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Abstract

Background/Aims: Obstructive sleep apnea (OSA) is characterized by repeated episodes of
complete or partial obstruction of the upper airways, leading to chronic intermittent hypoxia
(IH). OSA patients are considered at high cerebrovascular risk and may also present cognitive
impairment. One hypothesis explored is that disturbances may be linked to blood-brain barrier
(BBB) dysfunction. The BBB is a protective barrier separating the brain from blood flow. The
BBB limits the paracellular pathway through tight and adherens junctions, and the transcellular
passage by efflux pumps (ABC transporters). The aims of this study were to evaluate the impact
of IH and sustained hypoxia (SH) on a validated in vitro BBB model and to investigate the factors
expressed under both conditions. Methods: Exposure of endothelial cells (HBEC-5i) in our in
vitro model of BBB to hypoxia was performed using IH cycles: 1% 02-35 min/18% O2-25 min
for 6 cycles or 6 h of SH at 1% O2. After exposure, we studied the cytotoxicity and the level of
ROS in our cells. We measured the apparent BBB permeability using sodium fluorescein, FITC-
dextran and TEER measurement. Whole cell ELISA were performed to evaluate the expression
of tight junctions, ABC transporters, HIF-1a and Nrf2. The functionality of ABC transporters
was evaluated with accumulation studies. Immunofluorescence assays were also conducted
to illustrate the whole cell ELISAs. Results: Our study showed that 6 h of IH or SH induced a
BBB disruption marked by a significant decrease in junction protein expressions (claudin-5,
VE-cadherin, ZO-1) and an increase in permeability. We also observed an upregulation in
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P-gp protein expression and functionality and a downregulation in BCRP. Hypoxia induced
production of ROS, Nrf2 and HIF-1a. They were expressed in both sustained and intermittent
conditions, but the expression and the activity of P-gp and BCRP were different. Conclusion:
Understanding these mechanisms seems essential in order to propose new therapeutic
strategies for patients with OSA.

© 2020 The Author(s). Published by

Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Obstructive sleep apnea (OSA) is a serious sleep disorder affecting approximately 5%
of the adult population over 45 years old and more than 10% after 65. OSA is characterized
by repeated episodes of complete or partial obstruction of the upper airways during sleep,
resulting in chroniccyclical intermittent hypoxia (IH) [1].IH plays a crucial role in the increase
of cardiovascular and cerebrovascular risks [2]. Increasing data support a time relationship
between OSA and cognitive impairment [3], but a causal link has yet to be established.
A hypothesis has been raised [4] in which IH acts as a biostressor that could disrupt the
blood-brain barrier (BBB) via molecular responses. Adaptive responses at the BBB level
may occur specifically through regulation of BBB transporters, like the ATP binding cassette
(ABC) transporter family when altering BBB microvessel permeability. These changes in BBB
transporters may have long-term consequences that alter the brain’s microenvironment,
leading in the long-term to cognitive impairment [4].

The BBB is a protective barrier separating the brain from blood flow and is composed
primarily of endothelial cells closely related to astrocytes, pericytes and neurons, which
together form the neurovascular unit [5]. The BBB has tight [6] and adherens junctions
[7] which allow it to control the exchanges between the brain and blood flow and to limit
permeability.

Furthermore, the transmembrane proteins that make up the tight junctions (T]) (zonula
occludens (Z0)-1, claudin-5, etc.) and adherens junctions (e.g., vascular endothelial (VE)-
cadherin), limit the paracellular transfer of molecules [8] and strengthen interactions
between endothelial cells. Brain microvessel endothelial cells also express transporters
that will allow blood-brain regulation and adaptation such as ATP ABC transporters, and
more precisely breast cancer resistance protein (BCRP) and/or P-glycoprotein (P-gp) [9].
These two latter transporters are the most expressed and involved at the human BBB level.
Moreover, P-gp may efflux xenobiotic components or glutamate [4] and BCRP is involved
in the efflux in the blood flow of uric acid [10]. All those microstructural cell elements are
essential to ensure the functional integrity of the BBB. Thus, under hypoxic conditions, many
factors are secreted and induce a modification in the expression of junction proteins or in the
activity of ABC transporters. IH or sustained hypoxia (SH) produces reactive oxygen species
(ROS) [11] thatlead to oxidative stress [12, 13] and contribute to inflammatory cascades [14].
Indeed, the formation and accumulation of ROS in hypoxic cells is a hallmark of hypoxia
involved in BBB dysfunction [15]. In association with the production of ROS, several
factors are activated or stabilized. Effectively, hypoxia-inducible factor 1 (HIF-1), and more
specifically HIF-1q, is stabilized [16] and stimulates the transcription of genes involved in
various biological processes such as angiogenesis, cell proliferation, inflammation or cancer
[17, 18]. Nuclear factor erythroid 2-related factor 2 (Nrf2) expression is also modulated in
response to hypoxia [19]. Nrf2 controls the expression of antioxidant defence genes under
hypoxic conditions, allowing cells to regulate the oxidative stress mediated ROS species.
Nrf2 regulates the expression of these genes by binding to antioxidant response elements
in their promoter regions, which reduce the levels of damaging ROS in the cell [20]. Those
transcription factors are known to modify the expression and activity of ABC transporters,
such as HIF-1a which induces an increase in P-gp expression in hypoxia colon carcinoma
cells[21] and adecrease in BCRP expression [22] in choriocarcinoma cells also under hypoxia.
To determine how IH causes adaptative metabolic response at the BBB level, implying Nrf2,
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HIF-1a and ABC transporter expressions, we proposed to use a human in vitro BBB model
developed in our laboratory [23] and setting up a model of intermittent hypoxic exposure.

Currently, there are few in vitro models to study the effects of IH encountered in OSA.
Indeed, there are no standardized protocols. Some studies carried out “short” cycles (3 min
of normoxia followed by 15 s of hypoxia) [24, 25], others were “longer” (25 min of hypoxia
followed by 35 min of normoxia [26, 27] or 1 h of hypoxia followed by 30 min of normoxia
[28]). Each model has advantages and disadvantages. The severity of hypoxia also seems to
vary greatly between the different models [29]. We chose 1% oxygen in the environment
of the cell that represents the pathological percentage of oxygen exposure observed in
the in vivo brain. We therefore decided to develop our own model with alternating 35 min
cycles of hypoxia at 1% O, followed by cycles of reoxygenation with 18% O, for 25 min
during 6 cycles on our model of BBB. The 6-h duration is important and representative
of one short night similar to the pathological conditions found in OSA. For the human in
vitro BBB model, we used HBEC-5i human brain endothelial cells and human astrocyte
(HA) conditioned medium [23]. We first looked at the effects of this IH on a human BBB
model: transendothelial electrical resistance (TEER) and apparent permeability (Papp) with
the expression of VE-cadherin, claudin-5 and Z0-1 junction proteins. Then ABC transporter
(P-gp, BCRP) expression and functionality were evaluated with accumulation studies and
fluorescent selective substrates and inhibitor combinations. We also evaluated the level of
intracellular ROS and the expression of two transcriptional factors expressed under hypoxic
conditions, such as Nrf2 and HIF-1a.

The purpose of the study was to 1) compare the effects of SH and IH, 2) quantify protein
expressions of junctions and ABC transporters, 3) characterize the effects of IH on the activity
of ABC transporters, and 4) identify the expression of Nrf2 and HIF-1a under IH and SH.

Materials and Methods

Chemicals and reagents

Cell culture inserts for 24-well plates (high density pore, 0.4-um pore diameter size, translucent
polyterephthalate ethylene (PET) membrane, culture flasks and companion plates were purchased from
Dominique Dutscher (Strasbourg, France). Imaging plates FC, 96 wells, TC-surface were purchased from
MoBiTec (Goettingen, Germany).

Rabbit polyclonal to VE-cadherin (VE-cadherin-ab33168) for ELISA and immunofluorescence (IF)
were purchased from Abcam (Cambridge, United Kingdom). Rabbit polyclonal anti-Z0-1 (Z0-1-ab59720) for
IF was purchased from Abcam (Cambridge, United Kingdom). Secondary antibodies for IF: goat anti-rabbit
antibodies (A-21127 Alexa Fluor 488), DAPI for microscopy and superFrost™ were obtained from Thermo
Fisher Scientific (Waltham, USA). Mouse monoclonal IgG anti-ABCG2 (sc-18841), mouse monoclonal anti-
rabbit IgG to P-gp (sc-390883), mouse monoclonal anti-claudin-5 (sc-374221) and secondary antibody for
cell ELISA mlIgG BP-HRP (sc-516102) were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA).
Rabbit Z0-1 polyclonal antibody for ELISA (40-2200), Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (11330057), rhodamine-123, secondary antibodies for IF: goat anti-rabbit antibodies (A-11034 Alexa
Fluor™ 488), DAPI for microscopy, superFrost microscope slide and Coomassie Plus™ protein assay were
obtained from Thermo Fisher Scientific (Waltham, USA). Vectashield Antifade mounting medium (H-1000)
was purchased from Eurobio Scientific.

OxiSelect™ Intracellular ROS Assay Kit (green fluorescence, STA-342) and HIF- 1a Cell Based ELISA Kit
(CBA-281) were purchased from Cell Biolabs (San Diego, USA). NFE2L2 ELISA Kit (human) (OKCD02754)
was purchased from Aviva Systems Biology (San Diego, USA).

Astrocyte medium (AM), astrocyte growth supplement (AGS), fetal bovine serum (FBS) and penicillin-
streptomycin solution for astrocytes were purchased from CliniSciences (Nanterre, France). Amphotericin B
(30-003-CF) and Trypsin 2.21 mM EDTA were purchased from Corning (Manassas, USA). Penicillin-
streptomycin (100X) was purchased from PanReac Applichem (Darmstadt, Germany).

All other reagents were purchased from Sigma-Aldrich (St Quentin Fallavier, France).
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In vitro BBB model

The BBB model was composed of HBEC-5i endothelial cells (from ATCC-Manassas, VA, USA) and a HA
cell line (ScienCell Research Laboratories, Carlsbad, CA, USA) cultured in PET transwells with 0.4-um pores
and in plates [23].

Initially, HBEC-5i were cultured in DMEM/F12 HAM, supplemented with 10% FBS, 40 pg/mL
endothelial cell growth supplement (ECGS) and 1% antibiotic antimycotic solution. HAs were grown in
AM containing 2% FBS, 1% AGS and 1% penicillin-streptomycin solution according to manufacturer’s
instructions. Afterwards, HA were in the same medium as HBEC-5i. In our model, HBEC-5i endothelial cells
were in contact with astrocytic conditioned medium. In fact, in addition to playing a role in the induction
and long-term maintenance of barriers, astrocytes can release chemical factors that modulate endothelial
permeability [30]. The conditioned medium corresponds then to a medium that has remained in contact
with the astrocytes for 48 h. For each condition, the medium was renewed every 2 d. HBEC-5i with HA
conditioned medium reached an optimal steady state plateau at day 14 which was maintained for 5 d [23].
Cells were cultured at 37°C with 5% CO,.

Experimental hypoxia and IH protocols

For this protocol we used a hypoxic workstation: Baker Ruskinn, Invivo, 300 and the ICO,N,IC Advanced
Gas Mixing System (Maine, USA). This hypoxia chamber maintained and controlled temperature, oxygen,
humidity and carbon dioxide. The ICO,N,IC provided accurate control over O, (0.1%-20.9%) and CO, (0.1%-
30%). In our model, two incubation conditions were performed: SH or IH. Under SH, cells were incubated
for a continued period of 6 h at 1% 0, and 5% CO,. Under IH, cells were exposed to repeated hypoxia (35
min, 1% 0,) /reoxygenation (25 min, 18% 0,) for 6 cycles. We decided to use the hypoxia chamber at 1% O,
since in the brain under physiological conditions, the oxygen level is close to 5%. Thus, we used the lowest
level of oxygen possible in which we had no cytotoxic effects on the cells but where a response was observed.

For each condition, DMEM/F12 was conditioned the day before at 1% O, in this hypoxic chamber. In
order to ensure that the oxygen balance was achieved, we used an oximeter (Multi 3510 IDS, FDO 925, WTW,
Germany) to control the percentage of dissolved oxygen within the medium. The conditioned medium of HA
was also conditioned according to the two conditions of the model. Control normoxic cells were maintained
in normal atmospheric gas pressure.

Cytotoxicity assays

MTT assay was employed to measure cellular metabolic activity during IH and SH. Cells were seeded
at a density of 10,000 cells/well in permeable 96-well plates and cultured at 37°C with conditioned medium
of HA. Once at confluence, cells were exposed at IH or SH for 6 h. Control cells under normal atmospheric
gas pressure also received the MTT solution. Formazan production was assessed at 570-nm (Multiskan™
RC, Thermo Fisher Scientific, France). Metabolic activity was measured by comparing results from normal
atmospheric gas pressure conditions, considered as 100% metabolically active.

Then we also evaluated cell death using a LDH activity method to confirm the least cytotoxic
concentrations given by MTT results. Cells were seeded at a density of 10,000 cells/well in permeable 96-
well plates and cultured at 37°C with conditioned medium of HA. Once at confluence, cells were exposed at
IH or SH for 6 h. Control cells under normal atmospheric gas pressure also used in the LDH test. In this kit,
LDH reduces NAD to NADH, which is specifically detected by a colorimetric assay (450-nm).

Imaging plates we use are covered with a sheet of high-performance fluorocarbon film. This film allows
very high gas transfer rates. Thus, physiological experiments on cells with exact control of the oxygen partial
pressure in the cell microenvironment are possible.

Determination of intracellular ROS levels

To determine ROS activity in our model, we employed The OxiSelect™ Intracellular ROS Assay Kit.
Cells were seeded with conditioned medium of HA in permeable 96-well plates and then incubated with
dichlorodihydrofluorescein diacetate (DCFH-DA) at 37°C for 1 h. Then cells were exposed to IH or SH for 6
h. After that, fluorescence was read with a fluorimetric plate reader at 480-nm/530-nm. ROS results were
determined by comparison with a dichlorodihydrofluorescein (DCF) standard curve.
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Quantification of HIF-1a and Nrf2 and during hypoxia and IH

For both factors, cells were cultured into permeable 96-well plates with conditioned medium of HA
for 6 h of IH or SH. Then HIF-1a and Nrf2 expressions were measured with a cell-based ELISA assay (Cell
Biolabs and Aviva Systems Biology) according to the manufacturer’s instructions.

Barrier properties

P, was assessed using hydrophilic fluorescents molecules: sodium fluorescein (Na-Fl MW = 376 Da)
and fluorescein isothyocyanate dextran (FITC-dextran, MW = 4 kDa). Ringer HEPES with 10 pg/mL of Na-
F1 was loaded onto the apical side of the insert and incubated at 37°C for 1 h. Fluorescence was measured
with a fluorescence spectrophotometer (Fluoroskan Ascent™, Thermo Fisher Scientific, France) at 485-nm
excitation and 530-nm emission wavelengths. P, is expressed in cm.s-! and was calculated using the
formula used in our previous work (Puech, et al. [23]).

TEER was recorded using an EVOM® resistance meter with STX-2 electrodes to characterize the
formation of a tight endothelial cell monolayer. One electrode was placed on the luminal side and the other
electrode on the abluminal side. The measurement of a blank filter (without cells) was performed and the
signal was subtracted from that recorded for the filter with cells. Then the resulting value was reported
to the membrane area to obtain the TEER measurement in Q.cm? HBEC-5i with HA conditioned medium
reached an optimal steady state plateau at day 14 which was maintained for 5 d. Measurements were then
conducted at this time [23].

Whole cell ELISA

Cells were seeded into permeable 96-well permeable plates at a density of 10,000 cells/well and
cultured at 37°C with conditioned medium of HA. At confluence, cells were exposed to IH or SH.

Then cells were fixed with 4% paraformaldehyde and permeabilized with methanol with H,0,.
Claudin-5, Z0-1, VE-cadherin, P-gp and BCRP expressions were evaluated in our model with primary
polyclonal antibodies diluted respectively at 2 pg/mL, 5 pg/mL, 1/200 and 2 pg/mL for P-gp and BCRP and
incubated at room temperature for 2 h or overnight at 4°C. Secondary IgG antibody diluted 1/2500 or 1/500
was incubated at room temperature for 2 h. Tétraméthylbenzidine (TMB) substrate was added into each
well. At the end, the reaction was stopped by addition of 1 N hydrochloric acid and was measured at 450-
nm. Our results were normalized with the total protein content as assessed by Coomassie blue total protein
assay, according to the manufacturer’s instructions.

Immunofluorescence assays

Firstly, cells of inserts were fixed and then permeabilized with glacial methanol (placed at -20°C) for 6
min. The nonspecific sites were then blocked for 30 min at 37°C. The primary antibody was diluted 1/200
in the blocking solution for 1 h at 37°C. The secondary antibody was diluted 1/500 in the blocking solution
for 45 min at 37°C. Finally, the nuclei were detected using DAPI diluted 1/1000 in the blocking solution for
30 min at room temperature. The inserts were then placed on glass slides and covered with a Vectashield
mounting medium, and glass coverslips were placed on the inserts. The junction staining was performed
using an epifluorescence microscope (ZEISS, Axioskop 40) equipped with ZEN software.

ABC transporter functional assay by accumulation

The functionality of two ABC transporters, BCRP and P-gp, was evaluated with accumulation studies.
The transport of specific substrates, rhodamine-123 (10 pM), with or without inhibitors of BCRP and P-gp
was quantified. Cells were cultured with conditioned medium of HA and submitted to normal atmospheric
gas pressure, 6 h of [H or SH. Then cells were pretreated with inhibitors: KO-143 (10 uM) for BCRP and
verapamil (100 pM) for P-gp, 15 min at 37°C. Rhodamine-123 was then diluted in each inhibitor solution
and incubated for 1 h at 37°C. At the end, cells were washed with cold PBS and lysed with sodium dodecyl
sulfate with sodium borate. Fluorescence was measured with a fluorescence spectrophotometer at 485-nm
excitation and 530-nm emission wavelengths. Results were expressed as optical density (OD) per mg of total
protein.
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Statistical analysis

Data were analyzed using Graphpad Prism 6 software (San Diego, CA, USA). These results are tested by
one-way ANOVA (nonparametric) using Tukey's post hoc tests and P<0.05 was considered as significantly
different from controls. Results are presented as sample mean+SEM.

Results

Cytotoxicity assays

Before conducting experiments on our model of BBB, we verified that SH and IH did not
induce cell death. Cellular toxicity was evaluated with a MTT test and then the LDH activity
was measured to evaluate cell death. We chose to perform cycles of IH and SH at 1% O,
since under normal oxygenation conditions the brain is close to 4.6% O, [31]. Indeed, in
brain cancers (glioblastoma), considered as highly hypoxic tissue, the oxygenation rate of
the tissue is close to 0.7-0.8% 0, [29]. Actually, there is no standardized protocol for an IH
model reflecting the conditions seen in OSA. There are fast cycles [24, 25] and longer cycles
[26, 28, 32]. Based on several published papers, we decided to use the following cycles: 35
min hypoxia at 1% O, followed by 25 min of reoxygenation at 18% O, repeated for 6 cycles.
Since no significant cytotoxic effects were observed (Fig. 1), these parameters were chosen
for all subsequent experiments.

Impact of IH on HBEC-5i model

TEERand P,  measurements. We could observe the effects of IH and SH on our BBB model
composed of endothelial cells cultivated with astrocyte conditioned medium. According to
Puech et al. [23], HBEC-5i with HA conditioned medium reached an optimal steady state
plateau at day 14 which was maintained for 5 d. The experiments were done when the
optimal TEER was obtained. The impact of IH on TEER is shown in Fig. 2A. For IH cycles,
TEER decreased significantly by 16.4%, values varied from 40.8+0.7 to 34.1+0.5 Q.cm?
(p<0.001). Compared to 6 h of SH, we also observed a significant decrease of 19.2% with
values from 40.8+0.7 to 32.9+0.5 Q.cm? (p<0.001).

P, (Fig. 2B) was measured after 6 h of IH or of SH. For 6h of IH, a significant increase
in coefficient permeability of 93.5% was observed with values from 8x10°+0.5x10° to
16.2x10°+0.08x10° cm.s? (p<0.001) for Naf-FL If we compare this result with 6 h of SH,
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Fig. 1. Cytotoxicity effects for 6 h of IH or 6 h of SH in our model of blood-brain barrier measured by a MTT
assay (A) and LDH activity method (B). Values are presented as mean value + SEM (n=6, N=2 for MTT assay
and n=10, N=2 for LDH activity). SH: sustained hypoxia, [H: intermittent hypoxia, control: normal atmo-
spheric gas pressure.
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Fig. 2. Transendothelial electrical resistance (TEER) (A) and apparent permeability (Papp) for Na-FI (B) or
FITC-dextran (C) after 6 h of IH or SH in our model of blood-brain barrier. Results are represented as mean
value + SEM (n=9, N=3), *** p<0.001 compared to control condition. SH: sustained hypoxia, [H: intermittent
hypoxia, control: normal atmospheric gas pressure.

we also observed a significant increase of 85% with values between 8x10°+0.5x10° to
15.51x10° +0.10x10° cm.s-1 (p<0.001) for Na-Fl. Our results with FITC-dextran confirmed
our previous data. We observed a significant increase in coefficient permeability of 89%
with values between 3.8x10°+1.2x10° to 7.2x10°+1.2x107 cm.s? (p<0.001) at 6 h
of SH. At 6 h of [H, we also observed a significant increase of 84% with values between
3.8x10°+1.2x10° to 7x10°+£1.13x107 5 cm.s* (p<0.001).

Expression of tight (claudin-5, Z0-1) and adherens (VE-cadherin) junctions. We evaluated
how the impact on the tightness of BBB was correlated with an alteration of tight and
adherens junctions. VE-cadherin, Z0-1 and claudin-5 are the most represented cell junctions
in our model. After 6 h of [H or SH in our in vitro BBB model, cell junction expressions were
evaluated with whole cell ELISA assay (Fig. 3). For IH, we observed a significant decrease in
the expression of all candidate proteins (VE-cadherin, ZO-1 and claudin-5). Expression of
VE-cadherin (Fig. 3A) was significantly decreased by 19.7% (p<0.017). For tight junctions,
expression of Z0-1 (Fig. 3B) was significantly decreased by 23% (p<0.045) and claudin-5
expression (Fig. 3C) showed a decrease of 27% (p<0.047).

For comparison with 6 h of SH, we observed a higher decrease in expression of each cell
junction than IH. Expression of VE-cadherin decreased by 57%, 58% for ZO-1 and 50% for
claudin-5 (p<0.001).

In order to illustrate and confirm the results obtained with cell ELISA, we performed
immunofluorescence assays on VE-cadherin and ZO-1 junctions. Immunofluorescence
VE-cadherin and Z0-1 assays (Fig. 4A and 4B) confirmed whole cells assays; BBB showed
important disruptions at cell-cell junction zones at 6 h of IH and 6 h of SH (white arrows, Fig. 4)
compared to control.
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Fig. 3. Expressions of VE-cadherin (A), ZO-1 (B) and claudin-5 (C) after exposure of cells to 6 h of IH or SH
in our model of blood-brain barrier. Results are represented as mean value + SEM (n=9, N=3), ** p<0.01, ***
p<0.001 compared to control conditions. SH: sustained hypoxia, IH: intermittent hypoxia, control: normal
atmospheric gas pressure.

Expressions of ABC transporters: BCRP and P-gp

In several studies, a dysregulation of transporters was observed in response to IH.
For this reason, the expression of two main transporters (BCRP and P-gp) were evaluated
by whole cell ELISA (Fig. 5). Expression of BCRP (Fig. 5A) significantly decreased by 50%
after 6 h of IH (p<0.001). Moreover, after 6 h of SH, a significant decrease of 22% was also
observed (p<0.002). In contrast, expression of P-gp (Fig. 5B) showed a significant increase
of 68% after 6 h of [H. For 6 h of SH exposure, an even more significant increase of 104% was
observed (p<0.001) for this protein.

Functionality of ABC transporters: accumulation studies

We verified the functionality of ABC transporters in our endothelial cells. For this,
rhodamine-123 which is a substrate for both P-gp and BCRP was studied. We looked at the
accumulation of rhodamine-123 in endothelial cells with and without inhibitors of BCRP
and P-gp (KO143 and verapamil, respectively). Inhibitor concentration and cytotoxicity were
measured in previous studies [23]. Inhibitors allowed a better accumulation of Rhodamine
123, proving that these two ABC transporters are functional (Fig. 6). After IH or SH, we
observed a global decrease in Rhodamine 123 accumulation, which is more important in
SH conditions than IH. This proved that ABC transporters were more active after hypoxia.
The use of verapamil allowed an important Rhodamine-123 accumulation in line with a
more important expression and functionality of P-gp after hypoxia. Moreover, with KO 143,
Rhodamine-123 is more accumulated only after SH conditions, no differences were shown
after IH. This discrepancy is in line with a lower BCRP expression after IH reflected the
functionality of this protein.
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Fig. 4. Immunostaining of VE-cadherin (A) or ZO-1 (B) after exposure of cells to 6 h of IH or SH in our model
of blood-brain barrier. SH: sustained hypoxia, IH: intermittent hypoxia, control: normal atmospheric gas
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Fig. 5. Expressions of BCRP (A) and P-gp (B) after 6 h of IH or SH in our model of blood-brain barrier. Results
are represented as mean value + SEM (n =9, N=3), * p<0.05, ** p<0.01, *** p<0.001 compared to control con-
ditions. SH: sustained hypoxia, [H: intermittent hypoxia, control: normal atmospheric gas pressure, BCRP:

breast cancer related protein, P-gp: P-glycoprotein.
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Fig. 6. Functionality of rhodamine-123 transport
by accumulation test with or without specific in-
hibitors of BCRP (KO 143) and P-gp (verapamil),
after exposure of cells to 6 h of SH or IH. Results
are represented as mean value + SEM (n=10, N=2),
*p<0.05 between rhodamine and rhodamine + KO
143, ***p<0.001 between rhodamine before inhi-
bition versus rhodamine with inhibitors. SH: sus-
tained hypoxia, IH: intermittent hypoxia, control:
normal atmospheric gas pressure, BCRP: breast
cancer related protein, P-gp: P-glycoprotein. N
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The measurement of the activity on BCRP was performed despite a significant decrease
in its expression in both conditions in order to see if the proteins, although in smaller
quantities, would be active or not. In the presence of the competitive BCRP inhibitor, KO143,
we observed an increase of 22% in rhodamine-123 accumulation (p=0.023). In comparison,
in the presence of verapamil, the competitive P-gp inhibitor, we observed an increase of 38%
in rhodamine-123 accumulation (p<0.001).

First, we showed that after exposure to 6 h of SH, we had a decrease of 23% in
rhodamine-123 accumulation (p=0.012), showing that ABC activity reflected by a more
important efflux was more important after SH. Competitive inhibition with KO143 allowed
an increase of 44% in rhodamine-123 accumulation. Competitive inhibition with verapamil
allowed a more important increase of 68% (p<0.001) in accumulation.

For 6 h of IH, the rhodamine accumulation was the same as observed in control
condition. In the presence of KO143, there was a slight but nonsignificant decrease in the
accumulation of rhodamine-123, probably related to the underexpression observed in BCRP
expression after 6 h of IH. However, with verapamil, we observed a significant increase of
63% in rhodamine-123 accumulation (p<0.001), in line with an increase of P-gp expression.

Expressions of ROS, HIF-1a and Nrf2 in response to IH and SH

ROS levels. As a first step, we verified if [H and SH induced ROS production in our model
of BBB with the DCFH-DA assay. The DCFH-DA diffuses through the membrane cell and is
then intracellularly converted to hydrophilic DCE Once in the cells, DCF reacts with ROS
allowing its fluorescence to be measured at 570-nm. As shown in Fig. 7, significant increase
in fluorescence intensity was detectable after 6 h of SH or [H. For SH, ROS generation showed
an important 4-fold increase from 181.28+10.9 to 722.6+46.1 relative fluorescence units
(RFU)(p<0.001). Under IH conditions, ROS production showed a 3-fold increase from
181.3£10.9 to 520+34.3 RFU (p=0.0012).

HIF-1a and Nrf2.1H and SH also regulate several transcription factors such as HIF-1a and
Nrf2. First, we analyzed a key mediator of the cellular response to hypoxia, HIF-1« (Fig. 8A).
IH exposure increased HIF-1a expression of endothelial cells by 92%. Whereas SH produced
a 161% increase in expression of HIF-1a. Secondly, we analyzed Nrf2 transcription factor,
which has an important role in the cellular response to ROS (Fig. 8B). In IH conditions, Nrf2
expression increased by 152%. For SH, an even greater increase was observed with an
increase of 200% (all p<0.001) in the expression of Nrf2.
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Fig. 7. ROS production was measured by DCF fluo-
rescence after 6 h of normal atmospheric gas pre-
ssure, [H or SH in our model of blood-brain barrier.
1000 pM H,0, was used as a positive control. DCF
fluorescence levels were measure after these con-
ditions. Values are presented as mean value + SEM
(n=9, N=3), * p<0.05, ** p<0.01, *** p<0.001 com-
pared to control condition. SH: sustained hypoxia,
[H: intermittent hypoxia, control: normal atmo-
spheric gas pressure, ROS: reactive oxygen species,
DCF: dichlorodihydrofluorescein.
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Fig. 8. Expressions of HIF-1a (A), and Nrf2 (B) after exposure of cells 6 h of [H or SH in our model of blood-
brain barrier. Results are represented as mean value + SEM (n=9, N=2), *** p<0.001 compared to control
condition. SH: sustained hypoxia, IH: intermittent hypoxia, control: normal atmospheric gas pressure, HIF-
1o hypoxia-inducible factor 1 alpha, Nrf2: nuclear factor erythroid 2-related factor 2.

Discussion

OSA is a major health problem characterized by repeated episodes of hypoxia-
reoxygenation. IH is associated with high cardiovascular or cerebrovascular risk and
cognitive disorders. A hypothesis has emerged the last years that cognitive impairment may
be linked to the opening of the BBB and leading to neuronal alteration [4]. In order to better
understand the cellular mechanism under IH conditions, an in vitro model appeared suitable.
We have used the human BBB model developed in our laboratory to study effects of [H.

The BBB, under physiological conditions, protects the brain from blood circulation. Tight
andadherentjunctions which composed them limitin particular the paracellular passage [33].
Maintaining the homeostasis of the BBB is also possible thanks to the presence of ABC
transporters like P-gp or BCRP. In order to better characterize IH effects we have compared
these effects with SH effects, which were better established in the literature. Under SH,
tight junctions are known to be altered and less expressed at the BBB [34, 35], leading to
an increase in paracellular flux. In our study, we could characterized this disruption under
SH as expected and published by others [36, 37]. However, few studies have examined
the effects of IH on tight and adherens junctions of BBB. After 6 h of IH, we observed an
increase in membrane permeability allowing the passage of small molecules such as

1241



Cellular Physiology Cell Physiol Biochem 2020;54:1231-1248

DOI: 10.33594/000000311 © 2020 The Author(s). Published by

and BiOChemiStry Published online: 17 December 2020 |Cell Physiol Biochem Press GmbH&Co. KG

Zolotoff et al.: Obstructive Sleep Apnea and Blood-Brain Barrier

Na-Fl or Dextran (Fig. 2). This increased permeability is now known to be associated with
a decreased expression of claudin-5, VE-cadherin and ZO-1 (Fig. 3 and 4). After repeated
hypoxia-reoxygenation processes, claudin-5 [38] and ZO-1 [39] were altered and showed
evidence of an increased permeability of the endothelium of the cerebral microvessels.

We then evaluated the effects of IH on ABC transporters, especially BCRP and P-gp. A
decrease in BCRP expression and an increase in P-gp expression were observed for both
hypoxic conditions (Fig. 5). Similar data are found in the literature for both SH [22, 40]
and IH conditions [41, 42]. Moreover, on ABC transporters there are sites that bind and/or
hydrolyze cytoplasmic ATP. Hydrolyzed ATP provides the energy necessary to transport a
substrate in one direction against a concentration gradient. To study this effect, we performed
functionality tests with a common substrate for BCRP and P-gp using rhodamine-123. Two
distinct ways of response were observed and are presented in Fig. 5. Indeed, we observed an
increase in activity of P-gp and BCRP in SH correlating with the study of [43]. In contrast, we
observed an isolated increase in P-gp activity for IH. This latter result is probably in line with
the underexpression of BCRP after 6 h of IH as shown in other study [44]. This decrease was
not linked to ATP level because we had observed an increase in activity of P-gp at the same
time, and we did not observe the same effects between SH and IH. Moreover, there is strong
cooperation between P-gp and BCRP. It is recognized that in the absence of activity of one of
them, the other membrane protein is sufficient to prevent the entry of compounds into the
brain [45].

In response to hypoxia, many mechanisms are activated like stress oxidative and hypoxia
pathway. In our work, we evaluated two transcription factors Nrf2 and HIF-1a. Initially,
oxidative stress is observed, leading to the production of ROS [46-48]. Regulation of ROS
is essential for maintaining cellular homeostasis. In response to the production of ROS, the
transcription factor Nrf2 increases and gives the cell the ability to produce antioxidant factors
which reduce the damaging impact of intracellular ROS [20]. We demonstrated that IH like
SH could also induce transcription factors sensitive to the oxygen content of endothelial cells,
hypoxia inducible factors and in particular HIF-1a. Furthermore, Nrf2 and HIF-1a signalling
are both regulated by the presence of ROS [49]. These two conditions allowed a significant
increase in ROS (Fig. 7). Our results are in agreement with the literature: an increase in ROS
in acute hypoxic conditions in the endothelial cells of BBB [50] or in other tissues such as
nasal polyp-derived fibroblasts [51]. The same observation is found in conditions of IH in
the BBB [52-54]. Furthermore, this increase in ROS is directly correlated with an increase
in HIF-1a and/or Nrf2 activity (Fig. 8). Indeed, the expression of HIF-1a known to increase
under hypoxic conditions is correlated with ROS production [32]. Thus, in line with the
literature we observed a higher expression of this factor in SH compared to IH conditions
[55]. The production of ROS under SH or IH conditions is also known in the literature to
increase the expression of Nrf2 [56], which is essential for regulating responses to oxidative
stress. Moreover, the longer the duration of hypoxia, the greater is the expression of
Nrf2 [57].

In our study, the expression of junction proteins is much lower under SH conditions,
which can be explained by the higher ROS production in our model. Indeed, the production
of ROS is known to alter BBB functioning. Schreibelt et al. [58] showed that ROS activate
a cascade leading to a rearrangement of the cytoskeleton and the disappearance of tight
junctions including claudin-5 in the BBB. Moreover, disorganization/breakdown of these
junctions is associated with excessive production of ROS found in many neurodegenerative
disorders like Alzheimer’s or Parkinson’s diseases [59]. In addition, HIF-1a also a candidate
to BBB alteration is more expressed in SH than in IH, which may explain the expression of
more altered junction proteins in SH [36]. In addition, a downstream gene of HIF-1a that
would be very interesting to look at is the vascular endothelial growth factor (VEGF). Indeed,
this factor increases in hypoxic conditions through the HIF-1a pathway and leds notably to
an increase in permeability of the BBB, associated with an alteration of the junctions [37].
Conversely, Nrf2 is significantly increased in both conditions and allows protection of the
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Fig. 9. Representation of the tight, adherens junctions within the endothelial cells in our model of blood-
brain barrier. Tightly joined and functional endothelial cells under normal atmospheric gas pressure.
Opening of the paracellular pathway under SH and IH, and alteration in P-gp - BCRP expression/activity.
BCRP: breast cancer related protein, P-gp: P-glycoprotein.

BBB tight junctions and explain protein expression observed under IH. IH as well as SH are
deleterious for the organization and the functionality of brain microvascular endothelial
cells (Fig. 9).

Regarding ABC transporters, under both hypoxic conditions there is an increase in the
expression and functionality of P-gp. Nrf2 and HIF-1a are known to upregulate this protein
in different biostress conditions such as tumorogenesis or post epileptic stress [21, 60, 61].
By contrast, Nrf2 positively regulates BCRP under hypoxia [62]. In our model, expressions
of BCRP are reduced in both hypoxic conditions, but the decrease is more severe under IH.
The activity of BCRP is preserved under SH but not in IH, suggesting that other adaptative
mechanisms associated with SH are involved. Indeed, a downregulation of BCRP expression
is also observed under inflammatory conditions, particularly when placentas are exposed to
viral or bacterial infection [63]. Acute low-grade systemic inflammation is present in patients
with OSA and may contribute to BCRP suppression at the protein level in the BBB [42].
In addition, a recent study published by our laboratory on the effects of serum from patients
with sleep apnea showed a downregulation of the expression and functionality of BCRP in
our BBB model [44] (Fig. 10).

According to various studies, HIF-1a and Nrf2 are closely involved in the mutual
promotion and stabilization of their expression during hypoxia [64]. A recent study
demonstrated a link between Nrf2 and HIF-1a. The activation of the Nrf2 factor would be
responsible for both the expression of HIF1la and its stabilization. In addition, two genes
produced by Nrf2 would also be able to increase its stability [49]. In another study, it is
the expression of the HIF-1a gene that is involved in the promotion of Nrf2 [57]. Therefore,
the coordinated increase in the expression of Nrf2 and HIFla triggered notably by the
production of ROS in IH and SH showed a crosstalk between these two factors in our study.

The methodological limitations of our study are essentially linked to the relative
slowness of adaptation of the system regulating hypoxia for the conditions of IH. These
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Fig. 10. One hypothesis of regulation of BCRP and P-gp transporters by HIF-1a and Nrf2 under IH and
SH. ROS: reactive oxygen species, HIF-1o: hypoxia-inducible factor 1 alpha, Nrf2: nuclear factor erythroid
2-related factor 2, BCRP: breast cancer related protein, P-gp: P-glycoprotein, IH: intermittent hypoxia, SH:
sustained hypoxia.

transitions are slower than in OSA clinical situations. In addition, the cyclicity of the
phenomena of desaturation and reoxygenation are much longer with our device than in the
clinical situation of obstructive apnea. Indeed, our cycles duration is long, but this represent
afirstinteresting approach of the delayed effect between sustained hypoxia and intermittent
hypoxia. In humans as in animal models it is very difficult to know precisely the partial
pressure of oxygen present during apneic phenomena in the cerebral microvascular blood
compartment. Estimates are made from brain tissue PO2 measurements which are not very
precise. However, our results on BBB cellular models are consistent with brain imaging data
obtained in apneic patients. These very reproducible results confirm in our opinion in IH as
well in SH an opening of the BBB (at least one functional alteration) involving the protein
tight junctions as well as the ABC transporters.

Conclusion

Our model of IH tested on an in vitro model of the human BBB is innovative for
understanding the underlying mechanisms affecting the brain in the pathology of sleep
apnea. [H generated by our repeated cycles induced the expression of various factors during
hypoxic stress, including expression modulations of Nrf2 which has been little explored under
[H conditions. The consequences of the stress are an opening of the paracellular pathway
and a dysregulated activity of the ABC transporters. Finally, these results also highlight that
the mechanisms involved in response to IH differ from those under SH and are important in
order to propose new strategies to limit the potential cerebral consequences of respiratory
related sleep disorders.
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