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Abstract

Outgrowth endothelial cells (OECs) provide an endogenous repair mechanism and thus maintain endothelial barrier integ-
rity. As inhibition of protein kinase C-f (PKC-B) activity has been shown to attenuate endothelial damage in various
pathological conditions including hyperglycaemia and ischaemic injury, the present study comparatively assessed the
effect of LY333531, a PKC-f inhibitor, on the cerebral barrier integrity formed by OECs or human brain microvascular
endothelial cells (HBMECs). To this end, an in vitro model of human BBB established by co-culture of astrocytes and
pericytes with either OECs or HBMECs was exposed to 4 h of oxygen-glucose deprivation with/out LY333531 (0.05 pM).
The inhibition of PKC-f protected the integrity and function of the BBB formed by HBMEC:sS, as evidenced by increases
in transendothelial electrical resistance and decreases in sodium fluorescein flux. It also attenuated ischaemia-evoked actin
cytoskeleton remodelling, oxidative stress, and apoptosis in HBMEC:s. In contrast, treatments with LY333531 exacerbated
the deleterious effect of ischaemia on the integrity and function of BBB formed by OECs while augmenting the levels of
oxidative stress, apoptosis, and cytoskeletal reorganisation in OECs. Interestingly, the magnitude of damage in all afore-
mentioned parameters, notably oxidative stress, was lower with low dose of L'Y333531 (0.01 uM). It is therefore possible
that the therapeutic concentration of LY333531 (0.05 uM) may neutralise the activity of NADPH oxidase and thus trigger
a negative feedback mechanism which in turn exacerbate the detrimental effects of ischaemic injury. In conclusion, tar-
geting PKC-f signalling pathway in ischaemic settings requires close attention while using OECs as cellular therapeutic.
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Introduction directly differentiating into cerebral endothelial cells, and

releasing wide range of paracrine factors to further potenti-
Endothelial progenitor cells (EPCs) constitute a very scarce  ate neuro-angiogenesis (Bayraktutan 2019; Alwjwaj et al.
bone marrow-derived stem cell in the peripheral blood and ~ 2021). The limited availability of EPCs in peripheral blood,
may serve as potential therapeutics for stroke due to their ~ estimated to be 1 cell/30 ml blood, necessitate their ex vivo
unique ability to promote post-stroke recovery by both  expansion to generate a population of homogenous cells.
Attempts to generate EPCs ex vivo produce two morpho-
logically and functionally distinct EPC subtypes, namely
early EPCs (eEPCs) and late EPCs or outgrowth endothelial
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to form de novo vascular network, OECs are considered
as the actual and functional subtypes of EPCs (Lin et al.
2014; Medina et al. 2017; Banno and Yoder 2018). Since
OEC:s also serve as a continuous source of replenishment of
the damaged cerebral endothelial cells, the most prominent
cellular component of the blood-brain barrier (BBB), it is
bioavailability may determine overall cerebrovascular func-
tion and neurological recovery following ischaemic stroke
(Asahara et al. 1999; Sargento-Freitas et al. 2018; Kukum-
berg et al. 2020). In this regard, a better understanding of the
molecular mechanism regulating the capacity of OECs to
form a tight and functional BBB is of paramount importance
in an effort to substantiate their barrier-forming and barrier-
restorative capacity.

Accumulating evidence indicate that protein kinase C
(PKC) plays a pivotal role in regulating the proliferation,
migration, survivability, cytoskeletal structure, and tight
junction formation of brain endothelial cells (Srivastava
et al. 2013; Rakkar and Bayraktutan 2016). However, the
substantial increases in PKC expression have also been
observed in the infarct area of the brain of deceased isch-
emic stroke patients, implicating the involvement of this
enzyme in major pathologies associated with cerebral isch-
aemic injury (Krupinski et al. 1998). The mechanism of
PKC activation depends on their subtypes, in that Ca>* and
diacylglycerol (DAG) are required for the activation of clas-
sical isoform, while only DAG is required for novel isoform
activation, and neither Ca’" or DAG for atypical subtype
(Newton 2018). Compared to all other isoforms, PKC-f
subtype contributes the most to overall PKC activity in
hyperglycaemic settings and plays a crucial role in exacer-
bation of the in vitro cerebral barrier damage by regulating
the expression of NADPH oxidase activity, the main source
of reactive oxygen species (ROS) in brain vasculature (Shao
and Bayraktutan 2013, 2014). Remarkable increases in total
PKC activity have also been documented in brain endo-
thelial cells subjected to ischaemic injury where increases
in PKC-f appear to be the main contributor (Fleegal et al.
2005).

In light of the abovementioned widespread association
of PKC-B to vascular pathologies and such seminal roles of
functional EPCs in the detection and replacement of dead
or damaged cerebral endothelial cells, this study explored
the specific impact of this particular PKC isoform on cere-
bral barrier-forming capacity of human brain microvascular
endothelial cells (HBMECs, resident ECs) or OECs during
ischaemic injury. To provide a mechanistic understanding
for the putative beneficial effects that may be generated by
PKC-B inhibition in ischaemic settings, the state of cyto-
skeletal organisation and the levels of total antioxidant
capacity, pro-oxidant NADPH oxidase activity, superoxide
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anion level, cellular viability, and apoptosis have also been
explored.

Materials and methods
Cell culture

HBMECs, human astrocytes (HAs), and human pericytes
(HPs) were purchased from TCS CellWorks Ltd. (Bucking-
ham, UK)) and were cultured in their respective specialised
media (Sciencell Research Laboratories, San Diego, USA)
in a humidified atmosphere (75% N,, 20% O,, 5% CO,) at
37 °C. OECs were isolated from human peripheral blood-
derived mononuclear cells and were cultured on fibronec-
tin-coated tissue culture plates as before (Abdulkadir et al.
2020). OECs between passages 6 and 9 were used in the
current study.

To simulate ischaemic stroke injury, cells were exposed
to 4 h OGD (94.95% N,, 0.05% O,, 5% CO,) in the pres-
ence or absence of a PKC-B inhibitor, LY333531 (0.05
uM). This particular concentration was selected as thera-
peutic dose due to the observation of an effective inhibi-
tion of oxidative stress and apoptosis in HBMECs as well as
an adequate protection of cerebral barrier integrity against
either hyperglycaemic or ischaemic/reperfusion injury from
our previous studies (Shao and Bayraktutan 2013, 2014;
Mathur and Bayraktutan 2016). The unexpected detrimental
effects of this therapeutic concentration in OECs may sug-
gest a complete neutralisation of NADPH oxidase activity
and consequent activation of a negative feedback mecha-
nism that leads to exacerbation of ischaemia-mediated del-
eterious effects in OECs. We therefore utilised the dose 0.01
UM in further experiments to scrutinise this concept. OGD
experiments were performed in a custom-made multigas
incubator (MCO-18 M, Sanyo UK) and using the D-glucose
free medium (RPMI 1640, Invitrogen).

Establishment of anin vitromodel of BBB.

An in vitro model of human BBB composed of HAs,
HPs, and HBMECs or OECs was established as before
(Shao and Bayraktutan 2013). In brief, about 7.5 x 10* HAs
were seeded on the basal side of polyester Transwell inserts
(0.4 um pore size, 12 mm diameter polyester membrane,
High Wycombe, UK). The following day, the inserts were
inverted to return to their original orientation and were
placed into a 12-well plate containing fresh medium to grow
to about 90% confluence. HBMEC or OECs (~ 5 x 10* cells)
were subsequently seeded on the apical part of the insert,
and both cell layers were left to grow to full confluence. To
set up the triple-culture model, these Transwell inserts were
transferred to 12-well plates containing confluent pericytes.
To reveal the precise nature of correlation between PKC-f
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and HBMECs or OECs, we have avoided using the mix-
ture of HBMECs and OECs to set up the in vitro model of
human BBB.

Assessment of BBB integrity and function

The integrity and function of the BBB were assessed as
before by measurements of transendothelial electrical resis-
tance (TEER, World Precision Instruments, Hertfordshire,
UK) and paracellular flux of low molecular weight perme-
ability marker, sodium fluorescein (NaF, 376Da), respec-
tively (Abdulkadir et al. 2020).

Immunocytochemistry

The organisation of F-actin filaments was studied as an
important marker of cytoskeletal organisation. For this, the
cells were grown to about 80% confluence on glass cover-
slips before subjecting to normal and experimental condi-
tions. They were then successively fixed and permeabilised
in 4% paraformaldehyde/PBS and 0.1% Triton X-100/PBS
for 20 min before staining with 1x rhodamine phalloidin
for 60 min (Abcam, Cambridge, UK). The coverslips were
mounted on glass slides and visualised with fluorescence
microscopy (Zeiss Axio Observer, Carl Zeiss Ltd, Cam-
bridge, UK). The number of stress fibres was counted manu-
ally and normalised to control.

2’-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5’-
bi-1 H-benzimidazole trihydrochloride trihydrate (Hoechst
33,258, Sigma) staining was used to visualise the frag-
mented DNA, a hallmark of apoptosis (Binti Kamaruddin et
al. 2020). Identical number of cells was seeded on coverslips
and grown to ~90% confluence before exposing to experi-
mental conditions. The cells were then fixed in 4% para-
formaldehyde for 20 min and were incubated with 10 pg/
mL of Hoechst 33,258 for 5 min in room temperature. The
coverslips were then mounted on glass slides and observed
under fluorescence microscopy (Zeiss Axio Observer, Carl
Zeiss Ltd, Cambridge, UK).

To study the endothelial characteristic of the cells, the
95% confluent of HBMECs or OECs were incubated with
1,1'-dioctadecyl-3,3,3’,3'-tetramethylindo-carbocyanine-
labelled- acetylated-low density lipoprotein (Dil-Ac-LDL,
1 mg/mL, Invitrogen, Loughborough, UK) for 4 h before
staining with FITC-conjugated Ulex europaeus agglutinin
(FITC-UEA-1, 1 mg/mL, Sigma). The cells were subse-
quently fixed with 4% formaldehyde and mounted on glass
slides using a mounting medium (Vector Laboratories, Peter-
borough, UK). ImagelJ software (version 1.52k, NIH, Mary-
land, USA) was used to quantify the florescence signal. The
data, presented as corrected total cell fluorescence (CTCF),
were calculated using the following formula CTCF =A4- (B

X C) where A, B and C successively represent integrated
density, area of seleceted cell, and mean of fluorescence
of background readings. The data were subsequently nor-
malised by the number of cells displayed (Migneault et al.
2020).

Tube formation assay

150 pL of growth factor-reduced Matrigel (BD Biosciences)
was added to 48-well plates and incubated for 90 min at
37°C. 9% 10* of HBMECs or OECs were then seeded in the
plates and incubated for 8 h. Tubule networks were visu-
alised by a light microscope. The total number and length
of tubule networks, defined by sum of number or length of
segments, isolated elements and branches detected in the
analysed area, were assessed using ImagelJ software (ver-
sion 1.52k, NIH, Maryland, USA) (Chevalier et al. 2014).

Detection of NADPH oxidase activity and superoxide
anion level

NADPH oxidase activity was measured using the lucigenin
chemiluminescence assay as previously described (Kadir et
al. 2021). The HBMEC or OEC homogenates (50 pug) were
incubated at 37 °C in assay buffer containing lucigenin (200
uM, Sigma), potassium phosphate buffer (300 mM, pH 7.0,
Sigma), sucrose (1 M, Sigma), and ethylene glycol tetraace-
tic acid (50 mM, Sigma). The specific inhibitors for nitric
oxide synthase (NG-nitro-L-arginine methyl ester, 10 mM,
Sigma), xanthine oxidase (allopurinol, 10 mM, Sigma),
mitochondrial respiratory chain complex 1 (rotenone, 10
mM, Sigma), and cyclooxygenase (indomethacin, 10 mM,
Sigma) were also added to assay buffer to diminish the
contributions of other ROS-generating enzymes to overall
superoxide anion generation. NADPH (100 pmol/L, Sigma)
was injected to the well plate to initiate the reaction after
15 min. The reaction was subsequently monitored for 2 h,
and the rate of reaction was calculated using a luminometer
(FLUOstar Omega, BMG Labtech, Aylesbury, UK).

To determine the level of superoxide anion, cytochrome-
C reduction assay was employed (Rakkar and Bayraktutan
2016). In brief, equal amounts of homogenate (100 pg)
were incubated with assay buffer containing HEPES (1 M,
Calbiochem, UK), ethylene glycol tetraacetic acid (50 mM,
Sigma), sucrose (1 M, Sigma), mannitol (1 M, Sigma), and
cytochrome C (800 pM, Sigma), for 1 h at 37 °C. Super-
oxide anion generation was measured as the reduction of
cytochrome C and monitored with the change in absorbance
at 550 nm using a plate reader (FLUOstar Omega, BMG
Labtech, Aylesbury, UK).
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Measurement of total antioxidant capacity

The total anti-oxidant capacity was measured in HBMECs
and OECs using a total antioxidant capacity assay kit
(Abcam, Cambridge, UK) as per manufacturer’s instruc-
tions. In brief, cells grown under normal and experimen-
tal conditions were pelleted by trypsinisation which were
then re-suspended with double distilled water (ddH,O)
before centrifugation for 4 min at 10,000 rpm to obtain
the supernatant. 100 pL of working solution (the mixture
of Cu®* reagent and assay diluent) was then mixed with
samples and standards and incubated at room temperature
for 90 min before measuring total anti-oxidant capacity in a
plate reader (FLUOstar Omega, BMG Labtech, Aylesbury,
UK) at 570 nm.
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Caspase 3/7 assay

Apo-ONE homogeneous caspase-3/7 assay kit was used to
measure the caspase-3/7 activities (Promega, Southampton,
UK). Briefly, cells were grown to 95% confluence in 96-well
black opaque plates and subjected to experimental condi-
tions. The media was subsequently replaced with 100 uL
of caspase 3/7 assay buffer containing the non-fluorescent
caspase substrate, thodamine 110, bis-(N-CBZL-aspartyl-
L-glutamyl-L-valyl-L-aspartic acid amide; Z-DEVD-R110)
to initiate the reaction. Plates were immediately frozen at
-80 °C overnight, and were completely thawed on a plate
shaker in the following day. The fluorescence produced by
the caspase-3/7-mediated cleavage of the non-fluorescent
caspase substrate to fluorescent rhodamine-110 was read in
a FLUOstar Omega plate reader (BMG Labtech Ltd., UK)
with excitation/emission: 485/520 nm. Blanks were sub-
tracted from the readings before normalising activity against
“mg protein”. Since the assay kit was found to be sensitive
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Fig. 1 Representative images for HBMEC and OEC morphology, tube formation, and endothelial characterisation. (A) Both HBMECs and OECs
show a cobblestone morphology, well-established tubules structure on matrigel, and positive staining with FITC-conjugated ulex europaeus
agglutinin-1 (FITC-UEA-1) and Dil-labelled acetylated-low density lipoprotein (Dil-Ac-LDL). Quantitative analyses of the number and length of
tubule networks (B) as well as the fluorescence intensity of FITC-UEA-1 and Dil-Ac-LDL signal (C) show similar readings for both cells. Scale

bar 100 pm. NS: not significant
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to the media employed (ECM and RPMI media) (Abdullah
et al. 2015; Rakkar and Bayraktutan 2016), the RPMI media
used as the control medium on the current study.

Cell viability

The viability of cells was measured using Calcein AM assay
(Calbiochem). In brief, ~95% confluent cells were seeded
in 96-black opaque well-plate and subjected to experimental
conditions. The media was replaced with 10 pg/mL of Cal-
cein AM, and plates were immediately frozen at -80°C. In
the following day, the plates were thawed in the plate shaker
and fluorescence was measured using a FLUOstar Omega
plate reader (BMG Labtech Ltd., UK) at 485/530 nm exci-
tation/emission. Blanks were subtracted from the readings.

Statistical analyses

Data are displayed as mean+SEM from a minimum of
three independent experiments. Statistical analyses were
performed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey post hoc analysis using the GraphPad Prism
8.0 statistical software package (GraphPad Software Inc.,

A

La Jolla, Ca, USA). P<0.05 was considered statistically
significant.

Results
OECs possess endothelial cell characteristics

To probe the characteritsics of the OEC population, we
stained the cells with Dil-Ac-LDL and FITC-UEA-1 and
assessed their tubules network on Matrigel. Similar to
HBMECs, OECs displayed typical cobblestone morphol-
ogy, formed tubules, uptook Dil-Ac-LDL, and stained posi-
tive for FITC-UEA-1, suggesting that OECs possess true
endothelial characteristics (Fig. 1). We and others have
previously shown that OECs isolated in this fashion also
express specific markers for immaturity (CD133), stemness
(CD34), and endothelial maturity (CD31), but not for hema-
topoietic cells (CD45) (Medina et al. 2010; Abdulkadir et
al. 2020).

PKC-B inhibition maintains BBB integrity formed by
HBMEC S, but aggravates the detrimental role of OGD
in BBB established by OECs.
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Fig. 2 The schematic diagram of an in vitro model of human BBB consisted of HBMECs or OECs in the presence of astrocytes and pericytes
(A). The inhibition of PKC-B (LY333531, 0.05 uM) protected BBB integrity (B) and function (C), as observed by the increases in TEER value
and decreases in the flux of permeability marker, sodium fluorescein. Although OECs form equally tight and functional BBB (as indicated by the
blue line), the inhibition of PKC-f (LY333531, 0.05 pM) exacerbates ischaemia-evoked damage in BBB established with OECs. *p<0.05 versus

control, #p <0.05 versus OGD
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Although LY333531 is recognised as a protective agent
to the BBB integrity formed by HBMECs against various
pathological condition such as ischaemic and hypergly-
caemic injury, the specific effect of this compound on the
barrier-forming capacity of OECs remains unknown. We
therefore comparatively assessed the impact of PKC-p inhi-
bition on the BBB established either by HBMECs or OECs.
The specific inhibition of PKC-f protected the integrity
and function of a triple cell-culture model of human BBB
composed of HBMECs, astrocytes, and pericytes against
OGD injury, as observed by significant increases in TEER
value and concomitant decreases in sodium fluorescein flux,
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respectively. Although replacement of HBMECs in this
model with OECs lead to formation of equally functional
BBB, as evidenced by similar readings in TEER value and
sodium fluorescent flux (indicated by blue line), inhibition
of PKC-B with LY333531 worsened the barrier-disruptive
effect of OGD (Fig. 2).

PKC-$ inhibition protects HBMECs cytoskeleton
structure but exacerbates the deleterious effect of OGD
on OECs architecture.

Since the formation of actin filaments is impor-
tant for the maintenance of BBB integrity, we further
investigated the effect of PKC-f inhibition on the actin

OGD+LY333531 (0.05 uM)

Il Control

OGD

OGD+LY333531
(0.05 uM)

Fig.3 Representative images for actin cytoskeleton in HBMECs and OECs subjected to ischaemic injury in the presence or absence of LY333531.
(A) While the presence of LY333531 (0.05 uM) diminished actin stress fibre formation evoked by OGD in HBMEC:s as indicated by white arrow,
it produced the opposite effects in OECs. (B) The number of stress fibres formation in both cells. *p <0.05 versus control, #p <0.05 versus OGD.

Scale bar: 20 pm
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cytoskeleton organisation of HBMECs and OECs. The
exposure of HBMECs and OECs to OGD injury evoked
dramatic changes on actin cytoskeleton organisation and
promoted stress fibres formation in both cells. While the
inhibition of PKC-f effectively neutralised the impact of
OGD on cytoskeleton in HBMEC:, it failed to exert similar
effects in OECs (Fig. 3 A-B).

PKC-B inhibition suppresses oxidative stress in
HBMECs while evoking an opposite effect in OECs

Considering that the proper function of BBB mainly
depends on homeostasis of redox signalling pathway regu-
lated by pro-oxidant and anti-oxidant enzymes, we further
assessed the level of these enzymes in HBMECs or OECs
during OGD injury. The basal activity of NADPH oxi-
dase alongside the basal availability of superoxide anion
appeared to be significantly lower in OECs compared to
those observed in HBMECs. Exposure to OGD markedly
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increased NADPH oxidase activity and superoxide genera-
tion in both cell lines. While inhibition of PKC-f activity
by LY333531 significantly diminished both parameters
in HBMEC s, it accentuated the effect of OGD in OECs
(Fig. 4 A-B).

In the context of oxidative stress, the present study also
demonstrated that, in physiological settings, OECs possess
a substantially greater total anti-oxidant capacity compared
to HBMECs. While OGD markedly decreases total anti-oxi-
dant capacity in both cell types, co-treatment of cells with
OGD and LY333531 produce cell-type specific outcome i.e.
increases in HBMECs and no effect in OECs (Fig. 4 C).

PKC-B inhibition differentially regulates apoptosis
of HBMECs and OECs

Since physical loss of cells might contribute to the cere-
bral barrier damage during or after an ischaemic injury, the
levels of DNA fragmentation, pro-apoptotic caspase-3/7
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Fig.4 The effect of PKC-f inhibition on NADPH oxidase activity (A), superoxide anion release (B), and total anti-oxidant capacity (C) in HBMEC
and OECs subjected to experimental ischaemic injury. While the inhibition of PKC-f using LY333531 (0.05 uM) decreased NADPH oxidase
activity and superoxide anion level in HBMEC, it further augmented both parameters in OECs. The presence of LY333531 (0.05 uM) during OGD
increased total anti-oxidant capacity in HBMECsS but not in OECs. *p <0.05 versus control, #p <0.05 versus OGD
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enzyme activities, and cell viability were also exam-  number of apoptotic nuclei, determined by Hoechst stain-
ined in the current study. OGD significantly increased the  ing and indicated with white arrows, in both HBMECs and
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Fig.5 The effects of PKC-f inhibition on cellular apoptosis and viability rates. Representative Hoechst staining showing increases in apoptosis of
HBMEC and OECs (indicated by white arrows) exposed to OGD (A). Data graphs showing the quantification of apoptotic cells (B). In HBMECs,
treatment with LY333531 (0.05 uM) decreased the impact of OGD on caspase 3/7 activity (C) and thus enhanced their viability (D), it produced
the opposite effects in OECs. *p <0.05 versus control, #p <0.05 versus OGD. Scale bar: 100 pm
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OECs. While co-treatment with LY333531 decreased, but
not normalised, the number of HBMECs that underwent
OGD-evoked apoptosis, it radically elevated the number of
apoptotic OECs (Fig. 5 A-B). The alterations in pro-apop-
totic caspase-3/7 enzyme activities in HBMEC and OECs
were reflective of those seen in Hoechst staining (Fig. 5 C).
In concert with these findings, co-application of LY333531
with OGD enhanced the viability of HBMECs while
decreasing that of OECs as evidenced by measurements of
Calcein AM fluorescence (Fig. 5D).

Low dose of LY333531 displays lesser damages

Our previous studies have shown that at the specific con-
centration employed in this study (0.05 uM), LY333531
effectively suppresses total PKC activity and protects the
integrity and function of the BBB, composed of HBMEC:s,
HAs and HPs, under laboratory settings of hyperglycaemia
and ischaemia-reperfusion injury (Shao and Bayraktutan
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2013, 2014; Mathur and Bayraktutan 2016). However, in
the current study, this dose produced remarkable increases
in both NADPH oxidase activity and superoxide anion
generation in OECs subjected to OGD, implying that this
particular concentration may abolish the activity of PKC
and its downstream targets and therefore trigger a negative
feedback mechanism in this particular cell line. In support
of this notion, experiments performed with a low dose of
LY333531 (0.01 uM) significantly decreased NADPH oxi-
dase activity, superoxide anion release, and caspase 3/7
activity in OECs compared to those treated with high dose
LY333531 (Fig. 6 A-C). Similarly, low dose LY333531 pro-
duced a substantial increase in cell viability compared to
cells treated with high dose LY333531 (Fig. 6D).
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Discussion

Considering the close association between the extent of
BBB disruption and severity of stroke and also that cerebral
endothelial cells constitute the main cellular element of the
BBB, it is of crucial importance to restore endothelial integ-
rity and BBB function after an ischaemic stroke to minimise
death and disability (Yu et al. 2015; Kadir et al. 2020). In
this context, inhibition of PKC-B by LY333531 (0.05 uM)
has been shown to attenuate the deleterious impact of isch-
aemic injury and hyperglycaemia on endothelial integrity
and BBB function (Shao and Bayraktutan 2013; Mathur
and Bayraktutan 2016). Since circulatory EPCs continually
detect, repair, and replace dead or dying cerebral endothelial
cells, the current study has examined whether and how inhi-
bition of PKC-f signalling pathway with L'Y333531 affects
the barrier-forming capacity of OECs, their functional sub-
type of EPCs, as compared with that of resident endothe-
lial cells in cerebral microvasculature i.e. HBMECs using
an experimental model of ischaemic injury. To address this
specific question, two different in vitro models of human
BBB were established by co-culture of human astrocytes
and pericytes with HBMECs or OECs and subjected to oxy-
gen-glucose deprivation (OGD) in the absence or presence
of LY333531.

The sudden loss of oxygen and nutrient supply mimicked
by OGD injury compromised the integrity and function of
both models and decreased transendothelial electrical resis-
tance while increasing the paracellular flux across the bar-
rier. Structural changes enforced upon cytoskeleton by the
emergence of stress fibres alongside the dramatic elevations
observed in apoptosis and oxidative stress stemming from
excessive NADPH oxidase activity and superoxide anion
production provide some mechanistic understanding for the
ischaemia-mediated failure of both barriers. Contrary to the
disruptive effect of OGD on BBB, the impact of OGD and
LY333531 co-treatment on BBB was dictated by the type
of endothelial cell used to establish them. Namely, while
inhibition of PKC- protected the integrity and function of
BBB established with HBMEC:s, it exacerbated the extent
of damage in BBB established with OECs by negating or
accentuating the impact of OGD on cytoskeletal remodel-
ling and oxidative stress / apoptosis, respectively. Since,
similar to HBMECs, OECs also possess cobblestone mor-
phology and display typical endothelial cell characteristics
like ability to take up Dil-Ac-LDL, bind to FITC-UEA-1,
form coherent tubular structure on matrigel, and establish
equally tight and functional barriers in vitro, these findings
were somewhat unexpected.

The differential response between mature endothelial
cells and progenitor cells is not unique to ischaemic injury.
While the suppression of oxidative stress by agents targeting
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NF-«kB (via PDTC), NADPH oxidase (via DPI or apocy-
nin), and mitochondrial complex I (via rotenone) appeared
to exacerbate the suppressive effects of hyperglycaemia
on eEPC and OEC viability and proliferation rates (Chen
et al. 2007), targeting of the same mechanisms attenuated
such detrimental effects in mature endothelial cells, includ-
ing HBMECs, and enhanced the overall unity and function
of BBB (Ulker et al. 2004; Weidig et al. 2004; Allen and
Bayraktutan 2009). NADPH oxidase represents one of the
key downstream targets of PKC-f and constitutes the main
enzymatic source of oxidative stress in vasculature and vas-
cular disease (Bayraktutan 2005b). Similar to our study,
knockdown of a specific subunit of NADPH oxidase i.e.
Nox2 has also been shown to induce the appearance of thick
actin stress fibres in EPCs (Urao et al. 2008). Furthermore,
induction of hindlimb ischaemia in mice lacking Nox2 has
been associated with a substantial reduction in the number
of circulating EPCs as well as with an impaired vascu-
lar regeneration (Urao et al. 2008; Schrdder et al. 2009).
Inhibition of other NADPH oxidase isoforms that have
relevance to vascular events, notably that of Nox4, is also
implicated in increased rate of cellular death induced by
pro-inflammatory cytokine, TNF-a and diminished prolifer-
ative and migratory capacity of EPCs (Hakami et al. 2017).
Despite suppression of overall NADPH oxidase activity
by relatively specific wide-spectrum inhibitors, including
VAS2870 or DPI, has largely been linked with diminished
hypoxia-mediated EPCs dysfunctions (Liu et al. 2017),
reports showing increases in migratory and tube-forming
capacity of OECs upon stimulation of PKC signalling path-
way by phorbol myristate acetate (PMA, 10 nM) also exist.
For instance, administration of PMA-stimulated OECs to
mouse model of hindlimb ischemia has been shown to aug-
ment neovascularisation by regulating the expression of
NF-xB, MMP-2, and MMP-9 (Wu et al. 2019). Other stud-
ies have also shown that higher doses of PMA (100 nM)
produces about 7-fold increase in the adhesion rate of EPCs
to the endothelium and various components of extracellular
matrix such as fibronectin, collagen, and vitronectin (Pow-
erski et al. 2011). In contrast to these findings, our previous
studies had reported significant increases in barrier damage,
oxidative stress, and apoptosis of cerebral endothelial cells
in response to higher concentrations of PMA (Shao and
Bayraktutan 2014; Rakkar and Bayraktutan 2016). In short,
targeting PKC-B pathway or its downstream effectors, most
notably NADPH oxidase, may exert distinctive cellular and
molecular effects in different cells including mature cerebral
endothelial cells and OECs.

In physiological settings, ROS act as signalling mol-
ecules and help maintain cellular homeostasis through regu-
lation of cell proliferation, migration, differentiation, and
gene expression. Hence, any sharp elevations or decline
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in NADPH oxidase activity and ensuing superoxide anion
release, the foundation molecule of all ROS, can potentially
impair endothelial integrity and function (Abid et al. 2000;
Zanetti et al. 2001; Bayraktutan 2005a). Accumulating
evidence including the findings of the current study show
that, compared to mature endothelial cells, OECs possess
inherently low basal levels of NADPH oxidase activity
and superoxide anion and high level of total anti-oxidant
capacity accompanied by increases in activity of antioxi-
dant enzymes manganese superoxide dismutase, glutathione
peroxidase, and catalase (Sattler et al. 1999; Dernbach et
al. 2004; He et al. 2004). These findings imply that OECs
may cope better with the oxidative stress induced by the
ischaemia-reperfusion injury and therefore may make effec-
tive therapeutics to mitigate post-stroke barrier damage to
maintain neurovascular homeostasis. Although suppression
of NADPH oxidase by specific targeting of Nox2 or Nox4
subunit has been correlated with significant decreases in
ROS level in EPCs (Urao et al. 2008; Schroder et al. 2009;
Hakami et al. 2017), the inhibition of PKC-p in the current
study led to dramatic increases in NADPH oxidase activity
and superoxide anion release. It is possible that the inhibition
of PKC-B may completely neutralise the minimal basal oxi-
dant activity and superoxide anion generation in OECs and
may, as a consequence, trigger a negative feedback mecha-
nism to compensate these changes in OECs. In support of
this notion, treatment with a low dose of LY333531 (0.01
uM) during OGD injury significantly attenuated NADPH
oxidase activity, superoxide anion production and cas-
pase-3/7 activities and enhanced OEC viability compared
to the therapeutic dose (0.05 uM). However, the levels of
NADPH oxidase and caspase-3/7 activities as well as super-
oxide anion generation remained markedly above those seen
in control cells. In light of the well-acknowledged close cor-
relation between the extent of endothelial (barrier) dysfunc-
tion and the levels of NADPH oxidase and local availability
of superoxide anion, it was safe to assume that disruptions
in cytoskeletal organisation and BBB permeability would
persist with the lower concentration of LY333531 (Demirci
et al. 2008; Rakkar et al. 2014).

In conclusion, this study has demonstrated that OECs
share the same characteristics as the mature endothelial cells
and can form functional BBB as mature endothelial cells as
ascertained by similar readings for TEER and paracellular
flux. Secondly, the inhibition of PKC-f attenuated the del-
eterious impact of OGD injury on the integrity and function
of BBB formed by HBMEC:s by alleviating oxidative stress,
cytoskeleton remodelling, and apoptosis but showed the
opposite effect on BBB formed by OECs. Thirdly, signifi-
cantly more damaging effects of LY333531 on pro-oxidant
NADPH oxidase, cell viability, and apoptosis at higher and
so-called therapeutic concentrations suggest a close scrutiny

of PKC-f signalling pathway while using OECs as a cellular
restorative strategy.

There are some limitations to the current study. Consid-
ering that a lower dose of LY333531 also produced signifi-
cant reductions in NADPH oxidase activity and superoxide
anion level, dose-escalation studies to determine the actual
effect of PKC-f inhibition under physiological and patho-
logical condition is worthy of future exploration. Moreover,
bearing in mind that OECs’ characteristics are determined
by their passage number (high vs. low passage number),
source (umbilical cord vs. peripheral blood), and isolation
procedure (FACS vs. cell culture) (Eggermann et al. 2003;
Medina et al. 2013; Gao et al. 2017), the impact of targeting
PKC/oxidative-stress pathway based on these factors may
provide better insight into the correlation between targeting
this pathway and OECs. In addition, since different ROS
influence cellular function differently (Li et al. 1997), quan-
tification of other ROS may be of value in future studies.

Author contribution RRA and MA performed endothelial cell char-
acterisation, BBB integrity and function, oxidative stress level, and
cytoskeleton studies. RRA conducted apoptosis, cell viability, and
dose-dependent studies and wrote the first draft of the manuscript. UB
designed and supervised the study, interpreted the data, and edited the
manuscript. All authors have approved the final version of the publica-
tion.

Funding This study was supported by a grant to Dr Bayraktutan from
The Dunhill Medical Trust (R459/0216) and funding from Doctoral
Training Program of LPDP (Indonesian Endowment Fund for Educa-
tion), Ministry of Finance, Republic of Indonesia.

Data Availability The datasets used and analysed during the current
study are available from the corresponding author on reasonable
request.

Declarations

Conflict of interest The authors declare that there are no conflicts of
interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Informed consent Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Metabolic Brain Disease

References

Abdulkadir RR, Alwjwaj M, Othman OA, Rakkar K, Bayraktutan U
(2020) Outgrowth endothelial cells form a functional cerebral
barrier and restore its integrity after damage. Neural Regen Res
15:1071-1078. doi:https://doi.org/10.4103/1673-5374.269029

Abdullah Z, Rakkar K, Bath PMW, Bayraktutan U (2015) Inhibition
of TNF-a protects in vitro brain barrier from ischaemic dam-
age. Mol Cell Neurosci 69:65-79. doi:https://doi.org/10.1016/].
men.2015.11.003

Abid MR, Kachra Z, Spokes KC, Aird WC (2000) NADPH oxidase
activity is required for endothelial cell proliferation and migra-
tion. FEBS Lett 486:252-256. doi:https://doi.org/10.1016/
s0014-5793(00)02305-x

Allen CL, Bayraktutan U (2009) Antioxidants attenuate hyperglycae-
mia-mediated brain endothelial cell dysfunction and blood-brain
barrier hyperpermeability. Diabetes Obes Metab 11:480-490.
doi:https://doi.org/10.1111/j.1463-1326.2008.00987.x

Alwjwaj M, Kadir RRA, Bayraktutan U (2021) The secretome of
endothelial progenitor cells: a potential therapeutic strategy for
ischemic stroke. Neural Regen Res 16:1483-1489. doi:https://
doi.org/10.4103/1673-5374.303012

Asahara T et al (1999) Bone marrow origin of endothelial progeni-
tor cells responsible for postnatal vasculogenesis in physiologi-
cal and pathological neovascularization. Circ Res 85:221-228.
doi:https://doi.org/10.1161/01.res.85.3.221

Banno K, Yoder MC (2018) Tissue regeneration using endothelial col-
ony-forming cells: promising cells for vascular repair. Pediatr Res
83:283-290. doi:https://doi.org/10.1038/pr.2017.231

Bayraktutan U (2005a) Coronary microvascular endothelial cell
growth regulates expression of the gene encoding p22-phox. Free
Radic Biol Med 39:1342-1352. doi:https://doi.org/10.1016/;.
freeradbiomed.2005.06.016

Bayraktutan U (2005b) Reactive Oxygen Species, Nitric Oxide and
Hypertensive Endothelial Dysfunction. Curr Hypertens Reviews
1:201-215. doi:https://doi.org/10.2174/157340205774574568

Bayraktutan U (2019) Endothelial progenitor cells: Potential novel
therapeutics for ischaemic stroke. Pharmacol Res 144:181-191.
doi:https://doi.org/10.1016/j.phrs.2019.04.017

Binti Kamaruddin NA, Fong LY, Tan JJ, Abdullah MNH, Singh
Cheema M, Bin Yakop F, Yong YK (2020) Cytoprotective Role
of Omentin Against Oxidative Stress-Induced Vascular Endothe-
lial. Cells Injury Molecules 25:2534. doi:https://doi.org/10.3390/
molecules25112534

Chen YH et al (2007) High glucose impairs early and late endothelial
progenitor cells by modifying nitric oxide-related but not oxida-
tive stress-mediated. Mech Diabetes 56:1559-1568. doi:https://
doi.org/10.2337/db06-1103

Chevalier F et al (2014) Glycosaminoglycan mimetic improves
enrichment and cell functions of human endothelial progenitor
cell colonies. Stem Cell Research 12:703-715. doi:https://doi.
org/10.1016/j.scr.2014.03.001

Demirci B, McKeown PP, Dvm UB (2008) The bimodal regula-
tion of vascular function by superoxide anion: role of endo-
thelium. BMB Rep 41:223-229. doi:https://doi.org/10.5483/
bmbrep.2008.41.3.223

Dernbach E, Urbich C, Brandes RP, Hofmann WK, Zeiher AM,
Dimmeler S (2004) Antioxidative stress-associated genes in
circulating progenitor cells: evidence for enhanced resistance
against. oxidative stress Blood 104:3591-3597. doi:https://doi.
org/10.1182/blood-2003-12-4103

Eggermann J et al (2003) Endothelial progenitor cell culture and
differentiation in vitro: a methodological comparison using
human umbilical cord blood. Cardiovascular Res 58:478-486.
doi:https://doi.org/10.1016/S0008-6363(03)00252-9

@ Springer

Fleegal MA, Hom S, Borg LK, Davis TP (2005) Activation of PKC
modulates blood-brain barrier endothelial cell permeability
changes induced by hypoxia and posthypoxic reoxygenation
American Journal of Physiology-Heart and Circulatory Physiology
289:H2012-H2019. https://doi.org/10.1152/ajpheart.00495.2005

Gao X, Yourick JJ, Sprando RL (2017) Comparative transcriptomic
analysis of endothelial progenitor cells derived from umbilical
cord blood and adult peripheral blood: Implications for the gen-
eration of induced pluripotent stem cells. Stem Cell Research
25:202-212. doi:https://doi.org/10.1016/j.scr.2017.11.004

Hakami NY, Ranjan AK, Hardikar AA, Dusting GJ, Peshavariya HM
(2017) Role of NADPH Oxidase-4 in Human Endothelial Progen-
itor. Cells Front Physiol 8:150—-150. doi:https://doi.org/10.3389/
fphys.2017.00150

He T, Peterson TE, Holmuhamedov EL, Terzic A, Caplice NM, Oberley
LW, Katusic ZS (2004) Human endothelial progenitor cells toler-
ate oxidative stress due to intrinsically high expression of man-
ganese superoxide dismutase Arteriosclerosis, thrombosis. and
vascular biology 24:2021-2027. doi:https://doi.org/10.1161/01.
ATV.0000142810.27849.8f

Kadir RRA, Alwjwaj M, Bayraktutan U (2020) MicroRNA: An
Emerging Predictive, Diagnostic, Prognostic and Therapeutic
Strategy in Ischaemic Stroke Cellular and Molecular Neurobiol-
ogy. https://doi.org/10.1007/s10571-020-01028-5

Kadir RRA, Alwjwaj M, McCarthy Z, Bayraktutan U (2021) Thera-
peutic hypothermia augments the restorative effects of PKC-f3
and Nox2 inhibition on an in vitro model of human blood—
brain barrier. Metab Brain Dis. doi:https://doi.org/10.1007/
s11011-021-00810-8

Krupinski J, Slevin MA, Kumar P, Gaffney J, Katuza J (1998) Protein
kinase C expression and activity in the human brain after isch-
aemic stroke. Acta Neurobiol Exp (Wars) 58:13-21

Kukumberg M et al (2020) Characterization and Functional Assess-
ment of Endothelial Progenitor Cells in Ischemic Stroke Patients
Stem Cell Reviews and Reports. https://doi.org/10.1007/
$12015-020-10064-z

Li P-F, Dietz R, von Harsdorf R (1997) Differential Effect of Hydrogen
Peroxide and Superoxide Anion on Apoptosis and Proliferation
of Vascular Smooth. Muscle Cells Circulation 96:3602-3609.
doi:https://doi.org/10.1161/01.CIR.96.10.3602

Lin R-Z, Moreno-Luna R, Li D, Jaminet S-C, Greene AK, Melero-
Martin JM (2014) Human endothelial colony-forming cells serve
as trophic mediators for mesenchymal stem cell engraftment via
paracrine signaling. Proc Natl Acad Sci U S A 111:10137-10142.
doi:https://doi.org/10.1073/pnas. 1405388111

Liu B et al (2017) Suppression of NADPH oxidase attenuates hypoxia-
induced dysfunctions of endothelial progenitor cells Biochemi-
cal and. Biophys Res Commun 482:1080—-1087. doi:https://doi.
org/10.1016/j.bbrc.2016.11.161

Mathur M, Bayraktutan U (2016) Therapeutic Hypothermia Protects
In Vitro Brain Barrier from Ischaemic Damage: Roles of Oxi-
dative Stress, Rho-Kinase and PKC-$ J Neurol Exp Neural Sci
JNENS-114

Medina RJ, O’Neill CL, Humphreys MW, Gardiner TA, Stitt AW
(2010) Outgrowth Endothelial Cells: Characterization and Their
Potential for Reversing Ischemic Retinopathy Investigative
Ophthalmology &. Visual Sci 51:5906-5913. doi:https://doi.
org/10.1167/i0vs.09-4951

Medina RJ et al (2013) Ex Vivo Expansion of Human outgrowth Endo-
thelial Cells Leads to IL-8-Mediated Replicative Senescence and
Impaired Vasoreparative Function. Stem Cells 31:1657-1668.
doi:https://doi.org/10.1002/stem. 1414

Medina RJ et al (2017) Endothelial Progenitors: A Consensus State-
ment on Nomenclature Stem. cells translational medicine
6:1316-1320. doi:https://doi.org/10.1002/sctm.16-0360


http://dx.doi.org/10.1152/ajpheart.00495.2005
http://dx.doi.org/10.1016/j.scr.2017.11.004
http://dx.doi.org/10.3389/fphys.2017.00150
http://dx.doi.org/10.3389/fphys.2017.00150
http://dx.doi.org/10.1161/01.ATV.0000142810.27849.8f
http://dx.doi.org/10.1161/01.ATV.0000142810.27849.8f
http://dx.doi.org/10.1007/s10571-020-01028-5
http://dx.doi.org/10.1007/s11011-021-00810-8
http://dx.doi.org/10.1007/s11011-021-00810-8
http://dx.doi.org/10.1007/s12015-020-10064-z
http://dx.doi.org/10.1007/s12015-020-10064-z
http://dx.doi.org/10.1161/01.CIR.96.10.3602
http://dx.doi.org/10.1073/pnas.1405388111
http://dx.doi.org/10.1016/j.bbrc.2016.11.161
http://dx.doi.org/10.1016/j.bbrc.2016.11.161
http://dx.doi.org/10.1167/iovs.09-4951
http://dx.doi.org/10.1167/iovs.09-4951
http://dx.doi.org/10.1002/stem.1414
http://dx.doi.org/10.1002/sctm.16-0360
http://dx.doi.org/10.4103/1673-5374.269029
http://dx.doi.org/10.1016/j.mcn.2015.11.003
http://dx.doi.org/10.1016/j.mcn.2015.11.003
http://dx.doi.org/10.1016/s0014-5793(00)02305-x
http://dx.doi.org/10.1016/s0014-5793(00)02305-x
http://dx.doi.org/10.1111/j.1463-1326.2008.00987.x
http://dx.doi.org/10.4103/1673-5374.303012
http://dx.doi.org/10.4103/1673-5374.303012
http://dx.doi.org/10.1161/01.res.85.3.221
http://dx.doi.org/10.1038/pr.2017.231
http://dx.doi.org/10.1016/j.freeradbiomed.2005.06.016
http://dx.doi.org/10.1016/j.freeradbiomed.2005.06.016
http://dx.doi.org/10.2174/157340205774574568
http://dx.doi.org/10.1016/j.phrs.2019.04.017
http://dx.doi.org/10.3390/molecules25112534
http://dx.doi.org/10.3390/molecules25112534
http://dx.doi.org/10.2337/db06-1103
http://dx.doi.org/10.2337/db06-1103
http://dx.doi.org/10.1016/j.scr.2014.03.001
http://dx.doi.org/10.1016/j.scr.2014.03.001
http://dx.doi.org/10.5483/bmbrep.2008.41.3.223
http://dx.doi.org/10.5483/bmbrep.2008.41.3.223
http://dx.doi.org/10.1182/blood-2003-12-4103
http://dx.doi.org/10.1182/blood-2003-12-4103
http://dx.doi.org/10.1016/S0008-6363(03)00252-9

Metabolic Brain Disease

Migneault F et al (2020) Apoptotic exosome-like vesicles regu-
late endothelial gene expression, inflammatory signaling, and
function through the NF-kB. Signal Pathw Sci Rep 10:12562.
doi:https://doi.org/10.1038/541598-020-69548-0

Newton AC (2018) Protein kinase C: perfectly balanced Crit Rev. Bio-
chem Mol Biol 53:208-230. doi:https://doi.org/10.1080/1040923
8.2018.1442408

Powerski M, Henrich D, Sander A, Teiler A, Marzi I (2011) In vitro
manipulation of endothelial progenitor cell adhesion to vascular
endothelium and extracellular matrix by the phorbol ester PMA
Artif Cells. Blood Substit Immobil Biotechnol 39:214-222.
doi:https://doi.org/10.3109/10731199.2011.555838

Rakkar K, Srivastava K, Bayraktutan U (2014) Attenuation of uroki-
nase activity during experimental ischaemia protects the cerebral
barrier from damage through regulation of matrix metallopro-
teinase-2 and NAD(P)H oxidase. Eur J Neurosci 39:2119-2128.
doi:https://doi.org/10.1111/ejn.12552

Rakkar K, Bayraktutan U (2016) Increases in intracellular calcium
perturb blood—brain barrier via protein kinase C-alpha and apop-
tosis Biochimica et Biophysica Acta (BBA) -. Mol Basis Disease
1862:56—71. doi:https://doi.org/10.1016/j.bbadis.2015.10.016

Sargento-Freitas J et al (2018) Endothelial progenitor cells enhance
blood-brain barrier permeability in. subacute stroke Neurology
90:e127. doi:https://doi.org/10.1212/WNL.0000000000004801

Sattler M, Winkler T, Verma S, Byrne CH, Shrikhande G, Salgia R,
Griffin JD (1999) Hematopoietic growth factors signal through
the formation of reactive. oxygen species Blood 93:2928-2935

Schroder K et al (2009) NADPH Oxidase Nox2 Is Required for
Hypoxia-Induced Mobilization of Endothelial Progenitor. Cells
Circulation Research 105:537-544. doi:https://doi.org/10.1161/
CIRCRESAHA.109.205138

Shao B, Bayraktutan U (2013) Hyperglycaemia promotes cerebral
barrier dysfunction through activation of protein kinase C-p.
Diabetes Obes Metab 15:993-999. doi:https://doi.org/10.1111/
dom.12120

Shao B, Bayraktutan U (2014) Hyperglycaemia promotes human brain
microvascular endothelial cell apoptosis via induction of protein
kinase C-BI and prooxidant enzyme NADPH. oxidase Redox Biol
2:694-701. doi:https://doi.org/10.1016/j.redox.2014.05.005

Srivastava K, Shao B, Bayraktutan U (2013) PKC-B Exacerbates
in vitro Brain Barrier Damage in Hyperglycemic Settings via
Regulation of RhoA/Rho-kinase/MLC2 Pathway. J Cereb Blood
Flow Metabolism 33:1928-1936. doi:https://doi.org/10.1038/
jebfm.2013.151

Ulker S, McMaster D, McKeown PP, Bayraktutan U (2004) Antioxidant
vitamins C and E ameliorate hyperglycaemia-induced oxidative
stress in coronary endothelial cells. Diabetes Obes Metab 6:442—
451. doi:https://doi.org/10.1111/1.1462-8902.2004.00443 .x

Urao N et al (2008) Role of nox2-based NADPH oxidase in bone mar-
row and progenitor cell function involved. neovascularization
Induc hindlimb ischemia Circ Res 103:212-220. doi:https://doi.
org/10.1161/circresaha.108.176230

Weidig P, McMaster D, Bayraktutan U (2004) High glucose mediates
pro-oxidant and antioxidant enzyme activities in coronary endo-
thelial cells. Diabetes Obes Metab 6:432—441. doi:https://doi.
org/10.1111/j.1462-8902.2004.00364.x

Wu TC, Chang CC, Leu HB, Huang PH, Lin SJ, Chen JW (2019)
Phorbol ester-induced angiogenesis of endothelial progeni-
tor cells: The role of NADPH oxidase-mediated, redox-related
matrix metalloproteinase pathways. PLoS ONE 14:¢0209426.
doi:https://doi.org/10.1371/journal.pone.0209426

Yu Q-J, Tao H, Wang X, Li M-C (2015) Targeting brain microvascu-
lar endothelial cells: a therapeutic approach to neuroprotection
against stroke. Neural Regen Res 10:1882-1891. doi:https://doi.
org/10.4103/1673-5374.170324

Zanetti M, Zwacka R, Engelhardt J, Katusic Z, O’Brien T (2001)
Superoxide anions and endothelial cell proliferation in normo-
glycemia and hyperglycemia Arterioscler. Thromb Vasc Biol
21:195-200. doi:https://doi.org/10.1161/01.atv.21.2.195

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


http://dx.doi.org/10.1016/j.redox.2014.05.005
http://dx.doi.org/10.1038/jcbfm.2013.151
http://dx.doi.org/10.1038/jcbfm.2013.151
http://dx.doi.org/10.1111/j.1462-8902.2004.00443.x
http://dx.doi.org/10.1161/circresaha.108.176230
http://dx.doi.org/10.1161/circresaha.108.176230
http://dx.doi.org/10.1111/j.1462-8902.2004.00364.x
http://dx.doi.org/10.1111/j.1462-8902.2004.00364.x
http://dx.doi.org/10.1371/journal.pone.0209426
http://dx.doi.org/10.4103/1673-5374.170324
http://dx.doi.org/10.4103/1673-5374.170324
http://dx.doi.org/10.1161/01.atv.21.2.195
http://dx.doi.org/10.1038/s41598-020-69548-0
http://dx.doi.org/10.1080/10409238.2018.1442408
http://dx.doi.org/10.1080/10409238.2018.1442408
http://dx.doi.org/10.3109/10731199.2011.555838
http://dx.doi.org/10.1111/ejn.12552
http://dx.doi.org/10.1016/j.bbadis.2015.10.016
http://dx.doi.org/10.1212/WNL.0000000000004801
http://dx.doi.org/10.1161/CIRCRESAHA.109.205138
http://dx.doi.org/10.1161/CIRCRESAHA.109.205138
http://dx.doi.org/10.1111/dom.12120
http://dx.doi.org/10.1111/dom.12120

	﻿Protein kinase C-β distinctly regulates blood-brain barrier-forming capacity of Brain Microvascular endothelial cells and outgrowth endothelial cells
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture
	﻿Assessment of BBB integrity and function
	﻿Immunocytochemistry
	﻿Tube formation assay
	﻿Detection of NADPH oxidase activity and superoxide anion level
	﻿Measurement of total antioxidant capacity
	﻿Caspase 3/7 assay
	﻿Cell viability
	﻿Statistical analyses

	﻿Results
	﻿OECs possess endothelial cell characteristics
	﻿PKC-β inhibition suppresses oxidative stress in HBMECs while evoking an opposite effect in OECs
	﻿PKC-β inhibition differentially regulates apoptosis of HBMECs and OECs
	﻿Low dose of LY333531 displays lesser damages

	﻿Discussion
	﻿References


