelium [13-15].

Hence, the anti-inflammatory, immunomodulatory,
and neuroprotective properties of cortistatin, together
with its critical function in the dynamics and activation
of immune cell populations in the periphery and in the
glial niche, highlight the key role of cortistatin in brain-
injury disorders. Taking into account the relevance of the
brain barrier for CNS homeostasis and the protective
properties of cortistatin in the peripheral endothelium,
an effect of cortistatin in regulating BBB physiology and
its breakdown would be expected. However, nothing is
known about the role of this neuropeptide in either the
brain endothelium or the integrity of the BBB. There-
fore, in this study we aimed to investigate the potential
function of cortistatin in regulating brain endothelium
dysfunction in a neuroinflammatory/neurodegenera-
tive environment and to elucidate the relevance of the
absence of cortistatin in BBB dynamics.

Materials and methods

Animals

All procedures described in this study were approved
by the Animal Care and Use Board and the Ethical
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Committee of the Spanish National Research Council
(Animal Care Unit Committee IPBLN-CSIC # protocol
CEEA OCT/2017.EGR), in accordance with the guide-
lines from Directive 2010/63/EU of the European Par-
liament on the protection of animals used for scientific
purposes. Transgenic mice lacking the cortistatin gene
(Cort™'7) were a kind gift from Dr. Luis de Lecea (Stan-
ford University, La Jolla, CA, USA). They were gener-
ated and also maintained as hemizygotes (Cort™'") in a
C57BL/6] background as previously described [7, 12] and
in Additional file 1.

Cell culture

Preparation of b.End5 cells

The mouse brain endothelioma cell line b.End5 (Sigma-
Aldrich, #96091930) was used as a BBB in vitro model
[16]. b.End5 cells were incubated as reported in Addi-
tional file 1. Before procedures, adherent cells were rinsed
in 1Xxphosphate buffer solution (PBS) and detached by
adding 0.1% trypsin—EDTA, followed by the addition of
an equal volume of fresh medium. The cell suspensions
were centrifuged for 5 min at 150 rcf. The supernatant
was then removed and cells were resuspended in fresh
medium, counted, and allowed to grow at 37 °C and 5%
CO, in a humidified incubator.

Isolation of mouse brain endothelial cells (BECs)

To isolate endothelial cells (ECs) from mouse brain
microvasculature, we followed a dissociation protocol
[17] with some modifications. Additional details can be
found in Additional file 1. Prior to cell seeding for experi-
ments, adherent BECs were trypsinized (0.05% trypsin—
EDTA), centrifuged for 5 min at 290 rcf, and brought to
suspension as described above for b.End5 cells.

Human BBB model

A human BBB model was generated by differentiat-
ing cord blood-derived hematopoietic cells into ECs,
followed by the induction of BBB properties by co-
culturing them with pericytes (see Additional file 1), as
previously described [18]. After 6-8 days of co-culture,
ECs acquired BBB properties (therefore, named human
brain-like endothelial cells, hBLECs), and were used in
permeability assays.

Brain endothelium barrier model

To establish the brain endothelium barrier model, mouse
ECs (b.End5, BECs) (5x10* cells/well) were seeded on
the top of a PET transwell insert (0.33 cm? 8 um pore
size, Corning) previously coated with rat collagen-I
(50 pg/ml) and fibronectin (20 pg/ml, Invitrogen). For
hBLECsS, inserts with cells from co-cultures were placed
into new wells without pericytes. Cells were grown to
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confluence in their respective culture media. We con-
sidered that endothelial cell barrier integrity in murine
monocultures was established when the transendothelial
electrical resistance (EVOM? Epithelial Voltohmmeter,
World Precision Instruments) was above 200 QO X cm?
TEER measurements under NX/NG conditions were
evaluated in random transwells from each assay prior
to any experimental procedure for b.End5 (550+25.17
Q x cm?), BECs isolated from Cort** (585.7+22.15
Q x cm?), Cort™’~ (505.5+27.78 Q X cm?), and Cort™'~
(525+25.28 Q X cm?) mice. Human barrier integrity was
also evaluated by measuring the permeability of Luci-
fer yellow (Pc<15-10° cm/s) as described below and
detailed in Additional file 1.

Establishment of brain injury-like conditions

Mouse ECs were exposed to bacterial lipopolysaccha-
ride (LPS) inflammation, glucose deprivation (GD), or
oxygen—glucose deprivation and reoxygenation (OGD-
R), while hBLECs were incubated in a hypoxic environ-
ment as well as in OGD-R conditions. For inflammatory
damage, LPS from E. coli 055:B5 (10 pug/ml, Sigma) was
added to the cells for 24 h. For GD conditions, b.End5
were washed twice and placed in glucose and serum-free
b.End5 culture medium for 24 h. For OGD-R, mouse cells
were placed in their respective glucose and serum-free
culture media and incubated in a sealed hypoxic work-
station (1% O,, 94% N,, 5% CO,, 37 °C; In vivO,, Ruskin
Technologies) for 4 h. Immediately after OGD, cultures
were returned to normoxic (NX) and normoglycemic
(NG) conditions (21% O,, 5.5 mM glucose), and incu-
bated in 10% FBS medium for 20 h to mimic reperfusion.
hBLECs were incubated under hypoxic conditions (HPX,
1% O,) for 4 h in normal sECM/5% FBS medium and
then returned to control conditions for 20 h (HPX-R). For
OGD, hBLECs were incubated in a hypoxic chamber for
6 h. Subsequently, cells were returned to NX conditions
for 18 h. Unlike from hypoxia, OGD and OGD-R condi-
tions were performed in endothelial cell medium in the
absence of serum, glucose or other commercial growth
factors. When needed, mouse cortistatin-29 or human
cortistatin-17 (CST; Bachem) (100 nM) were added for
24 h immediately after LPS and GD, or for 20 h during
reoxygenation in OGD-R or HPX-R conditions. For each
cell type, controls were incubated simultaneously in nor-
mal medium in a NX/NG environment (21% O,, 5.5 mM
glucose at 37 °C).

Endothelial permeability in vitro models

After LPS, GD, OGD-R or HPX-R incubations, Evans
Blue-Albumin (Sigma, EBA, 67 kDa) and sodium fluo-
rescein (Sigma, NaF, 376 Da) influx was determined
as described [19] (details in Additional file 1). The
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permeability coefficient (Pc) of the tracer was expressed
as cm/min of the tracer diffusing from the luminal to
the abluminal side as Pc=(C,/t)*(1/A)*(VICy). C, is the
tracer concentration in the abluminal side, ¢ is the time
(60 min), A is the total surface of the insert membrane, V'
is the final volume, and C; is the initial known tracer con-
centration in the luminal side. To avoid inter-variability
between assays, permeability was finally represented as
the index (%) between the Pc of each well and the Pc of
the control transwell (maximal influx of each tracer in an
ECs-free coated insert).

Immunocytochemistry

After exposure to insults, cultured mouse/human ECs
were fixed with 4% paraformaldehyde (Sigma) for 10 min
at RT. For claudin-5 staining, hBLECs were fixed with
cold methanol and rinsed twice with cold PBS. Specific
immunodetection was performed as described in Addi-
tional file 1. Cells from four different fields for each cell
culture were imaged at 63 X magnification in a LEICA
DMi8 S Platform Life cell microscope, selecting different
region-of-interest (ROI) with the same exposure param-
eters. At least six independent experiments (cell cultures)
were performed and a total of 25-50 selected ROIs were
examined for each group. Image fluorescence analyses
(mean grey value) were performed with Image] Fiji free
software (https://fiji.sc).

Determination of inflammatory factors and cortistatin
The concentration of inflammatory mediators and cor-
tistatin in b.End5/BECs/hBLECs culture media was
determined by ELISA assay. The amount of nitric oxide
was estimated from the accumulation of nitrite by the
Griess assay. Details can be found in Additional file 1.

Transendothelial migration assay

Before migration experiments, immune cells were iso-
lated from 8-week-old Cort™* mice. Macrophages and
T cells were isolated as described in Additional file 1.
Immune migration was evaluated in a BECs monolayer
grown onto coated inserts of 24-well plates, as described
above. 24 h before the assay, cells were activated with
TNF-a (10 ng/ml, BD Pharmigen). On the day of the
experiment, transwells inserts were transferred to a
new 24-well culture plate containing 1% FBS medium in
the bottom side supplemented with MCP-1 (50 pg/ml,
Bionova) or IP-10 (50 pg/ml, Bionova) for macrophages
and T cells, respectively. Immediately, immune cells
(2x10%/transwell) were added to the upper side of the
transwell in contact with BECs. When indicated, mouse
cortistatin-29 (100 nM) was added to both sides of the
transwell. After 24 h, migrated T cells were counted
on the bottom side using a Neubauer chamber (VWR).
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Macrophages were identified at the bottom of the well
after plate fixation and DAPI staining. As a positive con-
trol of migration, macrophages/T cells were incubated in
a BECs-free coated transwell. The number of migrated
cells was represented as the percentage of immune
migrated cells vs the positive control.

In vivo blood-brain barrier permeability assay

BBB integrity was analysed by evaluating Evans blue
extravasation. For this, 1-year-old Cort™’* and Cort™~
mice were injected intraperitoneally with LPS from E.coli
055:B5 (6 mg/kg, Sigma) inducing mild neuroinflam-
mation [20]. Immediately after LPS injection, 1 nmol of
CST-29 (resuspended in PBS, Bachem) was intraperi-
toneally injected. 5 h after LPS and LPS+CST injec-
tion, Evans Blue (EB, 2% in saline, 4 ml/kg) was injected
through the tail vein. Control animals were injected with
vehicle (PBS). After 1 h, mice were sacrificed by intra-
peritoneal injection of pentobarbital and intracardially
perfused with PBS. EB quantification was performed as
indicated in Additional file 1. Data were represented as
ug of dye per mg of brain tissue.

RNA extraction and determination of gene expression
Following incubation under different conditions, mouse
b.End5 and BECs were collected and lysed in TriPure
reagent (Roche) for RNA isolation. After RNA isolation,
c¢DNA synthesis from 1 ug RNA was performed using
the RevertAid First Strand ¢cDNA Synthesis Kit (Ther-
moFisher) and random hexamers in a CFX Connect
QPCR System (Biorad), under the following conditions:
incubation at 25 °C/5 min, reverse transcription at 42
°C/60 min, inactivation at 70 °C/5 min. Gene expression
of cortistatin—somatostatin system and inflammation-
related genes was determined by a microfluidic-based
qPCR dynamic array, as previously described [21].
Conventional qPCR was used to validate differentially
expressed genes selected from our transcriptomic stud-
ies. Specific primers for mouse transcripts are listed in
Additional file 1: Tables S1, S2. Details for each approach
are described in Additional file 1.

Next-generation transcriptome sequencing (RNA-seq)

RNA (200 ng) from primary Cort™* and Cort™~ BECs
cultures exposed to NX/NG or OGD-R conditions for
24 h was used to prepare mRNA libraries with Illumina
stranded mRNA Prep Ligation kit (Illumina). Three
independent biological replicates were performed, with
RNA Integrity Number coefficients>9.9 (Bioanalyzer
RNA 6000 Nano-chip, Agilent). Quality and size distri-
bution of mRNA libraries were validated by Bioanalyzer
High Sensitivity DNA assay and concentration was
measured on the Qubit fluorometer (ThermoFisher).
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Final libraries were pooled in equimolecular ratios
and diluted/denatured as recommended by Illumina
NextSeq 500 library preparation guide. The 75X 2nt
paired-end sequencing was conducted on a NextSeq
500 sequencer. The average number of sequencing
reads above a quality threshold of Q> 30 was 91.5%. We
obtained a mean GC content of 51.3%, and 40,407,022
paired-end reads and>28,000 transcripts on average.
Considering the low levels of cortistatin expression,
we have implemented the reanalyzerGSE software
[22, 23] for transcriptomic studies. This pipeline was
implemented in the RNA-seq analysis to identify dif-
ferentially expressed genes (DEGs) and to prevent the
exclusion of low expressed genes with potential bio-
logical relevance (see details in Additional file 1). Both
multidimensional scaling (Principal Coordinates Anal-
ysis, PCoA) and unsupervised hierarchical clustering of
normalized samples were used to assess the divergence
and the replicability of the samples included in each
one of the independent comparisons (Additional file 1:
Fig. S1). DEGs with a False Discovery Rate (FDR) <0.05
were calculated by comparing: (i) Cort™~ vs Cort™*
samples for each condition (NX/NG and OGD-R); (ii)
NX/NG vs OGD-R for each genotype (Cort™~ and
Cort*'*). The Fold Change (log,FC) was used to evalu-
ate the degree of expression change of each gene. To
investigate the potential effects and relevance of DEGs,
functional enrichment analyses based on the Gene
Ontology (GO) database were performed as indicated
in Additional file 1.

Statistical analysis

Data are expressed as the mean+SEM. All experi-
ments were randomized and blinded for researchers.
The number of independent animals or cell cultures
is shown, and statistical analysis was performed using
these independent values. Statistical differences com-
paring two groups were conducted using the unpaired
Student’s ¢ test (for parametric data, and normal distri-
bution) or the non-parametric Mann—Whitney U test.
For three or more groups with normal distribution and
parametric data, one-way ANOVA with appropriate
post-hoc tests for multiple comparisons were utilized
(with small number of data Bonferroni post-hoc test
was preferentially used vs Tukey post-hoc test). Non-
parametric data from three or more groups was ana-
lysed by Kruskal-Wallis test and Dunn’s post-hoc test.
When standard deviations were assumed as different,
Brown-Forsythe and Welch ANOVA test were applied
with Dunnett T3 post-hoc test. Spearman’s rho non-
parametric test was used for correlation studies. All
analyses were performed using GraphPad Prism v8.3.0
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software. We considered P values<0.05 (two-tailed) as
significant.

Data availability

RNA-seq data are available in the GEO repository under
accession number GSE207405, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE207405.

Results

Brain endothelium expresses the components

of the cortistatin pathway

ECs from peripheral murine and human vessels express
the neuropeptides somatostatin, cortistatin, and ghre-
lin, and their corresponding receptors [24, 25]. However,
the expression of these neuropeptides and their recep-
tors in brain ECs is either absent or poorly documented
[24, 26]. Thus, using methodologies with different sensi-
tivity, we first investigated the relative expression of the
components related to the cortistatin—somatostatin sys-
tem in b.End5 murine brain ECs. A variable expression
level for each SSTR was found under physiological con-
ditions (Additional file 1: Fig. S2a, b). We observed that
Sstr4, Sstrl and Sstr2 seem to be preferentially expressed,
while Sstr3, Sstr5 and Ghsr levels were low or undetect-
able. Low levels of cortistatin and somatostatin, were also
detected by both Fluidigm and conventional gPCR tech-
niques. Interestingly, we found a preferential expression
for endogenous Cort vs Sst in the brain endothelial cells
(Additional file 1: Fig. S2a, b).

Cortistatin regulates the permeability and integrity

of the brain vascular endothelium after injury

BBB breakdown is a hallmark in most neurodegenerative/
neuroinflammatory disorders and injured brain ECs are
enough to disrupt the BBB. In this sense, previous results
showed the critical role of cortistatin in the regulation of
the peripheral vascular endothelium [13-15]. Therefore,
we evaluated the possible influence of this neuropeptide
on the integrity of the brain endothelium. First, we char-
acterized the effect of cortistatin in b.End5 cells exposed
to different insults mimicking brain injury-like condi-
tions (Fig. 1a).

Specifically, we observed increased endothelial cell
permeability after incubation with bacterial LPS, glu-
cose deprivation (GD), or oxygen—glucose deprivation
and reoxygenation (OGD-R) (Fig. 1b). However, the
addition of exogenous cortistatin to b.End5 cultures sig-
nificantly reversed this increased permeability (Fig. 1b).
The lack of endothelial integrity was accompanied by a
delocalization and disruption of the TJ assembly (Fig. 1c,
d). GD and OGD-R caused the disruption of ZO-1
(Zonula occludens-1) uniform pattern in the membrane
(Fig. 1c), as well as the increase of claudin-1 intracellular
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expression (correlated with BBB disruption, as shown by
[27]) (Fig. 1d).

Cortistatin restored ZO-1 integrity in the peripheral
cell membrane (Fig. 1c) and significantly reduced clau-
din-1 cytosolic accumulation under both conditions
(Fig. 1d). Moreover, injured ECs developed an altered
inflammatory response, characterized by an augmented
production of the proinflammatory factors IL-6 and
MCP-1, and reduced levels of nitrite, quantified as a
major metabolite of nitric oxide, all linked to BBB leakage
[16] (Fig. 1e, f). Cortistatin treatment exerted an immu-
nomodulatory effect on brain endothelium activation by
significantly downregulating TNF-a and MCP-1, without
affecting nitrite levels (Fig. 1e, f). Moreover, cortistatin
addition seems to modulate to basal levels the OGD-R-
derived dysregulated expression of other immune media-
tors, inflammasome components and endothelial-derived
agents being only significant for I/6ra (Additional file 1:
Fig. S3a—c). Although some biological trends can be
observed, exposure to OGD-R and/or treatment with
cortistatin did not significantly affect the expression lev-
els of Cort, Sst or their receptors (Additional file 1: Fig.
S2c). Notably, during injury conditions, the secreted lev-
els of endogenous cortistatin were reduced significantly
(Additional file 1: Fig. S2d).

Despite the fact that immortalized mouse brain endo-
thelioma cell lines have been widely used, primary
murine brain endothelial cells (BECs) have been shown
to better retain several phenotypic properties of the BBB
in vitro, due to their specialization with complex T7Js [28].
Thus, we examined the role of cortistatin in murine BECs
isolated from the adult CNS microvasculature (Fig. 2a).
As described above for the cell line, cortistatin—soma-
tostatin system was also expressed by primary BECs
under homeostatic conditions. Although we found some
variability for the expression levels of the receptors and
neuropeptides according to the different methodologies,

(See figure on next page.)
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low levels of Sstr3 and Ghsrla were observed, while Sstr2
and Sstr4 significantly displayed the highest expression
(Fig. 2b; Additional file 1: Fig. S4). Of note, endogenous
Cort expression was higher compared to Sst. Next, to
further support our previous results with b.End5, BECs
were incubated under OGD-R as the preferred insult to
mimic the model of ischemic—reperfusion injury to study
BBB disruption. ECs significantly increased permeability,
showing a compromised T] architecture and an exac-
erbated immune response (Fig. 2¢c, d). Treatment with
exogenous cortistatin reversed brain endothelial cell dys-
function back to the homeostatic state, decreasing per-
meability, preserving functional proteins for the barrier
formation (Fig. 2d) and downregulating the production
of immune mediators, such as MCP-1 and IL-6 (Fig. 2e).
Importantly, secretion of cortistatin was reduced under
OGD-R conditions (Additional file 1: Fig. S6c).

In addition, we also evaluated the potential role
of cortistatin in human-derived brain ECs under
ischemic—reperfusion injury mimicked by hypoxia— and
oxygen—glucose deprivation assays combined with reoxy-
genation (Fig. 3; Additional file 1: Fig. S5).

Although no changes were detected in the endothe-
lial barrier permeability between NX/NG and HPX-R
conditions (Fig. 3b), probably due to the variability of
serum-derived effects [29, 30], only the injured endothe-
lial cells showed a disruptive presence of ZO-1 (Fig. 3c).
Incubation with cortistatin reduced permeability in
hypoxic cells and recovered intact ZO-1 presence in
the cell membrane (Fig. 3b, c). As expected, OGD-R did
induce an increase in barrier permeability of hBLECs.
This increase was associated with a reduced expres-
sion of ZO-1 and an increase in ZO-1 disorganization,
as well as claudin-5 membrane depletion (Additional
file 1: Fig. S5a, b). Paradoxically, the addition of cortista-
tin significantly recovered the junctional expression and
architecture of ZO-1 and claudin-5, although no changes

Fig. 1 Cortistatin regulates the integrity of b.End5 cells exposed to different insults. a Schematic representation of the experimental design.
Murine b.End5 cells were exposed to lipopolysaccharide (LPS), glucose deprivation (GD) for 24 h, or to 4 h of oxygen—glucose deprivation
followed by 20 h of reoxygenation (OGD-R). Cortistatin (CST, 100 nM) was applied simultaneously to the insult (LPS + CST; GD+CST)

or during recovery (OGD-R+CST). Cells incubated in normoxia/normoglycemia (NX/NG) were used as a reference. b-d Endothelial integrity

was assessed by evaluating permeability to Evans Blue-Albumin (EBA) and Sodium Fluorescein (NaF) (b), and tight-junctions assembly (c, d). b
Permeability is represented as the index (%) of the tracer permeability vs an empty-coated insert. N=4-6 cultures/group. ¢, d Representative
immunofluorescence images of the cellular distribution of ZO-1 (c, red) and claudin-1 (d, green) in b.End5 cells after GD or OGD-R in the absence
or presence of cortistatin. Delocalization of ZO-1 was evaluated through the ratio of ZO-1 staining intensity in the membrane vs the cytosol (c,
arrowheads indicate gaps in ZO-1 membrane location). After cortistatin addition, ZO-1 junctional rearrangement was observed in the membrane
(asterisks). Claudin-1 intracellular overexpression was quantified by fluorescence intensity (d). Cytosolic expression of claudin-1 was augmented
in GD/OGD-R (arrowheads). Cortistatin drastically decreased claudin-1 intracellular expression (asterisks). 25-50 selected ROls in 4 independent
fields were analysed (expressed as arbitrary units, a.u). N=6 cultures/group. Scale bar: 20 um. e, f Levels of inflammatory cytokines TNF-q, IL-6,
chemokine MCP-1 (all in ng/ml) and nitrite (UM) were determined in culture supernatants after GD (e) or OGD-R (f) with or without cortistatin
addition. N=4-6 cultures/group. Data are the mean + SEM with dots representing individual values of the independent cultures. *p <0.05, **p <0.01,

0 20,001, % < 0,0001
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Fig. 1 (Seelegend on previous page.)

were observed in the permeability of OGD-R-injured
cells (Additional file 1: Fig. S5a, b). While discontinuous
junctions are typically indicative of decreased barrier
function and increased permeability, recent works have
demonstrated that global permeability measures (as the
ones used for transwell experiments) may not correlate

with the junction phenotype (i.e., permeability measure
remains the same with continuous and discontinuous
arrangement of TJs) [31]. Interestingly, as we observed in
the murine endothelial cells, healthy hBLECs predomi-
nantly expressed cortistatin, while somatostatin levels
were almost undetectable (Additional file 1: Fig. S5c).
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Fig. 2 Cortistatin reverses murine brain endothelium disruption after ischemic-like conditions. a Graphical illustration of the experimental design.
Primary brain endothelial cells (BECs) were isolated from 8-week-old Cort*”* mice and enriched after 60 h puromycin treatment. One week later,
cells were plated in collagen/fibronectin-coated transwells as described before. BECs were exposed to OGD-R with or without cortistatin (CST,

100 nM) and gene profile expression analysis or permeability assays were performed. b mRNA expression levels of cortistatin system receptors
(left, Sstrand Ghsria) and ligands (right, somatostatin, Sst and cortistatin, Cort) in the brain endothelium under NX/NG. Data represent the mean
of mMRNA expression levels quantified by real-time gPCR analyses and normalized to Rplp0. N=5-7 cultures/group. Mouse brain (n=3) was used
as an internal reference for endogenous Cort expression. ¢ Endothelium barrier functionality was assessed by evaluating permeability to EBA

and NaF and tight-junctions integrity. Index (%) of the tracer permeability vs an empty-coated insert. N=5 cultures/group. d Representative
immunofluorescence images of the cellular distribution of ZO-1 (red), claudin-1 (green) and claudin-5 (red) in BECs after OGD-R in the absence

or presence of cortistatin. Arrowheads indicate ZO-1 and claudin-5 disruption throughout the cell membrane and augmented cytosolic
expression of claudin-1. After cortistatin treatment, asterisks point out the recovery of ZO-1 and claudin-5 continuous pattern in the membrane
and the reduced claudin-1 intracellular location. Scale bar: 20 um. e Levels of immune factors were determined in culture supernatants after OGD-R
in the presence or absence of cortistatin. N=7 cultures/group. Data are the mean + SEM with dots representing individual values of independent
cultures. Cells for each culture derived from 4 pooled brains. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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Fig. 3 Role of cortistatin in the human brain endothelium. a Human brain-like endothelial cells (hBLECs) were obtained after 1 week of co-culture
of CD34+-derived endothelial cells with pericytes. hBLECs were incubated 4 h under hypoxia followed by 20 h of reoxygenation (HPX-R)

in the absence or presence of cortistatin (HPX-R+CST, 100 nM). b Endothelium integrity was evaluated and represented as the index (%) of EBA
permeability vs an empty-coated insert. N=3 cultures/group. Data are the mean + SEM with dots representing individual values of independent
cultures. c Left, expression of ZO-1 (green) was evaluated by immunofluorescence. Arrowheads indicate reduced and disrupted expression of ZO-1
after HPX-R. Cortistatin treatment protected the membrane from breakdown and recovered the tight pattern of intercellular ZO-1 (asterisks).
Right, delocalization of ZO-1 was evaluated through the ratio of ZO-1 staining intensity in the membrane vs the cytosol. 25-50 selected ROIs in 4
independent fields were analysed. N=6 cultures/group. d Cortistatin protein levels were quantified in hBLECs supernatants 20 h after exposure

to NX/NG and HPX-R, as described. Results are normalized in ng protein/10° cells. N=4 cultures/group. *p <0.05, *p < 0.01. Scale bar: 20 um

Of note, production of cortistatin was regulated upon
ischemic and reoxygenation damage, as the endogenous
secretion of the neuropeptide was significantly reduced
(Fig. 3d; Additional file 1: Fig. S5d).

Altogether, these data suggest that cortistatin-system
(and not somatostatin) could play a crucial role in regu-
lating brain endothelium integrity at different levels after
several brain injury-like conditions.

Deficiency in cortistatin exacerbates a dysfunctional brain
endothelium response

Previous studies demonstrated the regulatory properties
of cortistatin in the peripheral vascular system, including
exacerbated responses to vascular lesions in cortistatin-
deficient mice [13-15]. In addition, our findings dem-
onstrate that cortistatin modulates the dynamics of the
brain endothelium and that both murine and human
brain ECs respond to pathological conditions by modify-
ing the expression of cortistatin (Figs. 1, 2, 3). To further
investigate whether endogenous cortistatin plays a role in
the control of brain endothelium functionality, we char-
acterized the phenotype and dynamics of BECs isolated
from the brain microvasculature of wild-type (Cort™™")
and cortistatin-deficient mice (Cort™~ and Cort™")
under basal (NX/NG) and pathological (OGD-R) envi-
ronments (Fig. 2a). Compared to wild-type BECs, cor-
tistatin-deficient cultures showed a significant increase

in endothelial permeability, not only after the insult but
also when receiving a continuous supply of oxygen and
nutrients (Fig. 4a; Additional file 1: Fig. S6a). Our data
showed that the enhanced permeability observed with
partial/complete absence of cortistatin was correlated
with a greater delocalization, disruption and dysfunc-
tional assembly of the TJ/AJ in both ischemic and normal
environments (Fig. 4b—d). Specifically, by determining
the ratio between the location of ZO-1 in the membrane
vs the cytosol, we demonstrated that, under both condi-
tions (NX/NG and OGD-R), a dramatic disintegration
and redistribution of this protein occurred in the absence
of cortistatin (Fig. 4b). Moreover, claudin-1 was overex-
pressed in BECs cultures without cortistatin (Fig. 4b).
Similar to ZO-1, the breakdown of claudin-5 and the AJ
VE-cadherin showed junctional discontinuity and a sig-
nificant reduction in the expression in cortistatin-defi-
cient BECs compared to control cells (Fig. 4b, c).

In addition, to address the important role of the
cytoskeleton-junctional proteins assembly in the modu-
lation of BBB leakage, we performed a rhodamine—phal-
loidin labelling (Fig. 4d). While F-actin was distributed
in random fibers throughout the cytosol in NX/NG
wild-type BECs, it was drastically reorganized into thick
stress bundles in all genotypes after injury. Interestingly,
the absence of cortistatin also promoted a significant
accumulation of stress fibers in physiological conditions
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(Fig. 4d). Notably, all these changes affecting TJ/A]J
architecture were mostly appreciated in BECs with com-
plete lack of the neuropeptide. The hyperpermeability
observed in BECs without cortistatin was also accom-
panied by an altered inflammatory phenotype (Fig. 4e).
Notably, we found a downregulated production of nitrite
not only after the insult but also under normal conditions
in the absence of cortistatin (Fig. 4e).

Next, we checked the regulation of the components of
the cortistatin system in the absence of the neuropeptide
(Additional file 1: Fig. S6b). Although the expression lev-
els of the receptors showed no changes when compar-
ing BECs isolated from cortistatin-deficient mice to the
expression levels in wild-type cells under NX/NG, we
found a partial non-significant decrease in the physi-
ological levels of Sstri, Sstr5 and Sst that was still reduced
in the OGD-R environment. Importantly, only Sstr4 was
significantly and oppositely modulated after injury in
wild type and cells lacking cortistatin (Additional file 1:
Fig. S6b). Interestingly, endogenous levels of cortista-
tin in healthy heterozygous BECs were similar to those
secreted by wild-type cells under hypoxic—reoxygenation
conditions (Additional file 1: Fig. Séc).

Taken together, these findings indicate that the brain
ECs from mice lacking cortistatin exhibit a leaky and
inflammatory-like endothelium already under physio-
logical conditions, being exacerbated under damage. Our
results suggest that the system conformed by endogenous
cortistatin (and probably, by Sstr4/Sstr2/Sstr5) might
be crucial in the regulation of the brain endothelium
dynamics during physiology and pathology, which could
be determinant for BBB integrity.

Cortistatin-deficient brain endothelium shows

a dysfunctional phenotype with dysregulated
physiological pathways

To further investigate the molecular profile that could be
linked to the cerebral vascular endothelium behaviour in

(See figure on next page.)
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the absence of cortistatin, we compared the transcrip-
tomes of Cort™* and Cort™'~ BECs under NX/NG or
OGD-R obtained by next-generation RNA-seq. First, we
confirmed that our samples showed strong enrichment of
BECs-specific markers (such as Cldn5, Pecam1/CD31 or
Tjp1/Z0-1), while cells expressing markers of pericytes
(Cspg4, Kcnj8, Vin), astrocytes (Gfap, Aqp4, Glil), neu-
rons (Nefl, Gabral, Reln), oligodendrocytes (Oligl, Mog,
Mbp), or microglia (Ptprc, Itgam, Tnf) were barely detect-
able (Additional file 1: Fig. S7a).

In brain endothelium from cortistatin-deficient
mice, we identified 613 genes (139 upregulated and 474
downregulated) with significant differential expression
(FDR<0.05) compared to wild type in an NX/NG envi-
ronment (Fig. 5a; Additional file 2: Table S3).

On the other hand, we observed that 407 genes (111
upregulated and 296 downregulated) were differen-
tially expressed between Cort™'~ and Cort™'* BECs after
OGD-R exposure (Fig. 5d; Additional file 2: Table S4).
The unsupervised hierarchical clustering analysis
revealed two distinct groups with minimal overlap under
both experimental conditions (Fig. 5b, e). Next, we vali-
dated by qPCR the expression of key genes up and down-
regulated, showing a high degree of correlation with the
RNA-seq quantification (Additional file 1: Fig. S7b, c).
Notably, in cortistatin-deficient BECs, we observed that
226 DEGs (more than half out of the total) were shared
between NX/NG and OGD-R when comparing Cort*/*
vs Cort™'~ BECs. Through GO terms overrepresenta-
tion analysis corresponding to biological processes (BP),
molecular functions (MF) and cellular components (CC),
we showed that most DEGs were associated with down-
regulated functional networks (Fig. 5c, f; Additional
file 1: Fig. S8, Additional file 2: Tables S5, S6).

In fact, these gene clusters, i.e., cell matrix remodelling,
brain endothelium dynamics, immune response, regula-
tion of gene expression (through MAPK, Wnt, VEGEF, and
Erk1/2 pathways), growth factors activity (BMP, IGF-II,

Fig. 4 Cortistatin-deficient brain endothelial cells (BECs) show increased leakage and exacerbated immune activation. a BECs were isolated

from wild type (Cort**) and cortistatin-deficient (partial: Cort™~; complete: Cort”") mice and exposed to 4 h oxygen—-glucose deprivation followed
by 20 h of reoxygenation (OGD-R). Barrier integrity was evaluated and represented as the index (%) of EBA permeability vs an empty-coated insert.
N=5-8 cultures/group. b—d Representative immunofluorescence images of cellular junctions distribution in BECs incubated in basal conditions
(NX/NG) and after OGD-R. b Immunofluorescence of tight-junctions ZO-1 and claudin-5 (both in red, arrowheads point out membrane disruption)
and claudin-1 (green, arrowheads indicate augmented cytosolic expression). Delocalization of ZO-1 was evaluated through the ratio of ZO-1
staining intensity in the membrane vs the cytosol. Claudin-1 and claudin-5 cellular expression was quantified by fluorescence intensity as described
below. ¢, d Adherens-junction protein VE-cadherin (c, green, arrowheads show discontinuous expression) and stress fibers (d, red rhodamine—
phalloidin F-actin labelling, arrowheads reveal cytosolic reorganization of F-actin thick bundles) were analysed by quantifying fluorescence
intensity. 25-50 selected ROIs in 4 independent fields were analysed (expressed as arbitrary units, a.u). N=6 cultures/group. Scale bar: 20 um. e
Levels of inflammatory factors were determined in culture supernatants after OGD-R. N=5-10 cultures/group. Data are the mean + SEM with dots
representing individual values of independent cultures. Cells for each culture were derived from 4 pooled brains. *vs Cort™* either in NX/NG

and OGD-R; ®vs corresponding genotype (Cort™*, Cort*’~, Cort™~) in NX/NG. *&p < 0.05, & < 0,01, ***/8&&, < 0,001, ****/4&&&, < 00001
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VEGF and TGF-B, among others), endothelial cell fate
commitment, and endothelium-dependent cell adhe-
sion and migration, were similarly affected by both con-
ditions (Fig. 5c, f; Additional file 1: Fig. S8, Additional
file 2: Tables S5, S6). These results indicate that the lack
of cortistatin seems to induce downregulated pathways
affecting both normal brain endothelium processes and
injured-endothelium responses. To investigate the possi-
ble dysfunctional phenotype of brain endothelium from
mice with cortistatin deficiency under physiological con-
ditions, we compared the transcriptional programs asso-
ciated with the progression from a healthy (NX/NG) to
an injured state followed by reoxygenation (OGD-R), for
both Cort™'* and Cort~'~ BECs. Our results revealed that
83 genes (48 upregulated and 35 downregulated) were
differentially expressed in wild-type cells when driving
the transition from NX/NG to OGD-R (Fig. 6a, b; Addi-
tional file 2: Table S7).

Noteworthy, resulting GO terms revealed that upreg-
ulated DEGs found in Cort"’* BECs under OGD-R
were positively associated with gene networks modu-
lating endothelial injury responses (Fig. 6¢c; Additional
file 1: Fig. S9a, Additional file 2: Table S9). Remarkably,
these pathways were not only related to the deleteri-
ous response to damage, but also to several processes
aimed at a later balanced repair response, such as the
immune regulation of leukocyte migration, the response
to immune mediators, the remodelling of the extracel-
lular matrix and cytoskeleton, the regulation of angio-
genesis and wound healing processes, and the activation
of protective stress responses (Fig. 6¢; Additional file 1:
Fig. S9a). Surprisingly, in the dynamics of Cort~'~ BECs
from NX/NG to OGD-R, only 20 differentially expressed
genes (3 upregulated and 17 downregulated) were identi-
fied in the transition from a healthy state to an ischemic
and reperfusion context (Fig. 6d, e; Additional file 2:
Table S8). In this case, the genes were predominantly
involved in downregulated networks associated with the

(See figure on next page.)
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response to damage (Fig. 6f; Additional file 1: Fig. SOb,
Additional file 2: Table S10).

Next, we performed a more detailed examination of
the DEGs conforming these pathways based on their
log, fold change and their biological relevance to brain
endothelial function (Additional file 2: Table S11). Analy-
sis of the extracellular matrix (ECM) remodelling cluster
(Fig. 7a), revealed that most of the genes encoding col-
lagens and other ECM components, metalloproteinases
inhibitors, metallopeptidases as well as genes regulating
actin cytoskeleton dynamics, among others, were down-
regulated in the basal (NX/NG) and injured (OGD-R)
brain endothelium when cortistatin was absent.

Notably, additional genes related to ECM remodelling,
i.e., Colla2, Col6a3, Lama2, Mmp2, Mmp19, Timp2, Car-
mill, and Cracd, and to cytoskeleton disassembly, Arh-
gap28 and Cobl were downregulated and upregulated,
respectively, in cortistatin-deficient BECs only under NX/
NG (Fig. 7a). On the contrary, the matrix components
Col5a3, Coll5al and Has2 (hyaluronic acid), the metal-
loproteinases Mmp3, Mmpl0 or Mmp28 and the metal-
loproteinase inhibitor Timpl were upregulated in Cort*'*
cells under OGD-R conditions, following the canonical
response to damage and recovery (Fig. 7a). However,
in Cort™~ cells during the progression from NX/NG to
OGD-R, none of these or related genes demonstrated dif-
ferential expression. In addition, several genes involved in
cell adhesion/migration, as well as some integrins, were
downregulated during NX/NG and OGD-R in cortista-
tin-deficient cells compared to wild-type endothelium
(Fig. 7b). Of note, Itga3 and Itga4, involved in the chem-
oattraction and activation of immune cells, were upregu-
lated in the absence of cortistatin (Fig. 7b).

Furthermore, we observed that genes linked to BBB
dynamics were affected. We found that many master reg-
ulators of angiogenesis vascular remodelling pathways,
as well as genes involved in vasoregulation, were already
downregulated in Cort~'~ BECs under NX/NG and some

Fig.5 Cortistatin-deficient brain endothelium shows deregulated gene pathways. Comparison of gene expression profiles from BECs isolated

il ~/~

from Cort™™* vs Cort

mice cultured as described in Fig. 2a. Each biological replicate (Rep) was pooled from 3 mice per genotype. a, d Volcano

plots illustrate differentially expressed genes (DEGs) from Cort™~ vs Cort™* BECs incubated under NX/NG for 24 h (a) or under 4 h oxygen-glucose
deprivation followed by 20 h reoxygenation (OGD-R) (d). Each dot represents one gene. Grey dots represent not significantly altered genes. The
number of enriched (up, red) and decreased (down, blue) genes (with false discovery rate, FDR, p < 0.05) for cortistatin-deficient BECs is shown

in the legend. Full description of DEGs is in Additional file 2: Tables S3 and S4. b, e Heatmaps and unsupervised hierarchical clustering of 613 DEGs
(b) and 407 DEGs (e) in Cort™~ vs Cort*’* BECs exposed to NX/NG and OGD-R, respectively. The expression values are represented in shades of red
and blue, indicating expression above and below the median value across all samples. ¢, f Gene ontology (GO) terms for biological processes
significantly overrepresented in Cort™~ vs Cort*”* BECs incubated under NX/NG (c) or OGD-R (f). Data were grouped into similar gene sets

and manually annotated into several networks, such as immune response, cellular matrix and remodelling, cell signalling and transcription, cell
fate, brain endothelium dynamics, cell adhesion and migration, and cell metabolism. Red and blue bar-segments correspond to the numbers

of upregulated and downregulated DEGs, respectively. All DEGs for each GO term are listed in Additional file 2: Tables S5 and S6. TGF-83, transforming
growth factor beta; ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; ERK, extracellular-signal-regulated kinase; VEGF, vascular
endothelial growth factor; PDGFRB, platelet-derived growth factor receptor beta; EMT, epithelial to mesenchymal transition
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Fig. 6 Gene networks regulating brain endothelium dynamics are affected by the lack of cortistatin. Comparison of gene expression profiles

in the dynamics from the basal (NX/NG) to ischemic and repairing (OGD-R) states in Cort*”* and Cort™~ BECs. Each biological replicate (Rep)

was pooled from 3 mice per genotype. a, d Volcano plots illustrating DEGs between BECs incubated under NX/NG for 24 h and BECs exposed

to 4 h oxygen—glucose deprivation and 20 h reoxygenation (OGD-R) from Cort™* (a) or Cort™~ (d). Each dot represents one gene. Grey dots
represent not significantly altered genes. The number of enriched (up, red) and decreased (down, blue) genes (FDR, p <0.05) for OGD-R-derived
BECs is shown in the legend. Full description of DEGs is in Additional file 2: Tables S7 and S8. b, e Heatmaps and unsupervised hierarchical clustering
of 83 DEGs (b) and 20 DEGs (e) in BECs exposure to NX/NG vs OGD-R in Cort™’* and Cort™~, respectively. Expression values are represented

in shades of red and blue, indicating expression above and below the median value across all samples. ¢, f GO terms for biological processes
significantly overrepresented in BECs incubated under NX/NG vs OGD-R from Cort™* () and Cort™~ (f) mice. Data were grouped into similar

gene sets and manually annotated into several networks, such as immune response, cellular matrix and remodelling, homeostasis, cell signalling
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VEGF vascular endothelial growth factor, ECM extracellular matrix, MAPK mitogen-activated protein kinase, PPAR peroxisome proliferator-activated
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also reduced after OGD-R (Fig. 7b, c). Moreover, some
genes related to the integrity of the BBB were downreg-
ulated in Cort™'~ BECs under NX/NG, OGD-R or both
conditions (Fig. 7c). On the contrary, only a few pro-angi-
ogenic genes such as Srpx2, Stabl or Notch-dependent
Pcdh12 were upregulated. Interestingly, genes linked
to BBB breakdown and TJ destruction [27, 32, 33] were
upregulated during OGD-R (Cldn4, Cldné, Cldn9, Cdhl,
Mylk, and Myhl14) or even in the physiological state of the
cortistatin-deficient brain endothelium (Cldnl and F11r)
(Fig. 7c, h).

In addition, we observed that the absence of cortistatin
induced a marked downregulation of factors that affect
endothelial proliferation and differentiation, as well as
those associated with apoptosis and the promotion of
cell survival (Fig. 7d). Furthermore, genes related to DNA
damage were upregulated. Interestingly, some genes
linked to cell cycle such as Chmp4c and Ticrr were also
upregulated (Fig. 7d).

Some of these genes, required to the response to dam-
age (Caspl2, Egrl, Fos and Nr4al) [34], were upregulated
in the dynamic transition from NX/NG to OGD-R for
Cort™* BECs, whereas none of them showed changes
in the same process in endothelium lacking cortistatin
(Fig. 7d, g).

Moreover, we detected that the network involving BBB
transporters, crucial for metabolic and ionic endothelial
homeostasis, was downregulated in the absence of cor-
tistatin in both, control and injury conditions (Fig. 7e).
On the contrary, Slco4al and Atp8al, detrimental to
brain connectivity when elevated [35, 36], were upregu-
lated in Cort~'~ BECs in basal and injured states (Fig. 7e).

Regarding genes involved in immune pathways, our
results revealed that factors linked to an anti-inflamma-
tory, immunoregulatory and protective response, were
downregulated in Cort™~ cells in NX/NG, OGD-R or
both (Fig. 7f). On the contrary, upregulated genes in both
physiological and injured Cort™~ cells included Ccl9,
116, Lepl, Cd93, Itga3 and Itga4 integrins, and Ulbpl,
all related to activation and chemoattraction of immune
cells (Fig. 7f). However, genes required for the inflam-
matory-driven repair response, such as 1133, Egrl, Gbp2,
Gbp3 and Il11, were only upregulated in Cort™* cells

(See figure on next page.)
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after OGD-R conditions (Fig. 7f). None of these DEGs
affecting immune pathways showed significant expres-
sion differences in Cort™~ BECs during the progression
from physiological to OGD-R states.

Notably, some hypoxia-dependent responsive genes
with neuroprotective roles (such as Egrl, Nr4al, Fos,
Gbp2, Mmp3, Sppl, and Nrldl) [34] were only upregu-
lated in wild-type endothelium after ischemia and reper-
fusion (Fig. 7d, £, g). Instead, some of them (Egri, Nr4al
and Spp1) were downregulated not only after OGD-R but
also under NX/NG conditions in the absence of cortista-
tin (Fig. 7f, g). Similarly, genes whose expression regulates
radical oxygen species formation were downregulated in
Cort™~ BECs even under NX/NG (Fig. 7g). Except for
Nos2 downregulation, none of these genes showed dif-
ferential expression in Cort™~ BECs dynamics from the
healthy to the injured state. Intriguingly, we observed
gene markers for epithelial cells (Epcam) and the kerati-
nization process (Fig. 7h) among the top 25 upregulated
DEGs in cortistatin-deficient brain endothelium incu-
bated under OGD-R.

According to all these results, we observed that many
components of crucial signalling networks involved in
regulating endothelial cell biology were downregulated in
the absence of cortistatin under physiological conditions
(i.e, genes involved in the regulation of Wnt, MAPK,
TGEF-B and Notch pathways) (Fig. 7i). In addition, various
growth and transcription agents relevant for endothelium
homeostasis were also downregulated in Cort™/~ BECs in
NX/NG environment (Fig. 7h, i). Moreover, some kinases
(Mapké, Ntrk3, Ddr2) and phosphatases (Ptprk) were
dysregulated in the absence of cortistatin. Conversely,
some factors (Igfl, Sox17, Pdgfb, Pdgfra) were upregu-
lated in physiological Cort™'~ cells, probably as a com-
pensatory effect. Although some of the above-mentioned
genes were also reduced in Cort™'~ BECs under OGD-R
(Fig. 7i), none of them showed differences in the transi-
tion from a basal to an injured state neither in wild type
nor in cortistatin-deficient cells.

Together, these results indicate that the lack of cor-
tistatin induced downregulated gene networks not only
in damaged but also in uninjured cells isolated from
cortistatin-deficient mice. Besides, while Cort™* BECs

Fig. 7 Transcriptional alterations in cortistatin-deficient brain endothelium. Gene sets for Cort*”* and Cort™~ BECs displayed in Figs. 5 and 6

were manually annotated into gene modules relevant for key BBB features and functions: a extracellular matrix components; b cell-cell

contact mediators; ¢ BBB dynamics; d cell fate agents; e endothelial transporters; f immune response; g response to oxygen; h others, (genes

with the highest fold change from different categories); and i signalling pathways. Differential expression patterns of selected DEGs modulated

by the lack of cortistatin are represented in each module based on criteria defined in the legend box. Genes that do not have significant expression
changes are displayed by a white box. Relative fold change expression (log,FC) in each experimental group is shown by shades of red (upregulated)
and blue (downregulated). MMPs matrix metalloproteinases, TFs transcription factors, Aa amino acids, LDL low density lipoprotein, MAPKs

mitogen-activated protein kinases
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appeared to achieve a canonical balanced response to
damage upregulating genes linked to a further recovery
response, these pathways were impaired in Cort™'~ BECs.

Treatment with cortistatin protects brain endothelium
integrity, regulates junction assembly and reverses
immune activation

To confirm the role of cortistatin as a controller of brain
endothelium dynamics, we next investigated its effect
in wild-type and cortistatin-deficient BECs. We showed
that the addition of exogenous cortistatin after OGD
and simultaneously to reoxygenation, in both control
and cells with partial or complete absence of cortista-
tin, induced significant reduction in damage-derived
endothelial permeability (Fig. 8a; Additional file 1: Fig.
S10) that was coupled to the recovery of barrier perme-
ability and of the functional intercellular architecture of
the endothelium (Fig. 8b, c). This was demonstrated by
the induction of the uniform and settled location of ZO-1
and claudin-5 in the peripheral membrane, the increased
and solid expression of VE-cadherin, the decreased pres-
ence of cytosolic claudin-1, and the physiological reduced
and randomised distribution of stress fibers (Fig. 8b, c).
Moreover, the dysregulated immune response exerted
by the injured endothelium was reversed to homeo-
static state by cortistatin treatment (Fig. 8d). Specifically,
TNF-a and MCP-1 levels were significantly reduced
in Cort™*, Cort™~ and Cort™'~ BECs compared to the
cytokine levels found in injured cells (Fig. 8d). Interest-
ingly, exogenous cortistatin added to cortistatin-deficient
endothelium significantly increased the reduced levels
of nitrite after injury (Fig. 8d). Regarding the interaction
between disrupted permeability, inflammatory endothe-
lium, and cell migration, we next evaluated whether cor-
tistatin could regulate immune trafficking throughout the
wild-type and cortistatin-deficient brain endothelium

(See figure on next page.)
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(Fig. 8e). While transendothelial migration was enhanced
in the absence of cortistatin, our results showed that
incubation with cortistatin significantly modulated mac-
rophages and T-cell displacement through activated
brain endothelium (Fig. 8e).

Despite endothelial cells being the main component
of the neurovascular unit, astrocyte end-feet, microglia,
pericytes, and other surrounding cells must also play
important role in maintaining BBB homeostasis [1]. Fol-
lowing the data shown above, we analysed the potential
role of cortistatin in the whole BBB structure. We found
that systemic injection of cortistatin reversed the exacer-
bated leakage observed in wild-type and cortistatin-defi-
cient mice subjected to mild neuroinflammation (Fig. 9).
Notably, the lack of cortistatin resulted in enhanced per-
meability even in the absence of damage.

Altogether, these results suggest that endogenous cor-
tistatin is critical for a healthy brain endothelial barrier
and revealed the potential of this anti-inflammatory neu-
ropeptide as a pleiotropic modulator of BBB dynamics.

Discussion

A tightly controlled BBB is essential for a fine-tuned
microenvironment in the CNS, and its breakdown
has been involved in several brain diseases. Therefore,
research based on identifying BBB-related stabiliz-
ing factors focused on ECs, as the main BBB compo-
nent, should be prioritized. To our knowledge, this is
the first report to demonstrate the critical role of cor-
tistatin as an endogenous factor in maintaining the
integrity and functionality of the brain endothelium.
We found that, even at low levels, cortistatin is pro-
duced by healthy murine and human brain endothelial
cells, undergoing modulation after injury. Specifically,
our findings demonstrated that the lack of cortista-
tin predisposes to endothelium disruption under basal

Fig. 8 Cortistatin recovers the integrity and function of brain endothelial cells after ischemic-like conditions. a Endothelial permeability to EBA
was represented as the tracer permeability fold change vs the permeability in OGD-R wild-type BECs (set at 1). N=>5-8 cultures/group. b
Immunofluorescence analysis of cellular distribution for tight/adherens-junctions and stress fibers in wild-type and cortistatin-deficient BECs
after OGD-R incubated with cortistatin. Asterisks indicate continuous membrane expression of ZO-1 (red), claudin-5 (red), and VE-cadherin
(green), reduced intracellular claudin-1 (green), and random cytosolic F-actin organization (red), when compared to BECs exposed to OGD-R
without cortistatin addition (as shown in Fig. 4b—d; schematic images with injury hallmarks represented in the top: Ref-BECs). Scale bar: 20 um.

¢ Quantification of location (ZO-1) and expression (claudin-1, claudin-5, VE-cadherin, F-actin) by fluorescence intensity analysed from 25-50

ROIs in 4 independent fields. N=6 cultures/group. d Levels of inflammatory mediators determined in culture supernatants. N=8 cultures/group.
e Top, representation of transendothelial migration assay. Wild-type mice immune cells were incubated for 24 h at the top of Cort*”*, Cort*’~,

and Cort™~ BECs covered inserts, previously activated with TNF-a (10 ng/ml, 24 h). The migration assay was performed using MCP-1 (50 pg/

ml) or IP-10 (50 pg/ml), as macrophages and T-cell chemoattractants, respectively. CST (100 nM) was applied when indicated. Bottom, data
represented the percentage of migrated immune cells vs the control (empty-coated insert). N=4-6 cultures/group. For data in ¢, d, FC represents
fold change vs reference values based on OGD-R wild-type BECs quantification (set at 1). Cort*”* BECs in NX/NG are also used as a basal condition
reference (dashed line). Data are the mean + SEM with dots representing individual values of independent cultures. Cells in each culture were
derived from 4 pooled brains. *vs Cort"’* BECs exposure to OGD-R+CST; fvs BECs of corresponding genotype (Cort**, Cort*’~, Cort™") exposure

to OGD-R**p <0.05, **p <0.01, ***p < 0,001, **** 5 <0.0001
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Fig. 9 Administration of cortistatin reduces exacerbated
murine brain endothelial barrier breakdown. a Left, wild-type
and cortistatin-deficient mice (1 year) were injected intraperitoneally
with LPS (6 mg/kg) for 6 h. Evans-Blue (2% in PBS) was injected
through the tail vein 1 h before sacrifice. Cortistatin (1 nmol, in PBS)
was intraperitoneally administered immediately after LPS. Control
mice were injected with PBS as vehicle. Right, representative images
show EB brain extravasation. b Brains were collected and minced
in N,N-dimethylformamide at 55 °C for 24 h. Supernatants
were collected and EB content (ng/mg brain) was measured
on a spectrophotometer at 620 nm. Data are the mean + SEM
with dots representing individual mice (n=4-8/group).
*p<0.05, *p<0.01

conditions (Fig. 10). Notably, we observed that brain
ECs isolated from heterozygous cortistatin mice, which
secrete significant lower levels of cortistatin, exhib-
ited phenotypic changes resembling those observed in
wild-type endothelium after damage, where the levels
of endogenous cortistatin are diminished. In addition,
the breakdown of the brain endothelium from cortista-
tin-deficient mice was exacerbated after exposure to
an ischemic-like context. Interestingly, the exogenous
addition of cortistatin reversed hallmark features of
the disturbed endothelium, such as intercellular junc-
tion instability, increased paracellular and transen-
dothelial permeability, and dysregulated endothelial
immune activity (Fig. 10). Based on these findings, we
propose the involvement of various non-excluding and
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complementary mechanisms that could explain the role
of cortistatin in BBB stability.

Regarding brain barrier integrity, numerous stud-
ies have demonstrated that disturbances in the content,
cellular distribution, and/or post-translational modi-
fications of TJs and AJs in ECs, increase BBB abnor-
malities and initiate neurodegenerative diseases [1, 37].
Recently, in addition to the well-known roles of TJs and
AJs in organizing cell architecture, polarity, and cell—cell
contacts, other non-canonical functions, including cell
proliferation, differentiation, participation in angiogen-
esis and inflammatory processes, and regulation of gene
expression, have also been demonstrated [4, 38]. Accord-
ingly, we found an induction of hyperpermeability in
the endothelium lacking cortistatin, which was probably
accompanied by the alteration of both barrier and non-
barrier roles of the TJ/AJs. In particular, the expression of
some TJ/A] genes (Jam2, Gjal, Pcdhl8, Pcdhl9, Cdhll)
crucial for connecting adjacent ECs [3, 39], was down-
regulated. On the contrary, levels of Cldn1, Cldn4, Cldne,
Cldn9, Cgn, F11r, and Cdhl, associated with exacerbated
inflammation, perturbation of the TJ assembly [27, 40],
and even with mesenchymal transformation or tumour
progression [41, 42], were overexpressed. Importantly,
cortistatin deficiency altered protein levels and cell dis-
tribution of ZO-1, claudin-1, claudin-5, and VE-cadherin,
without significantly affecting their transcript levels. In
fact, different studies have shown that while different
insults may not impact TJ expression, they can affect
their cellular redistribution and functional organization.
For instance, ZO-1 translocation from the membrane
out to the cytosol, without alterations in its expression,
affected barrier integrity and resulted in T disorganiza-
tion [43].

On the other hand, although controversial findings
about the role of claudin-1 have been reported [40, 44,
45], several studies indicate that claudin-1 increases in
the disrupted endothelium, affects claudin-5 assembly,
and its cytosolic accumulation has been correlated with
TJ arrangement deficits and limited full recovery of the
barrier [27, 46]. In addition, emerging evidence suggests
that claudin proteins can localize to sites outside of the
tight-junction complex. Indeed, claudin-1 seems to be
representative of claudins that shuttle between the cyto-
plasm and nucleus, acquiring non-canonical functions,
including cell proliferation, differentiation, participa-
tion in angiogenesis and inflammatory processes, and
regulation of gene expression [38, 47]. In fact, reducing
claudin-1 was beneficial for modulating BBB permeabil-
ity and endothelial inflammatory phenotype [27]. There-
fore, the disruptive expression of ZO-1, VE-cadherin,
and claudin-5, along with the cytosolic overexpres-
sion of ZO-1 and claudin-1 in cortistatin-deficient ECs
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BECs under normoxia/normoglycemia (NX/NG) conditions showing homeostatic endothelial barrier integrity. Bottom left, after oxygen—glucose
deprivation and reoxygenation (OGD-R) to mimic ischemic damage (red arrow), Cort** BECs suffered a canonical response (i.e, tight-junctions
disruption, immune cell infiltration, proinflammatory mediators release, reorganization of actin in stress fibers, and ECM remodelling), combined
with upregulation of protective and reparative transcriptional mechanisms (e.g., anti-inflammatory response or angiogenesis) (zoom for details).

Remarkably, these changes were reversed with cortistatin treatment (green arrow). Top right, Cort

~/~ BECs in NX/NG conditions presented similar

phenotypic changes to Cort™* BECs in OGD-R (except for a decrease in the number of transporters and cortistatin receptors), but a different genetic
programming (i.e., exacerbated immune response, deregulated ECM remodelling, and downregulation of angiogenesis and protective pathways
related to the response to damage) (zoom for details). Bottom right, after exposing Cort™~ BECs to OGD-R (red arrow), almost no significant

transcriptional changes were observed when compared to Cort™~

BECs in NX/NG. However, downregulation of metabolites transporters,

exacerbated stress fiber formation, and increased immune activity was found. Cortistatin reverted these changes up to physiological conditions (top

left, green arrow)

(Fig. 10), in both injury and physiological conditions,
emphasizes the relevance of this neuropeptide in main-
taining a properly sealed and healthy barrier. In addition,
TJs also regulate the distribution of enzymes and recep-
tors in the luminal and abluminal membrane domains
[39, 48]. Indeed, the disruption of junctional proteins in
the absence of cortistatin was accompanied by the loss

of cell polarity and downregulation of several transport-
ers involved in endothelial metabolic support (Fig. 10),
which can also have a negative impact on BBB permeabil-
ity [1].

Furthermore, TJs are connected to actin cytoskele-
ton through intracellular proteins, providing a dynamic
organization of actin filaments, crucial for BBB integrity.



Castillo-Gonzalez et al. Journal of Neuroinflammation (2023) 20:226

In this sense, the reorganization of actin filaments
into stress fibers is often associated with TJ instability,
endothelial barrier dysfunction, and hyperpermeabil-
ity [49]. In addition to TJ disruption, endothelium from
cortistatin-deficient mice also exhibited an increase in
F-actin stress fiber formation, which was correlated with
a marked cytoskeletal disassembly in both uninjured
and injured conditions (Fig. 10). In this context, both
hyperpermeability and cytoskeleton disorganization in
the absence of cortistatin may be linked to some dys-
regulated pathways involving kinases/phosphatases (such
as Mapk6, Dmpk, Ntrk3 and Ptprk), which have been
described as crucial regulators of TJ/AJs organization/
dissociation [50].

Moreover, ECM plays a key role in maintaining BBB
dynamics. Alterations in ECM can result in BBB leakage,
as evidenced by the decreased expression of certain ECM
components, such as collagens and laminins, in aged
mice [2]. Besides, mutations in genes related to collagens
have been associated with leaky vessels that predispose
to haemorrhage in humans [51]. Notably, we observed
that the majority of genes involved in ECM composition
were downregulated in cortistatin-deficient endothelium.
Besides its physical and mechanical properties, ECM is
crucial for matrix-cell and cell—cell signalling, with inte-
grins complexes acting as the main receptors. An unbal-
anced ratio of ECM components and/or dysfunction
of integrins can lead to BBB abnormalities as multiple
endothelial functions are affected (survival, migration,
differentiation, and cell adhesion) [52]. Alternatively,
ECM components undergo alterations and modifica-
tions driven by matrix metalloproteinases (MMPs) and
metallopeptidases, which are necessary to induce angio-
genesis and vascular remodelling after injury [53, 54]. In
this regard, while wild-type endothelial cells exhibited a
canonical balanced response to damage by upregulating
the pathways linked to recovery (including ECM reor-
ganization, angiogenesis, cell fate determination, and
response to hypoxia), these responses were impaired in
Cort™'~ BECs (Fig. 10).

Unexpectedly, we found high expression of the epi-
thelial markers Krt7, Krt8, Krtl8, Cdhl, and Epcam in
cortistatin-deficient BECs. These are signature genes for
choroid plexus epithelial cells [55], which can contami-
nate primary isolates of brain microvascular ECs. How-
ever, differentially increased expression of these factors
was only identified in the cortistatin-deficient injured
endothelium. This finding suggests that endogenous
cortistatin may play a role in promoting endothelial cell
determination over an epithelial-like fate. Indeed, regu-
latory factors of endothelial cell fate specification were
downregulated in the endothelium lacking cortista-
tin. Confirming this, recent data also demonstrated an
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endogenous role for cortistatin as a controller of tissue-
specific cell commitment in fibrogenic responses [56].

On the other side, it has been described the participa-
tion of IL-6, TNF-«, and MCP-1 in the loss of BBB integ-
rity, stress fiber formation, T] remodelling, and immune
cell infiltration (reviewed in [57, 58]). Our data revealed
a dysregulated immune response in the brain endothe-
lium lacking cortistatin, characterized by the production
of inflammatory factors, enhanced immune cell migra-
tion, inhibited immunoregulatory and restorative path-
ways, and upregulated integrin signalling. Despite other
studies found high levels of peripheral glucocorticoids in
cortistatin-deficient mice [7, 11], suggesting an immune
suppressive phenotype in these animals, in this study the
inflammatory phenotype of CST-deficient cells suggests
that none of the protective effects associated with gluco-
corticoids are observed in this context. In fact, Anxal, a
glucocorticoid-induced endothelial factor correlated with
BBB disruption [59], was downregulated in the absence
of cortistatin.

Surprisingly, we observed reduced nitrite levels in
Cort™~ BECs. Nitric oxide has been associated with both
protective and deleterious effects, but recent reports have
confirmed that insufficient availability of endothelial
nitric oxide leads to endothelial dysfunction [60]. Impor-
tantly, the balance between the activities Nos2 and Nos3,
along with the scavenging function of the superoxide
anion, can regulate nitric oxide levels [60]. Future studies
will address whether these pathways can be cooperating
to reduce nitric oxide when cortistatin is absent.

Besides this, from a molecular perspective, our study
revealed the downregulation of several gene networks
involved in matrix remodelling, cytoskeleton architec-
ture, junctions assembly, endothelial commitment, and
immune activity (reviewed in [4]) in cortistatin-deficient
mice (Fig. 10). Among the affected pathways, we iden-
tified VEGF-VEGFR2-Nrpl, TGF-B-Nrpl and Notch
signalling (all essential for angiogenesis), Wnt pathway
(critical for BBB maturation and barriergenesis), Angl/
Tie2 interaction (essential for stabilizing T7Js), and sema-
phorins signalling (key in cerebral vasculature growth
and BBB functions). Although further research is needed
to investigate the specific contribution of cortistatin in
each network, our results provide support for the key role
of endogenous cortistatin in the fine regulation of these
interconnected pathways. Moreover, we found that sev-
eral markers of neurodegeneration and aging (Capnll,
Enolb, Cmpk2, Galnt3, and Ubiadl, among others)
were upregulated in cortistatin-deficient endothelium.
Recently, the impact of normal ageing on BBB integrity
and plasticity has been demonstrated [61]. Beyond age-
ing, other biological processes, such as sleep behav-
iour, can influence BBB functions [62, 63]. In this sense,
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cortistatin has been identified as a crucial regulator of
sleep homeostasis through activity-dependent BDNF
[64, 65]. Interestingly, we found a decreased expres-
sion of Bdnf in cortistatin-deficient brain endothelium,
supporting a link between BDNF, cortistatin and sleep
physiology.

Finally, from a therapeutic point of view, our results
suggest that the beneficial role of cortistatin could be
exerted on brain endothelial cells in an autocrine/par-
acrine manner. While protective effects of somatostatin,
ghrelin, and receptors-agonists in the endothelium have
been reported [24, 26, 66], controversial findings regard-
ing the pro- and anti-angiogenic properties of ghrelin
[24, 67] and somatostatin-induced hyperpermeability
have been observed [68]. However, similar studies have
never been conducted with cortistatin. As previously
described, cortistatin can exert many different physi-
ological roles compared to somatostatin and ghrelin [7, 8,
69]. The activation of somatostatin/ghrelin receptors can
trigger diverse signalling pathways [70—72]. Probably, the
potential capability of cortistatin to synergistically signal
through somatostatin/ghrelin receptors (in addition to a
yet unknown-specific receptor) could imply an advantage
vs the individual regulation of the BBB by somatostatin/
ghrelin. Specifically, while somatostatin inhibits cAMP
accumulation, cortistatin has been reported to stimulate
it [73]. Interestingly, increased levels of cCAMP are associ-
ated with greater endothelial T integrity [74], cytoskel-
eton and actin filaments stabilization, reinforcement of
cell-matrix interactions [75], and anti-inflammatory
actions [8, 76]. Besides, evidence supports that cortista-
tin promotes peripheral protective vascular responses
after injury via somatostatin/ghrelin receptors, by induc-
ing cAMP and inhibiting calcium rise [15]. In addition,
it was described that the combined activation of SSTR5
and ghrelin receptor greatly increased cAMP accumula-
tion, suggesting intracellular signal convergence and/or
receptors interaction [77]. In our study, we found that
Sstr4 and Sstr2 were differentially regulated comparing
wild-type and cortistatin-deficient cells in physiological
and pathological conditions. While future experiments
would be necessary to characterize cortistatin-induced
intracellular pathways, we advocate that the binding of
cortistatin to these receptors might be regulating brain
endothelium integrity. Alternatively, since somatostatin
and ghrelin receptors are involved in the immunoregu-
latory activity of cortistatin [5], we cannot discard that
the anti-inflammatory properties of cortistatin can be
contributing to the protection of barrier integrity. Alto-
gether, our results showing the efficient recovery of
endothelium integrity after cortistatin treatment, sup-
port the capacity of this neuropeptide to directly limit
injured ischemic-like responses. However, considering
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the in vivo protective effects of cortistatin on BBB leak-
age, and the expression of cortistatin and its receptors
[11] in other BBB components (i.e., astrocytes, pericytes,
and microglia), we can hypothesize that cortistatin might
also influence brain endothelium dynamics through other
glial cells. Moreover, we cannot discard that BBB-pene-
trating peripheral factors from cortistatin-deficient mice
and/or surrounding cells lacking cortistatin could have
influenced and determined endothelial cell phenotype.

In conclusion, our study contributes to the evolving
understanding of the BBB as a highly dynamic and plastic
structure that allows communication between the blood
and the CNS, rather than being the traditionally consid-
ered impermeable wall [78]. We recognize that neurode-
generative/neuroinflammatory disorders, such as stroke,
multiple sclerosis, or Alzheimer’s disease, often present
acute, subacute, and chronic phases with different grades
of BBB permeability. Therefore, it is crucial to consider
approaches that finely modulate permeability alterations
beyond simplistic categorizations of BBB opening or
closing as solely "good" or "bad” In this sense, our mod-
els not only focus on the pathological and acute event
of ischemia but also considered subsequent responses
leading to repair and recovery during reoxygenation.
In this regard, our study has several implications. From
a physiological point of view, we uncovered a new role
for endogenous cortistatin in maintaining BBB physi-
ological functions and in recovering integrity after injury.
Moreover, our findings emphasize the essential interplay
between signals from the CNS and the periphery, exem-
plified by endogenous modulation of cortistatin levels,
for maintaining a healthy BBB. We have shown for the
first time that BBB is markedly impaired in the brains of
cortistatin-deficient mice, which makes them susceptible
to further disruptive changes. Indeed, lack of cortistatin
confers the endothelium a pre-existing dysregulated phe-
notype, which could lead to a deactivated and/or quies-
cent non-responding behaviour upon further damage.
Alternatively, from a treatment perspective, our find-
ings support the beneficial effect of exogenous cortista-
tin by rescuing defects in BBB function. Given the scarce
number of therapeutic agents available to restore BBB
function in neurodegeneration [79, 80], the use of multi-
factorial agents that target at the same time components
of the T] complex, modulate endothelial permeability
at different grades, and control immune dysregulation,
looks promising for the treatment and prevention of
neuroinflammatory/neurodegenerative disorders. Fur-
thermore, restoring BBB disruption would also address
the everlasting challenge of drug delivery to the injured
brain, since vascular changes and accumulation of blood-
derived toxics often restrict the transport of drugs to the
brain [4].
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In summary, the data presented in this study under-
score the key role of cortistatin as a pleiotropic agent
that mediates anti-inflammatory endothelial functions
and exerts BBB reparative properties, through organizing
endothelial junction proteins and reducing immune exac-
erbated responses (Fig. 10). Our findings also highlight
the brain endothelium as an important but neglected
source of molecular targets that should be particularly
investigated. Overall, understanding the role of cortista-
tin in the physiology of the cerebral microvasculature has
broader implications for gaining insights into the involve-
ment of BBB disruption in various CNS disorders. The
knowledge obtained from this study may contribute to
the development of novel therapeutic strategies aimed at
preserving BBB integrity and ameliorating CNS patholo-
gies associated with BBB dysfunction.
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