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Abstract: The objective of this study was to investigate the molecular response to damage at the
blood-brain barrier (BBB) and to elucidate critical pathways that might lead to effective treatment
in central nervous system (CNS) pathologies in which the BBB is compromised. We have used a
human, stem-cell derived in-vitro BBB injury model to gain a better understanding of the mechanisms
controlling BBB integrity. Chemical injury induced by exposure to an organophosphate resulted
in rapid lipid peroxidation, initiating a ferroptosis-like process. Additionally, mitochondrial ROS
formation (MRF) and increase in mitochondrial membrane permeability were induced, leading to
apoptotic cell death. Yet, these processes did not directly result in damage to barrier functionality,
since blocking them did not reverse the increased permeability. We found that the iron chelator,
Desferal© significantly decreased MRF and apoptosis subsequent to barrier insult, while also rescuing
barrier integrity by inhibiting the labile iron pool increase, inducing HIF2α expression and preventing
the degradation of Ve-cadherin specifically on the endothelial cell surface. Moreover, the novel
nitroxide JP4-039 significantly rescued both injury-induced endothelium cell toxicity and barrier
functionality. Elucidating a regulatory pathway that maintains BBB integrity illuminates a potential
therapeutic approach to protect the BBB degradation that is evident in many neurological diseases.

Keywords: blood-brain barrier; iron; DFO; HIF2A; Ve-cadherin

1. Introduction

The blood–brain barrier (BBB) is composed of the capillaries of the central nervous
system (CNS) which tightly regulate the movement of molecules, ions, and cells between
blood and brain [1,2]. The BBB further protects the CNS by preventing the entry of neuro-
toxic plasma components and pathogens [3]. It is formed by a monolayer of tightly-sealed
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endothelial cells that make up the walls of the capillaries, and together with the closely
associated pericytes and astrocytic end-feet processes control the restricted flow of com-
pounds in and out of the brain, both through their paracellular junctions and by a limited
array of transcellular vesicular and specialized transporters routes [4–6]. BBB breakdown
and dysfunction leads to leakage of harmful blood components into the CNS, cellular
infiltration, and aberrant transport and clearance of molecules [3,6,7]. Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS) and Parkinson disease (PD) are all associated
with defective BBB function [8–12]. In the aging brain, a region-specific increase of total iron
content is observed, most likely triggered by inflammation, increased BBB permeability,
redistribution of iron within the brain, and changes in iron homeostasis [13–15]. Changes
in regional iron distribution have been demonstrated consistently in neurodegenerative
diseases [16,17]. Additionally, many neurodegenerative diseases, such as AD and PD, are
primarily characterized by a deposition of insoluble protein aggregates of which iron is an
essential component [18–21]. Iron is seen as a potential biomarker for neurodegenerative
diseases since increased iron levels appear early on in disease progression [22,23]. This
phenomenon has raised the question of whether this iron increase is involved in disease
initiation or is an early symptom of disease progression [24]. BBB breakdown has also been
reported as an early physiological occurrence in these diseases and in ageing [25–27]. Yet,
even though these closely associated events have been extensively researched, iron’s effect
on BBB integrity and the molecular pathways that govern these effects still remain unclear,
since the main emphasis in this field has been to understand iron transport through the BBB
to the brain [28]. Another hallmark of these neurodegenerative disorders is an excessive
amount of reactive oxygen species (ROS), which is viewed as one of the potential common
etiologies in these diseases [29–31]. Imbalance between ROS production and antioxidant
defenses results in excessive accumulation of ROS and leads to oxidative stress [32,33]. Ox-
idative stress results in cell membrane damage from lipid peroxidation, changes in protein
structure and function due to protein degradation, and structural damage to DNA [34].
The brain is especially susceptible to oxidative stress due to its high oxygen demand,
constituting 20% of body oxygen consumption [35]. Additionally, redox-active metals
such as iron exist abundantly in the brain and are actively involved in the formation and
propagation of ROS. Lastly, high levels of polyunsaturated fatty acids are present in brain
cell membranes and form substrates for lipid peroxidation [36]. All these components
seem to be interconnected, yet how they influence each other is still unclear. High iron
levels, BBB permeability and oxidative stress are all biomarkers for neurodegenerative
diseases [37–39] but thus far it is still uncertain whether these are isolated events or an
interlinked physiological cascade. To understand the relationship and kinetics of these
processes and their role in BBB breakdown we established a BBB-injury model based
on the organophosphate paraoxon (PX) and a stem-cell derived in-vitro human BBB sys-
tem [40–44]. Exposure to organophosphates induces common effects that are predominant
in neurodegenerative diseases, such as; direct damage to BBB integrity [45,46] and ROS
production among varied cell types, including endothelial cells [47–49]. Our model also
exhibited many of these common BBB cellular abnormalities including increased perme-
ability, ROS formation, inflammation, and cell death [43,44]. Since oxidative stress has
been reported to be directly involved in BBB breakdown [34,50] we wanted to elucidate
the specific ROS pathway in the endothelium responsible for this damage. To our surprise,
we observed that blocking various ROS associated pathways such as lipid oxidation and
mitochondrial superoxide formation had no significant effect on BBB integrity, although it
rescued cells from cytotoxicity and apoptosis. Conversely, the FDA approved iron chelator
Desferal (DFO) rescued the brain endothelial cells (BEC) from both toxicity and functional
damage. We found that an increase in the BEC labile iron pool (LIP) was responsible for the
BBB breakdown while DFO abrogated this effect by inhibiting the increase in LIP, inducing
the expression of Hypoxia induced factor 2α (HIF2α) and reversing the loss of Ve-cadherin
expression. HIF2α seems to be have an essential role in this process, since blocking it with
a specific inhibitor abrogated the rescue effect of DFO on Ve-cadherin specifically at the
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cell surface but not on its overall expression. Additionally, the non-toxic nitroxide JP4-039
inhibited both BEC cell toxicity and rescued BBB integrity. These results have shed light
on potential molecular targets and pathways to attenuate BBB breakdown, potentially
contributing to therapeutic solutions in treatments of CNS pathologies where the loss of
BBB integrity is an essential component.

2. Materials and Methods
2.1. Reagents

Mouse anti-VE-cadherin antibody (sc-9989) diluted 1:50 was obtained from Santa
Cruz Biotechnology (Dallas, TX, USA). Cy and Alexa Fluor-conjugated secondary antibod-
ies were acquired from Jackson Immunoresearch (Philadelphia, PA, USA) and Molecular
Probes (Eugene, OR, USA), respectively, and used for immunocytochemistry. HIF2α
inhibitor [51] (Axon 2034) was obtained from Axon Medchem (Hanzeplein, The Nether-
lands). Z-VAD-FMK was obtained from Adooq-bioscience (187389-52-2, Irvine, CA, USA)
and Santa Cruz Biotechnology (sc-3067, Dallas, TX, USA). Marimastat from Santa Cruz
Biotechnology (sc-202223, Dallas, TX, USA), MG-132 from Promega (G9951, Madison,
WI, USA). Cytotoxgreen was obtained from Essen BioScience (Ann Arbor, MI, USA) and
CellROXgreen from Molecular Probes (Eugene, OR, USA). PX-ethyl was purchased from
Sigma (St. Louis, MO, USA). According to the Sigma safety data sheet, safety measures
of eye shields, face shields, full-face respirator, and gloves should be taken. PX was used
according to our previously reported protocol [43,44] All other reagents applied in this
study were used in accordance to the known literature and the supplier’s guidelines.

2.2. JP4-039

JP4-039 is a drug-like small molecule that passes through Veber and Lipinski filters
with a molecular weight (MW) of 424.6, a logP of 2.9, and a topological polar surface area
(TPSA) of 70.7. Physicochemical properties were calculated with Instant JChem 21.2.0
(ChemAxon, Cambridge, MA, USA). The alkene peptide isostere has 5 hydrogen bond
acceptors (HBA) and 2 hydrogen bond donors (HBD), as well as 9 rotatable bonds. Inter-
estingly, a central nervous system (CNS) multiparameter optimization (MPO) generates a
score of 4.6 for JP4-039 [52], which places this candidate in the upper cohort for drug-like
properties, suggesting a desirable alignment of ADME attributes, blood−brain barrier
crossing, and lower-risk safety profile. JP4-039’s aqueous solubility was determined to be
580 µM, and in a PAMPA permeability protocol, it was found to have a logPe (log of the
effective permeability) of −4.2, suggesting high permeability [53]. JP4-039 was synthesized
and analyzed as previously published [54].

2.3. Media

Brain-like endothelial cell (BLEC) and pericytes were grown in ECM medium (Sci-
encell, Carlsbad, CA, USA), which was composed as follows: 5% fetal calf serum (Gibco,
Gaithersburg, MD, USA), ECGS supplements and 50 mg/mL gentamicin (Biological indus-
tries, Beit-Haemek, Israel).

2.4. BBB In-Vitro Model

To investigate the cellular response to chemical injury, a human BBB model, which is
well characterized for studying BBB injury, inflammation, and barrier functionality was
utilized [41,43]. The human BBB model was generated using human cord blood-derived
from hematopoietic stem cells; CD34+ cells were isolated from umbilical cord blood. The
parents of the infants signed a consent form. All protocols were done with the authorization
of the French Ministry of Higher Education and Research (CODECOH Number DC2011-
1321). CD34+ cells were differentiated into BLEC by a six days co-culture with bovine brain
pericytes, as previously reported [41,43,44]. BBB injury was generated by exposure to the
organophosphate PX, as previously characterized [43].
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2.5. Permeability Assay

The protocol for fluorescence based permeability assay was used, as previously re-
ported [43,44]. Fluorescein detection was carried out on an Infinite 200 PRO (Tecan, Männedorf,
Switzerland) plate reader using the excitation/emission wavelength (nm) settings: 485/538.
The Pe coefficient was obtained from the slope of the calculated clearance curve, as described
in reference [55]. A typical Pe value for the control was Pe = 0.35 × 10−3 cm/min.

2.6. TEER Assay

Impedance spectrum measurements were performed using a multi-well impedance spec-
trometer (cellZscope, Nano analytical, Berlin, Germany). Filter inserts, containing confluent
monolayers of BLEC on the luminal side and pericytes on the abluminal side were placed in
the cellZscope and impedance was measured at an hour interval for 12 h prior to treatment
and 24 h post treatment, while being incubated at 37 ◦C and 5% CO2. TEER values in the
current study reached an average of 35 ± 5 Ω·cm2 before treatments were applied.

2.7. Cell Death by LDH Release

The toxicity of PX was investigated on monolayers of BLEC seeded on 96 well plates
or on inserts at the luminal side in co-culture experiments using the commercially available
Cytotoxicity Detection Kit (Promega, Madison, WI, USA) according to manufacturer protocol.
Absorption was measured at 490 nm by an Elisa plate reader (Tecan, Männedorf, Switzerland).

2.8. Cell Death by Cytotoxgreen Staining

Monolayers of BLEC were treated with PX in 96 well plates and monitored simulta-
neously for cytotoxic response kinetics with cytotox green stain (250 nM) for 24 h by live
imaging using an IncuCyte imaging system (Essen BioScience, Ann Arbor, MI, USA). Im-
ages were captured every hour and cells with a positive fluorescence signal were counted
by the IncuCyte® integrated analysis software.

2.9. Oxidative Stress Analysis

Cellular oxidative stress was detected with the use of the cell-permeable fluorogenic
probe CellROX (5 mM; Molecular Probes). Monolayers of BLEC were treated in 96 well
plates and monitored with CellROX stain for 24 h by live imaging using an IncuCyte
imaging system (Essen BioScience). The intensity of CellROX fluorescence was calculated
and analyzed by the IncuCyte integrated analysis software to quantify ROS levels.

2.10. Apoptosis Analysis

Apoptosis was measured with the use of the apoptosis cell-permeable non-toxic fluoro-
genic Caspase-3/7 Reagent (Essen BioScience). Monolayers of BLEC were treated in 96-well
plates and monitored with Caspase-3/7 Reagent for 24 h by live imaging using an IncuCyte
imaging system (Essen BioScience). Images were captured every hour and cells with a positive
fluorescence signal were counted by the IncuCyte integrated analysis software.

2.11. Mitochondrial ROS Formation Analysis

Superoxide formation in the mitochondria was measured with the use of the Mi-
toSOX™ Red reagent (Molecular Probes) according to manufacturer protocol. Monolayers
of BLEC were treated in 96-well plates and monitored with MitoSOX™ for 24 h by live
imaging using an IncuCyte imaging system (Essen BioScience). Images were captured ev-
ery hour and the fluorescence signal intensity was calculated and analyzed by the IncuCyte
integrated analysis software to quantify mitochondrial ROS formation levels.

2.12. Mitochondrial Membrane Depolarization Analysis

Mitochondrial Membrane Depolarization was measured with the use of the membrane-
permeant JC-1 dye (Molecular Probes) according to manufacturer protocol. Monolayers
of BLEC were treated in 96-well plates and monitored with the JC-1 dye for 24 h by live
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imaging using an IncuCyte imaging system (Essen BioScience). Images were captured every
hour and the increase in the green/red intensity fluorescence signal ratio was calculated
and analyzed by the IncuCyte integrated analysis software to quantify mitochondrial
membrane depolarization.

2.13. Lipid Peroxidation Analysis

Lipid peroxidation was measured with the use of C11-BODIPY581/591 (Molecular
Probes) based upon the protocol previously reported [56]. Monolayers of BLEC were
treated in 96 well plates and monitored with C11-BODIPY581/591 for 24 h by live imaging
using an IncuCyte imaging system (Essen BioScience). Images were captured every hour
and the increase in the green/red intensity fluorescence signal ratio was calculated and
analyzed by the IncuCyte integrated analysis software to quantify lipid peroxidation.
Additionally, the lipid peroxidation assay kit (Abcam, Cambridge, MA, USA) was also
used according to the manufacturer protocol.

2.14. Labile Iron Pool Measurements

Cellular labile iron pool levels were measured with the use of calcein acetoxymethyl
ester (CA-AM, Sigma-Aldrich, St. Louis, MO, USA) based upon protocols previously
reported [57–59]. Monolayers of BLEC were treated in 96-well plates and simultaneously
incubated with CA-AM (1 µM). Following staining, cells were analyzed by live imaging
using an IncuCyte imaging system (Essen BioScience). Images were captured every hour
and the increase in the green intensity fluorescence signal was calculated and analyzed by
the IncuCyte integrated analysis software to quantify relative labile iron pool concentration.

2.15. Western Blot Assay

BLEC were grown on gelatin-coated 6-well plates and treated for 24 h. The cells were
then lysed with RIPA Buffer (Sigma, USA) and protease inhibitors (Roche, City, France).
Cell extracts were separated by 10% SDS–PAGE followed by blotting on nitrocellulose
(Whatmann Schleicher-Schuell, City, France) and analyzed with a mouse anti-Ve-cadherin
(Santa Cruz Biotechnology), and normalized with a rabbit anti-actin (Santa Cruz Biotech-
nology) antibodies. Original western blotting was cropped to remove an experimental
treatment that was not incorporated in the results.

2.16. Immunocytochemistry

BLEC were immunostained, as previously reported [43,44]. In short, cells were fixed with
4% PFA, then incubated overnight at 4 ◦C with anti-VE-cadherin and anti-HIF2α antibodies,
and washed with PBS/0.1% Tween20 and incubated with appropriate secondary antibodies
for 1 h at room temperature. Cells were counterstained with propidium iodide (PI) for
5 min. Images were taken with IncuCyte® fluorescence microscope (Essen BioScience) with
×10 objective. Antibody intensity fluorescence signal was calculated and analyzed by the
IncuCyte integrated analysis software and normalized by cell count using the PI signal.

2.17. Gene Expression—rtPCR

BLEC were grown on gelatin-coated 6-well plates and treated for 24 h. RNA isolation
was performed using the RNA Purification kit (NucleoSpin®) according to manufacturer
protocol. The cDNA was synthesized using the qScript™ cDNA Synthesis Kit (Quanta
Bioscience™). To precisely quantify specific mRNA expression, RT-PCR Step One Plus
system (#8024, Applied Biosystems, Waltham, MA, USA) was used. Primers for Ve-cadherin
and GAPDH (housekeeping gene) were used as previously reported [43,44].

2.18. Flow Cytometry (FACS)

BLEC were grown on gelatin-coated 6-well plates and treated for 24 h. After treatment,
BLEC were collected using Cell Dissociation Non-enzymatic Solution (Sigma), washed, and
suspended in cold PBS. One million (1 × 106) cells were incubated with Anti-Ve cadherin
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Alexa Fluor 488 conjugated or isotype control (mouse IgM, Invitrogen, Waltham, MA, USA)
for 40 min on ice. After three washes with cold PBS, cells were examined in the CyFlow®

Cube 6 (Sysmex America, Lincolnshire, IL, USA) and data was analyzed using the FlowJo™
v10.7 software (BD biosciences, San Diego, CA, USA).

2.19. Data and Statistical Analysis

Results are expressed as the mean ± standard deviation of the mean, with at least
three biological repeats unless mentioned otherwise. Comparison between three groups or
more was analyzed using one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test for post-hoc analyses. Live cell imaging data was analyzed with two-way
ANOVA with Tukey’s multiple comparison test for post-hoc analyses. GraphPad Prism 8.0
software was used for all statistical analysis (GraphPad Software Inc., La Jolla, CA, USA).
Differences were considered significant at p values < 0.05.

3. Results
3.1. Lipid Peroxidation Is Rapidly Induced in a BBB Injury Model

We have previously reported that neither antioxidants nor apoptosis inhibitors were
able to rescue barrier functions in our BBB injury model [43,44], suggesting that the source
of this damage is not a direct result of either process. We aimed to ascertain whether
inhibiting a specific type of oxidative stress in the BLEC would attenuate the damage
to BBB integrity. Since lipid compositions and their physiochemical properties greatly
influence barrier functions [60] and intercellular lipids are a common target for oxidation
by ROS [61,62], we measured lipid peroxidation at the initial insult event. A rapid and
significant increase in lipid peroxidation was observed (Figure 1A). Additionally, we
measured lipid peroxidation over a 24-h period using a live-cell analysis system and
found that lipid peroxides accumulated over time (Figure 1B). The lipid peroxidation
inhibitor Ferrostatin-1 (Fer-1) [63] abrogated this damage throughout the entire experiment
(Figure 1A,B). Cell death was abrogated in the presence of Fer-1, indicating that lipid
peroxidation contributed to the increased cell toxicity (Figure 1C). These results suggested
that insult to BLEC might lead to ferroptosis for which Fer-1 is a classic and specific
blocker [63]. The ferroptotic cell death entails two essential components: lipid peroxidation
and accumulation of free iron ions [63,64]. We therefore treated cells with Desferal (DFO),
an FDA-approved drug which acts as an iron chelator. Indeed, DFO significantly rescued
cell toxicity (Figure 1C). To further confirm the ferroptosis process, the absence of apoptosis
needed to be established [63,65]. The kinetics of apoptosis induction were measured with
live cell imaging of caspase-3 activation for the duration of 24 h subsequent to endothelium
exposure to PX. We found that PX induced apoptosis in BLEC, and that the addition of
Fer-1 did not abrogate this effect (Figure 1D). Therefore, even though most of the classic
ferroptosis signatures existed, it was inaccurate to classify this process as ferroptosis per se
since ultimately, apoptosis occurred (Figure 1D). We then asked whether this ferroptosis-
like process could account for the impaired functionality observed in the BBB model; Even
though Fer-1 abrogated cell death (Figure 1C), it did not rescue barrier function from
increased permeability (Figure 1E). Collectively, these results suggested that there were at
least two processes that occurred as a result of PX damage to the brain endothelial cells.
Initially, the cells rapidly responded to the PX challenge by lipid peroxidation; however,
after 12 h, additional cell death pathways came into play, such as apoptosis. These seemed
to be independent pathways, since BLEC underwent apoptosis even in the presence of Fer-1
(Figure 1D). Additionally, neither ferroptosis nor apoptosis seemed to be solely accountable
for increased BBB permeability since two classic blockers of these programmed cell death
processes (Fer-1 and the pan caspase inhibitor ZVAD) significantly attenuated cell death
but failed to rescue the damage to barrier permeability (Figure 1E and [43]).
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out of three independent experiments with n = 10–18, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX; (D) Apoptosis was 
measured with a caspase-3 activated fluorescent marker by live cell imaging 24-h post PX treatment on a BLEC monolayer. 
Mean ± s.d. of one representative experiment is shown, out of three independent experiments with n = 9–12, *** p < 0.001 
vs. ctrl marks the first time point with a significant change; (E) Permeability of sodium fluorescein (NaF) was measured 
across the BBB in vitro model (from luminal to abluminal side) 24-h post PX treatment. PX was added at 900 µM and Fer-
1 was added at 50 µM. Cell death was assessed by sampling medium from the luminal side with the LDH assay. Mean ± 
s.d. of one representative experiment is shown, out of three independent experiments with n = 9–15, * p < 0.05, ** p < 0.01 
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Figure 1. Inhibition of lipid peroxidation rescues cell viability but not barrier function. (A) Cellular lipid peroxidation 1-h
subsequent to 400 µM PX treatment on a BLEC monolayer. Fer-1 was added at 50 µM. Ctrl are cells cultured with normal
medium without the addition of any treatments. Mean ± s.d. of one representative experiment is shown, out of three
independent experiments with n = 9–12, *** p < 0.001 vs. ctrl and ## p < 0.01 vs. PX; (B) Cellular lipid peroxidation was
assessed by live cell imaging assay over a 24-h period on a BLEC monolayer. Mean ± s.d. of n = 4–6 for each condition
from a single experiment, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX marks the first time point with a significant change;
(C) Cell death was assessed by the release of lactate dehydrogenase (LDH) 24-h post 400 µM PX treatment on a BLEC
monolayer. Fer-1 was added at 50 µM and DFO was added at 50 µg/mL. Mean ± s.d. of one representative experiment is
shown, out of three independent experiments with n = 10–18, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX; (D) Apoptosis
was measured with a caspase-3 activated fluorescent marker 24-h post PX treatment on a BLEC monolayer. Mean ± s.d.
of one representative experiment is shown, out of three independent experiments with n = 9–12, *** p < 0.001 vs. ctrl;
(E) Permeability of sodium fluorescein (NaF) was measured across the BBB in vitro model (from luminal to abluminal side)
24-h post PX treatment. PX was added at 900 µM and Fer-1 was added at 50 µM. Cell death was assessed by sampling
medium from the luminal side with the LDH assay. Mean ± s.d. of one representative experiment is shown, out of three
independent experiments with n = 9–15, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. ctrl and ## p < 0.01 vs. PX. Ctrl, control;
PX, paraoxon; Fer-1, Ferrostatin; DFO, Desferal.
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3.2. Kinetics of Mitochondrial ROS Formation

Since Fer-1 failed to inhibit PX-induced apoptosis (Figure 1D), we assumed that
apoptosis was not a direct result of the initial lipid peroxidation. Since inhibition of several
oxidative stress associated events in our model, such as lipid peroxidation (Figure 1B)
and total cell ROS formation [43] did not rescue the BBB integrity, we next measured
mitochondrial ROS production. Mitochondrial superoxide formation was significantly
increased 9 h after PX treatment in a time dependent manner (Figure 2A). Mitochondrial
stress initiates the chain of events leading to apoptosis [66], we therefore treated the cells
with ZVAD, which significantly decreased PX-induced mitochondrial ROS formation, while
Fer-1 exacerbated it (Figure 2A), suggesting that this organelle-specific ROS formation
might be responsible for the chain of events leading to apoptosis. It has been reported
that mitochondrial superoxide formation leads to a decrease in mitochondrial membrane
potential, resulting in mitochondrial membrane permeation [67] which is the next step in
the chain of events terminating in apoptosis. We therefore performed a live cell imaging
assay to measure the permeation of the mitochondrial membrane in cells treated with PX.
At 15 h post treatment, the permeation started to increase significantly in comparison to the
control cells, increasing until 24 h. ZVAD abrogated this effect and Fer-1 had no significant
effect at 24 h (Figure 2B). Additionally, ZVAD prevented the activation of caspase-3 and
reduced the basal apoptosis process of untreated cells after 24 h (Figure 2C). Concordantly,
ZVAD nullified cell cytotoxicity throughout the 24-h treatment (Figure 2D). Together, these
results suggest two chain of events and their kinetics in this model of injured endothelium;
one results in apoptosis while the other leads to a ferroptosis-like process. However, even
though these experiments shed light on both chains of events and provided insights into
their time frames, the source of functional damage in the brain endothelium is yet to
be clarified.
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Figure 2. Apoptosis and mitochondrial stress are not a direct result of the early lipid peroxidation initiated by PX. (A) Live cell
imaging of mitochondrial ROS formation was measured 24-h post 400 µM PX treatment on a BLEC monolayer. ZVAD and Fer-1
were added at 50 µM. Ctrl are cells cultured with normal medium without the addition of any treatments. Mean ± s.d. of one
representative experiment is shown, out of three independent experiments with n = 12–18, ** p < 0.01 vs. ctrl and ### p < 0.001
vs. PX marks the first time point with a significant change; (B) Mitochondrial membrane permeability was examined by
measuring its membrane depolarization with JC-1 staining over a 24-h period on a PX treated BLEC monolayer. Mean ± s.d.
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of one representative experiment is shown, out of three independent experiments with n = 12–18, * p < 0.05 and *** p < 0.001
vs. ctrl and ### p < 0.001 vs. PX; (C) Apoptosis was measured with a caspase-3 activated fluorescent marker by live cell
imaging 24-h post PX treatment on a BLEC monolayer. ZVAD was added at 50 µM. Mean ± s.d. of one representative
experiment is shown, out of three independent experiments with n = 9–12, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX
marks the first time point with a significant change; (D) Live cell imaging of cell death was examined by cytotoxicity
fluorescent staining over a 24-h period on a PX treated BLEC monolayer. Mean ± s.d. of one representative experiment
is shown, out of three independent experiments with n = 12–18, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX marks
the first time point with a significant change. Ctrl, control; PX, paraoxon; ZVAD, Z-VAD-FMK; Fer-1, Ferrostatin; MRF,
mitochondrial ROS formation; MMP, mitochondrial membrane permeability; au, arbitrary units.

3.3. The Iron Chelator DFO Rescues Both Cell Viability and Functionality

Since several ROS processes were evident in our model, but had no direct effect on
BBB integrity, we wanted to elucidate the effect of DFO in our model since it rescued BLEC
from PX-induced cell death (Figure 1B). Indeed, DFO rescued cytotoxicity throughout the
24-h window (Figure 3A). Since DFO is an iron chelator, we hypothesized that damage
to BLEC deregulated the cellular iron homeostasis. Indeed, PX increased the labile iron
pool within the cell, while DFO moderately but significantly rescued this effect (Figure 3B).
Unlike Fer-1, DFO did not rescue the cells exclusively through the ferroptosis-like process
since it also significantly decreased apoptosis (Figure 3C). Since apoptosis was inhibited,
we next measured the effect of DFO on mitochondrial membrane permeation, a hallmark of
the apoptosis pathway [68]. Conversely, DFO exacerbated the damage to the mitochondrial
membrane (Figure 3D), suggesting that DFO did not affect apoptosis through the classic
chain of events that are associated with the breakdown of the mitochondrial membrane. We
next measured the cellular ROS formation since the Fenton reaction is a catalytic process
in which iron is oxidized by hydrogen peroxide, a product of mitochondrial oxidative
respiration, ultimately leading to the creation of a highly toxic hydroxyl free radical, which
results in oxidative stress [69]. Surprisingly, DFO had no significant effect on cellular ROS
formation (Figure 3E). It has been reported that the Fenton reaction initiates the production
of hydroxyl radicals within the mitochondria [70], leading to oxidative stress. Indeed, DFO
significantly decreased mitochondrial ROS formation (Figure 3F), suggesting that DFO
rescues cell viability through inhibition of mitochondrial superoxide formation. Conversely,
DFO significantly increased the permeation of the mitochondrial membrane rather than
preventing it (Figure 3D) indicating that DFO does not rescue cell viability via the classic
apoptosis pathway. Our next step was to test whether the ability of DFO to rescue cell
viability in BLEC also extended to their functionality. DFO significantly rescued the barrier
function as manifested by preventing the increase in permeability and the decrease in
transendothelial electrical resistance (TEER) in the BBB model exposed to PX (Figure 3G).
This confirms that DFO rescues both cell viability and barrier functionality. Collectively,
these results highlight the therapeutic potential of addressing iron dyshomeostasis in the
treatment of BBB damage since this approach has the dual effect of restoring loss of function
as well as inhibiting cell toxicity in the endothelial cells of the BBB.
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Figure 3. DFO diminishes cell toxicity and rescues barrier functions. (A) Live cell imaging of cell death was examined by
cytotoxicity 24 h post 400 µM PX treatment on a BLEC monolayer. DFO was added at 50 µg/mL. Ctrl are cells cultured
with normal medium without the addition of any treatments. Mean ± s.d. of one representative experiment is shown,
out of five independent experiments with n = 20–30, *** p < 0.001 vs. ctrl and ## p < 0.01 vs. PX marks the first time point
with a significant change; (B) Labile iron pool (LIP) was assessed by Calcein-AM on a PX treated BLEC monolayer 1-h post
treatment. Its fluorescent signal negatively correlates with LIP. Mean ± s.d. of one representative experiment is shown, out
of two independent experiments with n = 10–12, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX; (C) Apoptosis was measured
with a caspase-3 activated fluorescent marker by live cell imaging 24-h post PX treatment on a BLEC monolayer. Mean ± s.d.
of one representative experiment is shown, out of three independent experiments with n = 12–18, *** p < 0.001 vs. ctrl and
## p < 0.01 vs. PX marks the first time point with a significant change; (D) Mitochondrial membrane permeability was
evaluated with the use of live imaging by measuring the mitochondrial membrane depolarization with JC-1 staining on a
PX treated BLEC monolayer. Mean ± s.d. of one representative experiment is shown, out of three independent experiments
with n = 12–18, * p < 0.05 and *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX; (E) Live cell imaging of cellular ROS formation
was measured with CellRox staining on a PX treated BLEC monolayer Mean ± s.d. of one representative experiment is
shown, out of three independent experiments with n = 12–18, * p < 0.05 vs. ctrl marks the first time point with a significant
change; (F) Live cell imaging of mitochondrial ROS formation was measured with the Mitosox marker on a PX treated
BLEC monolayer. Mean ± s.d. of one representative experiment is shown, out of four independent experiments with n
= 16-24, * p < 0. 05 vs. ctrl and # p < 0.05 vs. PX marks the first time point with a significant change; (G) Permeability of
sodium fluorescein (NaF) and TEER were measured across the BBB in vitro model (from luminal to abluminal side) 24-h
post PX treatment. PX was added at 900 µM and DFO added at 50 µg/mL. Mean ± s.d. of one representative experiment
is shown, out of three independent experiments with n = 12–15, *** p < 0.001 and ** p < 0.01 vs. ctrl and # p < 0.05 and
## p < 0.01 vs. PX. Ctrl, control; PX, paraoxon; DFO, Desferal; MRF, mitochondrial ROS formation; MMP, mitochondrial
membrane permeability; au, arbitrary units; TEER, Trans endothelial electrical resistance.

3.4. DFO Rescues BBB Integrity by Protecting Ve-Cadherin through Regulation of HIF2α

Next, we investigated the effect of DFO on adherens and tight junctions, which are
responsible for the paracellular tightness of the BBB. Out of all the adherens and tight
junctional proteins we evaluated; Ve-cadherin expression was the most affected by expo-
sure to PX in-vivo and in-vitro [43,44]. Additionally, Ve-cadherin is known to be a master
regulator of permeability in BBB endothelial cells [71]. We therefore measured Ve-cadherin
expression in cells exposed to a combined treatment of PX and DFO. Using western blotting
and immunocytochemistry, DFO was shown to abrogate the reduction in total Ve-cadherin
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protein expression (Figure 4A). To investigate a connection between the increased labile
iron pool and Ve-cadherin down regulation, we measured the levels of the iron regulated
transcription factor; hypoxia induced factor 2 alpha (HIF2α). This transcription factor
has been implicated as a Ve-cadherin regulator [72,73]. While there was no significant
effect on HIF2α expression in the injury model, addition of DFO significantly increased
HIF2α expression levels in comparison to Control and PX-treated cells (Figure 4B). These
results translated exclusively to the functional level since the HIF2α inhibitor abrogated
the rescue effect of DFO on both permeability and TEER but not cell viability (Figure 4C).
This strengthened the hypothesis that the labile iron pool is responsible for the damage
to BBB integrity since this pattern replicated itself when PX was exchanged with ferrous
ammonium sulfate (FAS) to directly increase the labile iron pool [74] while not inducing cell
toxicity (Figure 4D). HIF2α is a transcription factor that specifically induces Ve-cadherin
expression independently of hypoxia [73]. We therefore measured mRNA levels in BLEC
exposed to PX. Surprisingly, even though HIF2α inhibitor had an adverse yet not significant
effect on Ve-cadherin levels, DFO did not rescue mRNA decrease in response to insult
(Figure 4E), suggesting that DFO rescued Ve-cadherin expression post transcriptionally.
We then measured the effect of HIF2α on Ve-cadherin whole cell protein levels and found
that even though DFO prevented the decrease in Ve-cadherin protein expression, HIF2α
inhibitor did not abrogate this effect (Figure 4F). Conversely, Ve-cadherin cell surface ex-
pression reflected a clear pattern of DFO rescue and HIF2α inhibitor attenuation of this
rescue effect (Figure 4G). To ascertain that this functional pathway is independent of the
ROS associated apoptotic pathways mentioned earlier, we measured MRF. As expected,
HIF2α inhibitor had no significant effect on DFO rescue (Figure 4H), strengthening the
hypothesis that endothelium functionality is not regulated by ROS related processes in
our model. Collectively, these results suggest that HIF2α regulates BBB integrity through
maintaining Ve-cadherin on the cell surface. Damage to the BBB increases the cellular
labile iron pool, resulting in a decrease in HIF2α-mediated Ve-cadherin cell surface ex-
pression, while DFO restores this expression, resulting in the functional rescue of the BBB
endothelial cells.

3.5. A New Chemical Entity, JP4-039, Rescues Barrier Functions

Since the cellular iron homeostasis is a precise and delicately regulated process that
is present throughout all cells in the body [75,76], we aimed at identifying another agent
that does not elicit such a profound effect on the cellular iron levels. Similar to DFO, this
compound should have the potential to mitigate the synergistic effects of increased cell
death and decreased cell functionality induced in the damaged BBB. We found that the
novel nitroxide, JP4-039 (Figure 5A), significantly rescued permeability in our injury model
(Figure 5B) and inhibited TEER decrease (Figure 5C). JP4-039 also inhibited cell death as
recorded using the LDH assay (Figure 5D). The cytotoxicity and apoptosis kinetics were
measured in the presence of JP4-039. Both processes were initially inhibited at 8 to 10 h
and up to 24 h post treatment (Figure 5E,F). We have previously shown that JP4-039 is
an antioxidant and electron scavenger that targets the mitochondria [77]. Indeed, JP4-039
significantly inhibited MRF increase (Figure 5G) in PX treated cells. Collectively, these
results suggested that the novel nitroxide, JP4-039, offers a therapeutic potential to treat
BBB damage, since this compound has the dual effect of rescuing both the viability and
integrity of the endothelial cells.
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Figure 4. DFO rescues BBB Permeability via a HIF2α-Ve-cadherin pathway. (A) Ve-Cadherin expression was measured
with western blotting and immunocytochemistry intensity quantification in a BLEC monolayer treated with 400 µM PX for
24 h. DFO was added at 50 µg/mL. Ctrl are cells cultured with normal medium without the addition of any treatments.
Mean ± s.d. of one representative experiment is shown, out of four independent experiments with n = 16–24, ** p < 0.01
vs. ctrl and # p < 0.05 vs. PX. Scale bar = 200 µm; (B) Immunofluorescence staining and quantification of HIF2α in a BLEC
monolayer treated with PX. Mean ± s.d. of one representative experiment is shown, out of four independent experiments
with n = 16–24, * p < 0.05 vs. ctrl and # p < 0.05 vs. PX. Scale bar = 200 µm; (C) Permeability (106 xcm/s) of sodium
fluorescein (NaF) and TEER were measured across the BBB in vitro model (from luminal to abluminal side) 24-h post PX
treatment. PX was added at 900 µM, DFO was added at 50 µg/mL and HIF2α inhibitor was added at 10 µM. Cell death was
assessed by sampling medium from the luminal side with the LDH assay. Mean ± s.d. of one representative experiment is
shown, out of three independent experiments with n = 9–15, *** p < 0.001, ** p < 0.01 and * p < 0.05 vs. ctrl and # p < 0.05
vs. PX and $ p < 0.05 vs. PX + DFO; (D) TEER was measured across the BBB in-vitro model 12-h post FAS treatment. FAS
was added at 300 µM, DFO was added at 50 µg/mL, and HIF2α inhibitor was added at 10 µM. Cell death was assessed by
sampling medium from the luminal side with the LDH assay. Mean ± s.d. of one representative experiment is shown, out
of two independent experiments with n = 6–10, ** p < 0.01 and * p < 0.05 vs. ctrl and # p < 0.05 vs. FAS and $ p < 0.05 vs. FAS
+ DFO; (E) RT-PCR quantification of Ve-Cadherin mRNA in a BLEC monolayer treated with 400 µM PX for 24 h. DFO was
added at 50 µg/mL and HIF2α inhibitor was added at 10 µM. Mean ± s.d. of n = 5–6 for each condition from six biological
repeats and three technical repeats per each n, *** p < 0.001 vs. ctrl; (F) Immunofluorescence staining and quantification of
Ve-Cadherin in a BLEC monolayer treated with PX for 24 h. Mean ± s.d. of one representative experiment is shown, out of
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four independent experiments with n = 16–24, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PXScale bar = 300 µm; (G) FACS
histograms of live single cells from a BLEC monolayer treated with PX for 24 h. Cells were stained for Ve-Cadherin.
Immunostaining was performed without fixation and permeabilization (surface staining), n = 3 for each condition from
3 independent experiments. Median decrease of 32% with PX treatment (p < 0.001), DFO rescue of 22% (p < 0.01) and HIF2α
inhibitor attenuated DFO rescue by 34% (p < 0.01); (H) Live cell imaging of mitochondrial ROS formation was measured
with Mitosox staining on a BLEC monolayer treated with PX for 24 h. Mean ± s.d. of one representative experiment is
shown, out of three independent experiments with n = 12, * p < 0.05 vs. ctrl and # p < 0.05 vs. PX marks the first time point
with a significant change. Scale bar = 100 µm. Ctrl, control; PX, paraoxon; DFO, Desferal; HIF2α, Hypoxia induced factor;
FAS, ferrous ammonium sulfate; TEER, Trans endothelial electrical resistance; MRF, mitochondrial ROS formation; au,
arbitrary units.
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Figure 5. JP4-039 rescues PX-induced toxicity and permeability increase in the BBB injury model; (A) A chemical formula
diagram of JP4-039; (B) Permeability of sodium fluorescein (NaF) was measured across the BBB in vitro model (from luminal
to abluminal side) 24-h post PX treatment. PX was added at 900 µM and JP4-039 was added at 25 µM. Ctrl are cells cultured
with normal medium without the addition of any treatments. Mean ± s.d. of one representative experiment is shown, out of
four independent experiments with n = 12–20, *** p < 0.001 vs. ctrl and # p < 0.05, vs. PX; (C) Using the same model, TEER
was also measured. Mean ± s.d. of one representative experiment is shown, out of four independent experiments with
n = 12–20, *** p < 0.001 vs. ctrl and ## p < 0.01 vs. PX; (D) Cell death was also assessed in the same model by the release of
lactate dehydrogenase (LDH).Mean ± s.d. of one representative experiment is shown, out of three independent experiments
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with n = 9–18, *** p < 0.001 vs. ctrl and ### p < 0.001 vs. PX; (E) Live cell imaging of cell death was examined by cytotoxicity
fluorescent staining 24-h post 400 µM PX treatment on a BLEC monolayer. JP4-039 was added at 624 nM. Mean ± s.d. of
one representative experiment is shown, out of four independent experiments with n = 16–24, *** p < 0.001 vs. ctrl and
# p < 0.05 vs. PX marks the first time point with a significant change; (F) Apoptosis was measured with a caspase-3 activated
fluorescent marker by live cell imaging 24-h post PX treatment on a BLEC monolayer. Mean ± s.d. of one representative
experiment is shown, out of four independent experiments with n = 16–24, * p < 0.05 vs. ctrl and ## p < 0.01 vs. PX marks
the first time point with a significant change; (G) Live cell imaging of mitochondrial ROS formation was measured with
Mitosox staining on a BLEC monolayer treated with PX for 24 h. Mean ± s.d. of one representative experiment is shown,
out of five independent experiments with n = 20–30, * p < 0. 05 vs. ctrl and # p < 0.05 vs. PX marks the first time point with
a significant change. Ctrl, control; PX, paraoxon; TEER, Trans endothelial electrical resistance; MRF, mitochondrial ROS
formation; au, arbitrary units.

4. Discussion

In this study, we have used a human stem cell-derived BBB injury model to elu-
cidate molecular mechanisms and their kinetics that are induced upon insult with the
organophosphate PX. High correlation has been demonstrated in humans between cogni-
tive decline, neurodegenerative diseases, and exposure to organophosphates [78–81], and
several in vivo studies have shown that BBB integrity is compromised after exposure to
organophosphates [82] and specifically to PX [46]. Most in-vivo experiments examining
chemical toxins effects on BBB have been performed on rodents, especially experiments
elucidating ROS and oxidative stress effects on the BBB [83–85]. Yet, rodents BBB differ
from that of humans by their permeability to P-glycoprotein substrates [86] and expression
levels of tight junctions, such as claudin-5 [87] and receptors, such as Transferrin Recep-
tor1 [88,89]. Since our model is based on human cord blood derived hematopoietic stem
cells that have been co-cultured with pericytes to differentiate into BBB endothelium, the
conundrum of discrepancies between species has been addressed. Additionally, this in-
vitro human BBB model correlated well with human pharmacokinetic parameters [41]. As
we previously reported, both the apoptosis inhibitor ZVAD and the antioxidant TEMPOL
abrogated PX-induced endothelial cell viability damage; yet, they had no significant effect
on the reduced barrier functionality [43]. It has been widely reported that ROS affects BBB
integrity in animals [84] and in-vitro [90,91] as well as under varying pathologies such
as stroke, traumatic brain injury (TBI) and neurodegenerative diseases [92–94]. Thus, we
decided to elucidate whether a more organelle-specific oxidative stress was responsible for
BBB functional damage. Since membrane phospholipids are sensitive to ROS attacks [95]
and it has been previously reported in other BBB models that lipid peroxidation dam-
ages BBB integrity [60], we measured lipid peroxidation and examined its effects on BBB
integrity. A rapid increase in lipid peroxidation was evident upon insult accumulating
over 24 h (Figure 1A,B). It has been previously reported that lipid peroxidation induces
ferroptosis, a relatively new non-apoptotic, iron-dependent regulated form of cell death
caused by the accumulation of lipid-based ROS [63]. Even though there have been sev-
eral studies in neurons on this process [96–98], no study to date has been undertaken to
elucidate its role in BBB endothelium. To ascertain whether this programmed cell death
was activated in our model, we added both the classic ferroptosis and lipid peroxidation
inhibitor; Ferrostatin-1 and the iron chelator DFO. Both compounds attenuated cell via-
bility damage (Figure 1C). To validate ferroptosis, the absence of apoptosis needs to be
confirmed. Even though caspase-3 activation was recorded in conjunction with signifi-
cantly increased cell death 10 h post insult (Figure 2D), Fer-1 had no effect on apoptosis
(Figure 1D). These findings negate the possibility of the classic ferroptosis being induced,
since ultimately the cells underwent apoptosis. Recent reports have highlighted ferroptosis
ability to sensitize the cell to compound-induced apoptosis, such as the tumor necrosis
factor related apoptosis-inducing ligand (TRAIL). Ferroptosis induces the expression of the
apoptosis modulator p53 upregulated modulator of apoptosis (PUMA), yet this modulator
alone does not initiate apoptosis, but rather exacerbates an already active process [99].
Therefore, a similar chain of events, where an already activated apoptosis is intensified,
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can potentially explain the role of ferroptosis in our model. We wanted to elucidate the
downstream cascade that results in apoptosis and clarify how ferroptosis could play a
part in this process. Apoptosis essentially consists of two different pathways: the intrinsic
and extrinsic pathways. In the intrinsic, or mitochondrial pathway of apoptosis, effector
caspases are activated after a signaling cascade involving mitochondrial outer membrane
permeabilization, causing the release of cytochrome c and the activation of caspase-3 that
orchestrates the death of the cell [100]. In the extrinsic, or death receptor pathway of
apoptosis, ligation of death receptors on the cell surface leads to the formation of a death-
inducing signaling complex, which includes FADD and caspase-8 [101]. We showed that
the classic intrinsic apoptosis pathway exists in our model since mitochondrial superoxide
formation (Figure 2A), mitochondrial membrane permeation (Figure 2B) and caspase-3
activation (Figure 2D) were induced. Concordantly, all these processes were inhibited with
the pan-caspase inhibitor ZVAD (Figure 2A–D). Although ZVAD abrogates apoptosis, it
exacerbates damage to BLEC functionality [43] indicating that the intrinsic pathway is not
directly responsible for the damage to barrier integrity. The extrinsic pathway appears to
also be induced since we have recently shown that caspase-8 inhibition reduced cell toxic-
ity [44]. As mentioned earlier, unlike Fer-1, the iron chelator DFO rescued BLEC from both
cell death and apoptosis (Figure 3A,C). Even though DFO inhibited superoxide formation
in the mitochondria (Figure 3F) it seems to inhibit apoptosis through the extrinsic pathways
since it exacerbated mitochondrial membrane permeation (Figure 3D), an essential step
in the intrinsic pathway. Even though we had elucidated the apoptotic pathways and
their kinetics, the process responsible for damage to barrier functionality still eluded us.
We turned our attention to possible changes in iron since ferroptosis has been reported
to deregulate iron homeostasis through manipulation of iron regulatory proteins such as
ferritin, transferrin, and transferrin receptor [102–104]. Additionally, ferroptosis-induced
degradation of ferritin resulted in an accumulation of the cellular labile iron pool [102].
Indeed, a rapid and dramatic increase in the labile iron pool was detected upon insult,
while DFO slightly yet significantly reduced this upsurge (Figure 3B). Iron overload is
associated with loss of BBB integrity in an in-vivo model of transient forebrain ischemia in
rats [105] and has been reported to induce endothelial cell toxicity in an in-vitro model of
secondary brain injury after brain hemorrhage [74]. We found that DFO not only rescued
BLEC viability (Figure 3A) but also reduced permeability and restored TEER (Figure 3G).
Furthermore, the addition of FAS to directly increase the labile iron pool resulted in damage
to BBB integrity, yet did not significantly affect BLEC cell viability (Figure 4D), demon-
strating that a deregulation in the endothelial iron homeostasis might be crucial for BBB
functionality with no effect on cell viability. Iron homeostasis is a tightly regulated process,
and the iron sensing proteins iron regulatory proteins 1 and 2 (IRP1 and IRP2) regulate
the expression of proteins involved in iron uptake, release and storage. IRPs regulate
ferritin H and ferritin L translation and thus iron storage, as well as transferrin receptor
1 (TfR1) mRNA stability, thereby regulating the influx of iron into the cell [106]. Further
studies are needed to gain a deeper understanding of what mechanism is responsible for
the increase in the iron labile pool by evaluating the expression of proteins such as ferrtin,
transferrin receptor, and ferroportin. To elucidate the mechanism by which DFO rescues
BBB integrity, we analyzed the expression of the adherens junction protein Ve-cadherin.
DFO abrogated Ve-cadherin decrease in protein expression (Figure 4A) but not mRNA
expression (Figure 4E), indicating a post transcriptional Ve-cadherin rescue. To find a
link between DFO and Ve-cadherin, we investigated the iron regulated HIF2α. HIF2α
has been reported to regulate Ve-cadherin expression directly by targeting its promoter
in cardiac endothelial cells [73] or indirectly by targeting the promoter of VE-PTP in lung
microvascular endothelial cells. Ve-PTP stabilizes Ve-cadherin by preventing its internal-
ization and degradation [72]. Yet, the role of HIF2α in brain endothelial cells and BBB
permeability has not been discovered. We found here that DFO significantly increased
HIF2α expression 24 h post insult (Figure 4B). To establish the regulatory role of HIF2α
on BBB integrity we applied a specific HIF2α inhibitor, which exclusively targets HIF2α
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but not HIF1α [51]. This inhibitor abrogated both DFO permeability and TEER rescue
while having no significant effect on either DFO inhibition of cell toxicity (Figure 4C) or
mitochondrial superoxide formation (Figure 4H), strengthening our hypothesis that BLEC
viability and integrity are independently regulated by two separate pathways. To validate
the role of the iron liable pool in damage to barrier functionality through HIF2α expression,
we replaced PX with the classic labile iron pool inducer ferrous ammonium sulfate [74].
While endothelium toxicity was not significantly affected, damage to BBB functionality
was evident by enhanced permeability and reduced TEER. This damage was reversed by
DFO, while the HIF2α inhibitor abrogated the effect of DFO (Figure 4D). These results
reiterated our theory that the barrier integrity is regulated by iron homeostasis in BLEC
through the HIF2α—Ve-cadherin axis (Figure 6A). Surprisingly, the HIF2α inhibitor had
no significant effect on Ve-cadherin mRNA or total cell protein expression (Figure 4E,F) but
exclusively abrogated DFO rescue of Ve-cadherin expression on the cell surface (Figure 4G).
A similar phenomenon has been recently reported with TNFα and its effect on Ve-cadherin
cell surface expression in HUVEC [107]. It has long been established that acute hypoxia
induces BBB permeability [108,109]. Conversely, moderate chronic hypoxia has been shown
to enhance BBB stability through the expressions of laminins [110]. HIF1α as opposed to
HIF2α has a negative correlation to BBB integrity [111,112]. This can be explained by their
opposing roles; HIF1α governs the acute adaptation to hypoxia, whereas HIF2α activity
is induced later [113], and this creates a transitional switch between the expression of
the HIF1α acute hypoxia targeted genes to the expression of the HIF2α chronic hypoxia
targeted genes. The present discovery of a novel HIF2α—Ve-cadherin brain endothelium
axis that regulates BBB integrity through iron homeostasis can shed light on the molecular
mechanisms involved in the maintenance of BBB integrity upon hypoxia-independent
injuries and might furthermore indicate the pathways that are responsible for enhanced
BBB integrity in moderate chronic hypoxia. We speculate that laminin could be the missing
link in our axis that enables HIF2α to regulate Ve-cadherin surface expression since it has
been reported that chronic mild hypoxia increases expression of laminins 111 and 411 and
the laminin receptor α6β1 integrin at the BBB [110]. Furthermore, laminin 511 was shown
to induce Ve-cadherin localization to cell-cell borders via β1 and β3 integrins [114]. Further
studies are needed to elucidate the role of laminins and their receptors and to gain a deeper
understanding of the molecular mechanisms of HIF2α regulated BBB integrity. Iron home-
ostasis balance is an essential component of cellular physiology and is a delicately balanced
process. On the one hand, it is involved in critical intracellular processes, including DNA
synthesis and cellular respiration. In contrast, iron overload results in ROS formation and
oxidative stress through the Fenton reaction [115–117]. We therefore sought to find another
compound, which will not act as a classic chelator. We have synthesized and screened
more than 30 new compounds (not shown) and identified a nitroxide, JP4-039, which is
a mitochondrial targeted antioxidant and free radical scavenger [118,119], as a potential
candidate. It has been demonstrated that JP4-039 in combination with a bone marrow
transplant, increased tight junction protein expression and barrier integrity in epithelial
intestinal cells of mice who had been exposed to total body irradiation without affecting
cell viability [120]. JP4-039 had multifaceted beneficial effects in our BBB injury model;
it inhibited mitochondrial superoxide formation, rescued BLEC cell death via apoptosis
inhibition and most importantly, it protected BBB integrity by attenuating BBB increased
permeability and TEER decline (Figure 4). The precise molecular mechanism of JP4-039
still needs to be elucidated; nevertheless, we have identified a novel non-toxic chemical
that both protects BLEC viability and integrity, with the potential of incorporating it as a
therapeutic compound in treatments of diseases associated with BBB breakdown.
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420 µm for all images. PX, paraoxon; ZVAD, Z-VAD-FMK; Fer-1, Ferrostatin; MRF, mitochondrial 
ROS formation; MMP, mitochondrial membrane permeability; au, arbitrary units. 
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Figure 6. BBB integrity is regulated by the iron dependent HIF2α-Ve cadherin axis. (A) Flowchart
elucidating the molecular pathways that regulate BBB integrity in our model. Upon insult the labile
iron pool is significantly increased, resulting in damage to the BBB integrity. DFO rescues BBB
functionality by inducing the expression of HIF2α that results in the restoration of Ve-cadherin on
the cell surface; (B) Flowchart elucidating the molecular pathways initiated in our model. * We have
recently reported that inhibiting caspase-8 decreased apoptosis in our model [44]. PX, paraoxon;
ZVAD, Z-VAD-FMK; Fer-1, Ferrostatin; MRF, mitochondrial ROS formation; MMP, mitochondrial
membrane permeability; au, arbitrary units.

5. Conclusions

In conclusion, using an established human BBB model, we have shown that chemical
insult rapidly induces lipid peroxidation and a ferroptosis-like event. This event poten-
tially enhances separate pathways that result in apoptosis through both the extrinsic and
intrinsic pathways (Figure 6B). More importantly, we have demonstrated that the source
of BBB breakdown in our model is not a direct result of ROS related processes but rather
an imbalance induced in the cellular iron homeostasis of BBB endothelium. We have
furthermore elucidated regulation of BBB integrity through the iron dependent HIF2α—Ve-
cadherin pathway and that the FDA approved DFO used to treat acute iron poisoning and
hemochromatosis in clinic [121], attenuates damage to BLEC viability and barrier integrity
by upregulating this pathway (Figure 6A). These results can help clarify the involvement of
iron in BBB breakdown in the early stages of neurodegenerative diseases since it has been
reported that BBB dysfunction is an early biomarker of neurodegeneration [7] and that
there is a clear correlation between iron overload and neurodegenerative diseases [122].
Moreover, a novel compound, JP4-039, was found to treat BBB breakdown. We expect
that these findings can be used to assist in developing a viable treatment to attenuate BBB
damage, thereby inhibiting BBB-associated disease progression.

Author Contributions: I.C. and D.R. designed the study and wrote the manuscript, D.R. performed
all the experiments analyzed the results. O.R., D.A., H.I., Y.B., L.O., and C.S. assisted with the in-vitro
experiments. F.G. contributed to the development of the BBB model. P.W. and T.S.M. synthesized
the JP4-039 compound. M.S.B., S.L.-Z., F.G., and P.W. contributed to the writing of the manuscript.
All authors reviewed and approved the final version of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was mostly supported by the Defense Threat Reduction Agency-Joint Science
and Technology Office for Chemical and Biological Defense grant no. 11816372 for IC who is also sup-
ported by the Nehemia Rubin Excellence in Biomedical Research—The TELEM Program supported
by the Aaron Gutwirth Fund and by a Ministry of Science and Technology grant no. 3-13576.

Institutional Review Board Statement: All animal experiments were approved by the Sheba Medical
Center Ethics Committee (#1140-18-ANIM).



Pharmaceutics 2021, 13, 311 18 of 22

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: In this section, you can acknowledge any support given which is not covered by
the author contribution or funding sections. This may include administrative and technical support,
or donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178–201. [CrossRef]

[PubMed]
2. Daneman, R. The blood-brain barrier in health and disease. Ann. Neurol. 2012, 72, 648–672. [CrossRef] [PubMed]
3. Montagne, A.; Zhao, Z.; Zlokovic, B.V. Alzheimer’s disease: A matter of blood-brain barrier dysfunction? J. Exp. Med. 2017, 214,

3151–3169. [CrossRef] [PubMed]
4. Brightman, M.W.; Reese, T.S. Junctions between intimately apposed cell membranes in the vertebrate brain. J. Cell Biol. 1969, 40,

648–677. [CrossRef]
5. Reese, T.S.; Karnovsky, M.J. Fine structural localization of a blood-brain barrier to exogenous peroxidase. J. Cell Biol. 1967, 34,

207–217. [CrossRef]
6. Zhao, Z.; Nelson, A.R.; Betsholtz, C.; Zlokovic, B.V. Establishment and Dysfunction of the Blood-Brain Barrier. Cell 2015, 163,

1064–1078. [CrossRef]
7. Zlokovic, B.V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat. Rev. Neurosci.

2011, 12, 723–738. [CrossRef]
8. Zlokovic, B.V. Neurovascular mechanisms of Alzheimer’s neurodegeneration. Trends Neurosci. 2005, 28, 202–208. [CrossRef]
9. Brown, W.R.; Thore, C.R. Review: Cerebral microvascular pathology in ageing and neurodegeneration. Neuropathol. Appl.

Neurobiol. 2011, 37, 56–74. [CrossRef]
10. Zhong, Z.; Deane, R.; Ali, Z.; Parisi, M.; Shapovalov, Y.; O’Banion, M.K.; Stojanovic, K.; Sagare, A.; Boillee, S.; Cleveland, D.W.;

et al. ALS-causing SOD1 mutants generate vascular changes prior to motor neuron degeneration. Nat. Neurosci. 2008, 11, 420–422.
[CrossRef]

11. Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative
disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [CrossRef] [PubMed]

12. Dohgu, S.; Takata, F.; Matsumoto, J.; Kimura, I.; Yamauchi, A.; Kataoka, Y. Monomeric α-synuclein induces blood–brain barrier
dysfunction through activated brain pericytes releasing inflammatory mediators in vitro. Microvasc. Res. 2019, 124, 61–66.
[CrossRef]

13. Conde, J.R.; Streit, W.J. Microglia in the aging brain. J. Neuropathol. Exp. Neurol. 2006, 65, 199–203. [CrossRef] [PubMed]
14. Farrall, A.J.; Wardlaw, J.M. Blood-brain barrier: Ageing and microvascular disease—Systematic review and meta-analysis.

Neurobiol. Aging 2009, 30, 337–352. [CrossRef] [PubMed]
15. Ward, R.J.; Zucca, F.A.; Duyn, J.H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.

Lancet Neurol. 2014, 13, 1045–1060. [CrossRef]
16. Duyn, J.H. Study of brain anatomy with high-field MRI: Recent progress. Magn. Reson. Imaging 2010, 28, 1210–1215. [CrossRef]
17. Hare, D.J.; Gerlach, M.; Riederer, P. Considerations for measuring iron in post-mortem tissue of Parkinson’s disease patients. J.

Neural Transm. 2012, 119, 1515–1521. [CrossRef]
18. Berg, D.; Hochstrasser, H. Iron metabolism in parkinsonian syndromes. Mov. Disord. 2006, 21, 1299–1310. [CrossRef]
19. Wang, J.Y.; Zhuang, Q.Q.; Zhu, L.B.; Zhu, H.; Li, T.; Li, R.; Chen, S.F.; Huang, C.P.; Zhang, X.; Zhu, J.H. Meta-analysis of brain iron

levels of Parkinson’s disease patients determined by postmortem and MRI measurements. Sci. Rep. 2016, 6, 36669. [CrossRef]
20. Wang, L.; Sato, H.; Zhao, S.; Tooyama, I. Deposition of lactoferrin in fibrillar-type senile plaques in the brains of transgenic mouse

models of Alzheimer’s disease. Neurosci. Lett. 2010, 481, 164–167. [CrossRef] [PubMed]
21. Lane, D.J.R.; Ayton, S.; Bush, A.I. Iron and Alzheimer’s Disease: An Update on Emerging Mechanisms. J. Alzheimer’s Dis. 2018,

64, S379–S395. [CrossRef] [PubMed]
22. Van Bergen, J.M.G.; Li, X.; Hua, J.; Schreiner, S.J.; Steininger, S.C.; Quevenco, F.C.; Wyss, M.; Gietl, A.F.; Treyer, V.; Leh, S.E.; et al.

Colocalization of cerebral iron with Amyloid beta in Mild Cognitive Impairment. Sci. Rep. 2016, 6, 35514. [CrossRef] [PubMed]
23. Berg, D.; Hochstrasser, H.; Schweitzer, K.J.; Riess, O. Disturbance of iron metabolism in Parkinson’s disease—Ultrasonography as

a biomarker. Neurotox Res. 2006, 9, 1–13. [CrossRef]
24. Ndayisaba, A.; Kaindlstorfer, C.; Wenning, G.K. Iron in neurodegeneration—Cause or consequence? Front. Neurosci. 2019, 13, 180.

[CrossRef]
25. Iturria-Medina, Y.; Sotero, R.C.; Toussaint, P.J.; Mateos-Pérez, J.M.; Evans, A.C.; Weiner, M.W.; Aisen, P.; Petersen, R.; Jack, C.R.;

Jagust, W.; et al. Early role of vascular dysregulation on late-onset Alzheimer’s disease based on multifactorial data-driven
analysis. Nat. Commun. 2016, 7, 1–14. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18215617
http://doi.org/10.1002/ana.23648
http://www.ncbi.nlm.nih.gov/pubmed/23280789
http://doi.org/10.1084/jem.20171406
http://www.ncbi.nlm.nih.gov/pubmed/29061693
http://doi.org/10.1083/jcb.40.3.648
http://doi.org/10.1083/jcb.34.1.207
http://doi.org/10.1016/j.cell.2015.10.067
http://doi.org/10.1038/nrn3114
http://doi.org/10.1016/j.tins.2005.02.001
http://doi.org/10.1111/j.1365-2990.2010.01139.x
http://doi.org/10.1038/nn2073
http://doi.org/10.1038/nrneurol.2017.188
http://www.ncbi.nlm.nih.gov/pubmed/29377008
http://doi.org/10.1016/j.mvr.2019.03.005
http://doi.org/10.1097/01.jnen.0000202887.22082.63
http://www.ncbi.nlm.nih.gov/pubmed/16651881
http://doi.org/10.1016/j.neurobiolaging.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17869382
http://doi.org/10.1016/S1474-4422(14)70117-6
http://doi.org/10.1016/j.mri.2010.02.007
http://doi.org/10.1007/s00702-012-0898-4
http://doi.org/10.1002/mds.21020
http://doi.org/10.1038/srep36669
http://doi.org/10.1016/j.neulet.2010.06.079
http://www.ncbi.nlm.nih.gov/pubmed/20599473
http://doi.org/10.3233/JAD-179944
http://www.ncbi.nlm.nih.gov/pubmed/29865061
http://doi.org/10.1038/srep35514
http://www.ncbi.nlm.nih.gov/pubmed/27748454
http://doi.org/10.1007/BF03033302
http://doi.org/10.3389/fnins.2019.00180
http://doi.org/10.1038/ncomms11934
http://www.ncbi.nlm.nih.gov/pubmed/27327500


Pharmaceutics 2021, 13, 311 19 of 22

26. Malek, N.; Lawton, M.A.; Swallow, D.M.A.; Grosset, K.A.; Marrinan, S.L.; Bajaj, N.; Barker, R.A.; Burn, D.J.; Hardy, J.; Morris,
H.R.; et al. Vascular disease and vascular risk factors in relation to motor features and cognition in early Parkinson’s disease. Mov.
Disord. 2016, 31, 1518–1526. [CrossRef]

27. Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P.; Zhao, Z.; Toga, A.W.; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-Brain barrier breakdown in the aging human hippocampus. Neuron 2015, 85, 296–302. [CrossRef]

28. Qian, Z.M.; Ke, Y. Brain iron transport. Biol. Rev. 2019, 94, 1672–1684. [CrossRef]
29. Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24,

325–340. [CrossRef]
30. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative stress: A key modulator in neurodegenerative diseases. Molecules 2019, 24,

1583. [CrossRef]
31. Li, J.; Wuliji, O.; Li, W.; Jiang, Z.G.; Ghanbari, H.A. Oxidative stress and neurodegenerative disorders. Int. J. Mol. Sci. 2013, 14,

24438–24475. [CrossRef]
32. Dasuri, K.; Zhang, L.; Keller, J.N. Oxidative stress, neurodegeneration, and the balance of protein degradation and protein

synthesis. Free Radic. Biol. Med. 2013, 62, 170–185. [CrossRef]
33. Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal.

2012, 24, 981–990. [CrossRef]
34. Gandhi, S.; Abramov, A.Y.; Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S.; Dasuri, K.; Zhang, L.; Keller, J.N.; Akhter, M.S.; et al.

Reactive oxygen species enhance the migration of monocytes across the blood-brain barrier in vitro. Front. Aging Neurosci. 2012,
24, 83–85. [CrossRef]

35. Kety, S.S. The general metabolism of the brain in vivo. In Metabolism of the Nervous System; Elsevier: Amsterdam, The Netherlands,
1957; pp. 221–237.

36. Wang, X.; Michaelis, E.K. Selective neuronal vulnerability to oxidative stress in the brain. Front. Aging Neurosci. 2010, 2, 12.
[CrossRef]

37. Sayre, L.M.; Perry, G.; Harris, P.L.R.; Liu, Y.; Schubert, K.A.; Smith, M.A. In situ oxidative catalysis by neurofibrillary tangles and
senile plaques in Alzheimer’s disease: A central role for bound transition metals. J. Neurochem. 2000, 74, 270–279. [CrossRef]

38. Winkler, E.A.; Nishida, Y.; Sagare, A.P.; Rege, S.V.; Bell, R.D.; Perlmutter, D.; Sengillo, J.D.; Hillman, S.; Kong, P.; Nelson, A.R.;
et al. GLUT1 reductions exacerbate Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 2015, 18,
521–530. [CrossRef] [PubMed]

39. Tarafdar, A.; Pula, G. The role of NADPH oxidases and oxidative stress in neurodegenerative disorders. Int. J. Mol. Sci. 2018, 19,
3824. [CrossRef]

40. Aday, S.; Cecchelli, R.; Hallier-Vanuxeem, D.; Dehouck, M.P.; Ferreira, L. Stem Cell-Based Human Blood-Brain Barrier Models for
Drug Discovery and Delivery. Trends Biotechnol. 2016, 34, 382–393. [CrossRef] [PubMed]

41. Cecchelli, R.; Aday, S.; Sevin, E.; Almeida, C.; Culot, M.; Dehouck, L.; Coisne, C.; Engelhardt, B.; Dehouck, M.P.; Ferreira, L. A
stable and reproducible human blood-brain barrier model derived from hematopoietic stem cells. PLoS ONE 2014, 9, e99733.
[CrossRef] [PubMed]

42. Cecchelli, R.; Berezowski, V.; Lundquist, S.; Culot, M.; Renftel, M.; Dehouck, M.P.; Fenart, L. Modelling of the blood—Brain
barrier in drug discovery and development. Nat. Rev. Drug Discov. 2007, 6, 650–661. [CrossRef]

43. Ravid, O.; Elhaik Goldman, S.; Macheto, D.; Bresler, Y.; De Oliveira, R.I.; Liraz-Zaltsman, S.; Gosselet, F.; Dehouck, L.; Beeri, M.S.;
Cooper, I. Blood-brain barrier cellular responses toward organophosphates: Natural compensatory processes and exogenous
interventions to rescue barrier properties. Front. Cell. Neurosci. 2018, 12, 359. [CrossRef] [PubMed]

44. Israelov, H.; Ravid, O.; Atrakchi, D.; Rand, D.; Elhaik, S.; Bresler, Y.; Twitto-Greenberg, R.; Omesi, L.; Liraz-Zaltsman, S.;
Gosselet, F.; et al. Caspase-1 has a critical role in blood-brain barrier injury and its inhibition contributes to multifaceted repair. J.
Neuroinflamm. 2020, 17, 267. [CrossRef] [PubMed]

45. Martinez, A.; Al-Ahmad, A.J. Effects of glyphosate and aminomethylphosphonic acid on an isogeneic model of the human
blood-brain barrier. Toxicol. Lett. 2019, 304, 39–49. [CrossRef] [PubMed]

46. Song, X.; Pope, C.; Murthy, R.; Shaikh, J.; Lal, B.; Bressler, J.P. Interactive effects of paraoxon and pyridostigmine on blood-brain
barrier integrity and cholinergic toxicity. Toxicol. Sci. 2004, 78, 241–247. [CrossRef]

47. Shah, H.K.; Sharma, T.; Banerjee, B.D. Organochlorine pesticides induce inflammation, ROS production, and DNA damage in
human epithelial ovary cells: An in vitro study. Chemosphere 2020, 246, 125691. [CrossRef]

48. Weis, G.C.C.; Assmann, C.E.; Cadoná, F.C.; Bonadiman, B.D.S.R.; de Oliveira Alves, A.; Machado, A.K.; Duarte, M.M.M.F.; da
Cruz, I.B.M.; Costabeber, I.H. Immunomodulatory effect of mancozeb, chlorothalonil, and thiophanate methyl pesticides on
macrophage cells. Ecotoxicol. Environ. Saf. 2019, 182, 109420. [CrossRef]

49. Ghosh, R.; Siddharth, M.; Singh, N.; Kare, P.K.; Dev Banerjee, B.; Wadhwa, N.; Tripathi, A.K. Organochlorine pesticide-mediated
induction of NADPH oxidase and nitric-oxide synthase in endothelial cell. J. Clin. Diagnostic. Res. 2017, 11, BC09–BC12.
[CrossRef] [PubMed]

50. Rao, R.K.; Basuroy, S.; Rao, V.U.; Karnaky, K.J.; Gupta, A. Tyrosine phosphorylation and dissociation of occludin-ZO-1 and
E-cadherin-β-catenin complexes from the cytoskeleton by oxidative stress. Biochem. J. 2002, 368, 471–481. [CrossRef]

51. Scheuermann, T.H.; Li, Q.; Ma, H.W.; Key, J.; Zhang, L.; Chen, R.; Garcia, J.A.; Naidoo, J.; Longgood, J.; Frantz, D.E.; et al.
Allosteric inhibition of hypoxia inducible factor-2 with small molecules. Nat. Chem. Biol. 2013, 9, 271–276. [CrossRef]

http://doi.org/10.1002/mds.26698
http://doi.org/10.1016/j.neuron.2014.12.032
http://doi.org/10.1111/brv.12521
http://doi.org/10.5607/en.2015.24.4.325
http://doi.org/10.3390/molecules24081583
http://doi.org/10.3390/ijms141224438
http://doi.org/10.1016/j.freeradbiomed.2012.09.016
http://doi.org/10.1016/j.cellsig.2012.01.008
http://doi.org/10.1155/2012/428010
http://doi.org/10.3389/fnagi.2010.00012
http://doi.org/10.1046/j.1471-4159.2000.0740270.x
http://doi.org/10.1038/nn.3966
http://www.ncbi.nlm.nih.gov/pubmed/25730668
http://doi.org/10.3390/ijms19123824
http://doi.org/10.1016/j.tibtech.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26838094
http://doi.org/10.1371/journal.pone.0099733
http://www.ncbi.nlm.nih.gov/pubmed/24936790
http://doi.org/10.1038/nrd2368
http://doi.org/10.3389/fncel.2018.00359
http://www.ncbi.nlm.nih.gov/pubmed/30459557
http://doi.org/10.1186/s12974-020-01927-w
http://www.ncbi.nlm.nih.gov/pubmed/32907600
http://doi.org/10.1016/j.toxlet.2018.12.013
http://www.ncbi.nlm.nih.gov/pubmed/30605748
http://doi.org/10.1093/toxsci/kfh076
http://doi.org/10.1016/j.chemosphere.2019.125691
http://doi.org/10.1016/j.ecoenv.2019.109420
http://doi.org/10.7860/JCDR/2017/25276.9315
http://www.ncbi.nlm.nih.gov/pubmed/28273962
http://doi.org/10.1042/bj20011804
http://doi.org/10.1038/nchembio.1185


Pharmaceutics 2021, 13, 311 20 of 22

52. Wager, T.T.; Hou, X.; Verhoest, P.R.; Villalobos, A. Central Nervous System Multiparameter Optimization Desirability: Application
in Drug Discovery. ACS Chem. Neurosci. 2016, 7, 767–775. [CrossRef]

53. Skoda, E.M.; Sacher, J.R.; Kazancioglu, M.Z.; Saha, J.; Wipf, P. An uncharged oxetanyl sulfoxide as a covalent modifier for
improving aqueous solubility. ACS Med. Chem. Lett. 2014, 5, 900–904. [CrossRef]

54. Frantz, M.C.; Pierce, J.G.; Pierce, J.M.; Kangying, L.; Qingwei, W.; Johnson, M.; Wipf, P. Large-scale asymmetric synthesis of the
bioprotective agent JP4-039 and analogs. Org. Lett. 2011, 13, 2318–2321. [CrossRef]

55. Dehouck, M.-P.; Méresse, S.; Delorme, P.; Fruchart, J.-C.; Cecchelli, R. An Easier, Reproducible, and Mass-Production Method to
Study the Blood–Brain Barrier In Vitro. J. Neurochem. 1990, 54, 1798–1801. [CrossRef]

56. Pap, E.H.W.; Drummen, G.P.C.; Winter, V.J.; Kooij, T.W.A.; Rijken, P.; Wirtz, K.W.A.; Op Den Kamp, J.A.F.; Hage, W.J.; Post,
J.A. Ratio-fluorescence microscopy of lipid oxidation in living cells using C11-BODIPY(58l/591). FEBS Lett. 1999, 453, 278–282.
[CrossRef]

57. Weston, S.A.; Parish, C.R. New fluorescent dyes for lymphocyte migration studies. Analysis by flow cytometry and fluorescence
microscopy. J. Immunol. Methods 1990, 133, 87–97. [CrossRef]

58. Weston, S.A.; Parish, C.R. Calcein: A novel marker for lymphocytes which enter lymph nodes. Cytometry 1992, 13, 739–749.
[CrossRef] [PubMed]

59. Breuer, W.; Epsztejn, S.; Cabantchik, Z.I. Iron acquired from transferrin by K562 cells is delivered into a cytoplasmic pool of
chelatable iron(II). J. Biol. Chem. 1995, 270, 24209–24215. [CrossRef] [PubMed]

60. Akhter, M.S.; Uddin, M.A.; Kubra, K.T.; Barabutis, N. P53-induced reduction of lipid peroxidation supports brain microvascular
endothelium integrity. J. Pharmacol. Sci. 2019, 141, 83–85. [CrossRef]

61. West, J.D.; Marnett, L.J. Endogenous reactive intermediates as modulators of cell signaling and cell death. Chem. Res. Toxicol.
2006, 19, 173–194. [CrossRef] [PubMed]

62. Greenberg, M.E.; Li, X.M.; Gugiu, B.G.; Gu, X.; Qin, J.; Salomon, R.G.; Hazen, S.L. The lipid whisker model of the structure of
oxidized cell membranes. J. Biol. Chem. 2008, 283, 2385–2396. [CrossRef] [PubMed]

63. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef] [PubMed]

64. Yang, W.S.; Stockwell, B.R. Ferroptosis: Death by Lipid Peroxidation. Trends Cell Biol. 2016, 26, 165–176. [CrossRef] [PubMed]
65. Yang, W.S.; Stockwell, B.R. Synthetic Lethal Screening Identifies Compounds Activating Iron-Dependent, Nonapoptotic Cell

Death in Oncogenic-RAS-Harboring Cancer Cells. Chem. Biol 2008, 15, 234–245. [CrossRef] [PubMed]
66. Fleury, C.; Mignotte, B.; Vayssière, J.L. Mitochondrial reactive oxygen species in cell death signaling. Biochimie 2002, 84, 131–141.

[CrossRef]
67. Kroemer, G.; Galluzzi, L.; Brenner, C. Mitochondrial membrane permeabilization in cell death. Physiol. Rev. 2007, 87, 99–163.

[CrossRef]
68. Bock, F.J.; Tait, S.W.G. Mitochondria as multifaceted regulators of cell death. Nat. Rev. Mol. Cell Biol. 2020, 21, 85–100. [CrossRef]
69. Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [CrossRef]
70. Thomas, C.; Mackey, M.M.; Diaz, A.A.; Cox, D.P. Hydroxyl radical is produced via the Fenton reaction in submitochondrial

particles under oxidative stress: Implications for diseases associated with iron accumulation. Redox Rep. 2009, 14, 102–108.
[CrossRef]

71. Gavard, J.; Gutkind, J.S. VEGF Controls endothelial-cell permeability promoting β-arrestin-dependent Endocytosis VE-cadherin.
Nat. Cell Biol. 2006, 8, 1223–1234. [CrossRef]

72. Gong, H.; Rehman, J.; Tang, H.; Wary, K.; Mittal, M.; Chatturvedi, P.; Zhao, Y.; Komorova, Y.A.; Vogel, S.M.; Malik, A.B. HIF2α
signaling inhibits adherens junctional disruption in acute lung injury. J. Clin. Investig. 2015, 125, 652–664. [CrossRef] [PubMed]

73. Le Bras, A.; Lionneton, F.; Mattot, V.; Lelièvre, E.; Caetano, B.; Spruyt, N.; Soncin, F. HIF-2α specifically activates the VE-cadherin
promoter independently of hypoxia and in synergy with Ets-1 through two essential ETS-binding sites. Oncogene 2007, 26,
7480–7489. [CrossRef]

74. Imai, T.; Iwata, S.; Hirayama, T.; Nagasawa, H.; Nakamura, S.; Shimazawa, M.; Hara, H. Intracellular Fe 2+ accumulation in
endothelial cells and pericytes induces blood-brain barrier dysfunction in secondary brain injury after brain hemorrhage. Sci.
Rep. 2019, 9, 6228. [CrossRef]

75. Hentze, M.W.; Muckenthaler, M.U.; Andrews, N.C. Balancing acts: Molecular control of mammalian iron metabolism. Cell 2004,
117, 285–297. [CrossRef]

76. Lawen, A.; Lane, D.J.R. Mammalian iron homeostasis in health and disease: Uptake, storage, transport, and molecular mechanisms
of action. Antioxid. Redox Signal. 2013, 18, 2473–2507. [CrossRef]

77. Krainz, T.; Gaschler, M.M.; Lim, C.; Sacher, J.R.; Stockwell, B.R.; Wipf, P. A mitochondrial-targeted nitroxide is a potent inhibitor
of ferroptosis. ACS Cent. Sci. 2016, 2, 653–659. [CrossRef]

78. Hayden, K.M.; Norton, M.C.; Darcey, D.; Østbye, T.; Zandi, P.P.; Breitner, J.C.S.; Welsh-Bohmer, K.A. Occupational exposure to
pesticides increases the risk of incident AD: The Cache County Study. Neurology 2010, 74, 1524–1530. [CrossRef]

79. Baldi, I.; Lebailly, P.; Mohammed-Brahim, B.; Letenneur, L.; Dartigues, J.F.; Brochard, P. Neurodegenerative diseases and exposure
to pesticides in the elderly. Am. J. Epidemiol. 2003, 157, 409–414. [CrossRef]

http://doi.org/10.1021/acschemneuro.6b00029
http://doi.org/10.1021/ml5001504
http://doi.org/10.1021/ol200567p
http://doi.org/10.1111/j.1471-4159.1990.tb01236.x
http://doi.org/10.1016/S0014-5793(99)00696-1
http://doi.org/10.1016/0022-1759(90)90322-M
http://doi.org/10.1002/cyto.990130710
http://www.ncbi.nlm.nih.gov/pubmed/1451604
http://doi.org/10.1074/jbc.270.41.24209
http://www.ncbi.nlm.nih.gov/pubmed/7592626
http://doi.org/10.1016/j.jphs.2019.09.008
http://doi.org/10.1021/tx050321u
http://www.ncbi.nlm.nih.gov/pubmed/16485894
http://doi.org/10.1074/jbc.M707348200
http://www.ncbi.nlm.nih.gov/pubmed/18045864
http://doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
http://doi.org/10.1016/j.tcb.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26653790
http://doi.org/10.1016/j.chembiol.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18355723
http://doi.org/10.1016/S0300-9084(02)01369-X
http://doi.org/10.1152/physrev.00013.2006
http://doi.org/10.1038/s41580-019-0173-8
http://doi.org/10.1016/j.tox.2011.03.001
http://doi.org/10.1179/135100009X392566
http://doi.org/10.1038/ncb1486
http://doi.org/10.1172/JCI77701
http://www.ncbi.nlm.nih.gov/pubmed/25574837
http://doi.org/10.1038/sj.onc.1210566
http://doi.org/10.1038/s41598-019-42370-z
http://doi.org/10.1016/S0092-8674(04)00343-5
http://doi.org/10.1089/ars.2011.4271
http://doi.org/10.1021/acscentsci.6b00199
http://doi.org/10.1212/WNL.0b013e3181dd4423
http://doi.org/10.1093/aje/kwf216


Pharmaceutics 2021, 13, 311 21 of 22

80. Brouwer, M.; Huss, A.; van der Mark, M.; Nijssen, P.C.G.; Mulleners, W.M.; Sas, A.M.G.; van Laar, T.; de Snoo, G.R.; Kromhout,
H.; Vermeulen, R.C.H. Environmental exposure to pesticides and the risk of Parkinson’s disease in the Netherlands. Environ. Int.
2017, 107, 100–110. [CrossRef] [PubMed]

81. Medehouenou, T.C.M.; Ayotte, P.; Carmichael, P.H.; Kröger, E.; Verreault, R.; Lindsay, J.; Dewailly, É.; Tyas, S.L.; Bureau, A.;
Laurin, D. Exposure to polychlorinated biphenyls and organochlorine pesticides and risk of dementia, Alzheimer’s disease and
cognitive decline in an older population: A prospective analysis from the Canadian Study of Health and Aging. Environ. Health.
A Glob. Access. Sci. Source 2019, 18, 57. [CrossRef] [PubMed]

82. Gupta, A.; Agarwal, R.; Shukla, G.S. Functional impairment of blood -brain barrier following pesticide exposure during early
development in rats. Hum. Exp. Toxicol. 1999, 18, 174–179. [CrossRef]

83. Kuriakose, M.; Younger, D.; Ravula, A.R.; Alay, E.; Rama Rao, K.V.; Chandra, N. Synergistic Role of Oxidative Stress and
Blood-Brain Barrier Permeability as Injury Mechanisms in the Acute Pathophysiology of Blast-induced Neurotrauma. Sci. Rep.
2019, 9, 7717. [CrossRef]

84. Lochhead, J.J.; Mccaffrey, G.; Sanchez-Covarrubias, L.; Finch, J.D.; Demarco, K.M.; Quigley, C.E.; Davis, T.P.; Ronaldson, P.T.
Tempol modulates changes in xenobiotic permeability and occludin oligomeric assemblies at the blood-brain barrier during
inflammatory pain. Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H582–H593. [CrossRef] [PubMed]

85. Fumoto, T.; Naraoka, M.; Katagai, T.; Li, Y.; Shimamura, N.; Ohkuma, H. The Role of Oxidative Stress in Microvascular
Disturbances after Experimental Subarachnoid Hemorrhage. Transl. Stroke Res. 2019, 10, 684–694. [CrossRef] [PubMed]

86. Syvänen, S.; Lindhe, Ö.; Palner, M.; Kornum, B.R.; Rahman, O.; Långström, B.; Knudsen, G.M.; Hammarlund-Udenaes, M. Species
differences in blood-brain barrier transport of three positron emission tomography radioligands with emphasis on P-glycoprotein
transport. Drug Metab. Dispos. 2009, 37, 635–643. [CrossRef] [PubMed]

87. Shawahna, R.; Uchida, Y.; Declèves, X.; Ohtsuki, S.; Yousif, S.; Dauchy, S.; Jacob, A.; Chassoux, F.; Daumas-Duport, C.; Couraud,
P.O.; et al. Transcriptomic and quantitative proteomic analysis of transporters and drug metabolizing enzymes in freshly isolated
human brain microvessels. Mol. Pharm. 2011, 8, 1332–1341. [CrossRef] [PubMed]

88. Hoshi, Y.; Uchida, Y.; Tachikawa, M.; Inoue, T.; Ohtsuki, S.; Terasaki, T. Quantitative atlas of blood-brain barrier transporters,
receptors, and tight junction proteins in rats and common marmoset. J. Pharm. Sci. 2013, 102, 3343–3355. [CrossRef]

89. Uchida, Y.; Ohtsuki, S.; Katsukura, Y.; Ikeda, C.; Suzuki, T.; Kamiie, J.; Terasaki, T. Quantitative targeted absolute proteomics of
human blood-brain barrier transporters and receptors. J. Neurochem. 2011, 117, 333–345. [CrossRef] [PubMed]

90. Mertsch, K.; Blasig, I.; Grune, T. 4-Hydroxynonenal impairs the permeability of an in vitro rat blood-brain barrier. Neurosci. Lett.
2001, 314, 135–138. [CrossRef]

91. Krizbai, I.A.; Bauer, H.; Bresgen, N.; Eckl, P.M.; Farkas, A.; Szatmári, E.; Traweger, A.; Wejksza, K.; Bauer, H.C. Effect of oxidative
stress on the junctional proteins of cultured cerebral endothelial cells. Cell. Mol. Neurobiol. 2005, 25, 129–139. [CrossRef]

92. Ji, H.H.; Sang, W.H.; Seung, K.L. Free radicals as triggers of brain edema formation after stroke. Free Radic. Biol. Med. 2005, 39,
51–70.

93. Kabu, S.; Jaffer, H.; Petro, M.; Dudzinski, D.; Stewart, D.; Courtney, A.; Courtney, M.; Labhasetwar, V. Blast-associated shock
waves result in increased brain vascular leakage and elevated ROS levels in a rat model of traumatic brain injury. PLoS ONE 2015,
10, e127971. [CrossRef] [PubMed]

94. Sochocka, M.; Koutsouraki, E.; Gasiorowski, K.; Leszek, J. Vascular Oxidative Stress and Mitochondrial Failure in the Pathobiology
of Alzheimer’s Disease: A New Approach to Therapy. CNS Neurol. Disord.-Drug Targets 2013, 12, 870–881. [CrossRef] [PubMed]

95. Xiao, M.; Zhong, H.; Xia, L.; Tao, Y.; Yin, H. Pathophysiology of mitochondrial lipid oxidation: Role of 4-hydroxynonenal (4-HNE)
and other bioactive lipids in mitochondria. Free Radic. Biol. Med. 2017, 111, 316–327. [CrossRef]

96. Alim, I.; Caulfield, J.T.; Chen, Y.; Swarup, V.; Geschwind, D.H.; Ivanova, E.; Seravalli, J.; Ai, Y.; Sansing, L.H.; Emma, E.J.;
et al. Selenium Drives a Transcriptional Adaptive Program to Block Ferroptosis and Treat Stroke. Cell 2019, 177, 1262–1279.e25.
[CrossRef]

97. Zille, M.; Karuppagounder, S.S.; Chen, Y.; Gough, P.J.; Bertin, J.; Finger, J.; Milner, T.A.; Jonas, E.A.; Ratan, R.R. Neuronal
Death after Hemorrhagic Stroke in Vitro and in Vivo Shares Features of Ferroptosis and Necroptosis. Stroke 2017, 48, 1033–1043.
[CrossRef]

98. Li, Q.; Han, X.; Lan, X.; Gao, Y.; Wan, J.; Durham, F.; Cheng, T.; Yang, J.; Wang, Z.; Jiang, C.; et al. Inhibition of neuronal ferroptosis
protects hemorrhagic brain. JCI Insight 2017, 2, e90777. [CrossRef] [PubMed]

99. Hong, S.H.; Lee, D.H.; Lee, Y.S.; Jo, M.J.; Jeong, Y.A.; Kwon, W.T.; Choudry, H.A.; Bartlett, D.L.; Lee, Y.J. Molecular crosstalk
between ferroptosis and apoptosis: Emerging role of ER stress-induced p53-independent PUMA expression. Oncotarget 2017, 8,
115164–115178. [CrossRef]

100. Green, D.R. The cell’s dilemma, or the story of cell death: An entertainment in three acts. FEBS J. 2016, 283, 2568–2576. [CrossRef]
101. Hughes, M.A.; Powley, I.R.; Jukes-Jones, R.; Horn, S.; Feoktistova, M.; Fairall, L.; Schwabe, J.W.R.; Leverkus, M.; Cain, K.;

MacFarlane, M. Co-operative and Hierarchical Binding of c-FLIP and Caspase-8: A Unified Model Defines How c-FLIP Isoforms
Differentially Control Cell Fate. Mol. Cell 2016, 61, 834–849. [CrossRef]

102. Gao, M.; Monian, P.; Pan, Q.; Zhang, W.; Xiang, J.; Jiang, X. Ferroptosis is an autophagic cell death process. Cell Res. 2016, 26,
1021–1032. [CrossRef]

103. Gao, M.; Monian, P.; Quadri, N.; Ramasamy, R.; Jiang, X. Glutaminolysis and Transferrin Regulate Ferroptosis. Mol. Cell 2015, 59,
298–308. [CrossRef]

http://doi.org/10.1016/j.envint.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28704700
http://doi.org/10.1186/s12940-019-0494-2
http://www.ncbi.nlm.nih.gov/pubmed/31200706
http://doi.org/10.1177/096032719901800307
http://doi.org/10.1038/s41598-019-44147-w
http://doi.org/10.1152/ajpheart.00889.2011
http://www.ncbi.nlm.nih.gov/pubmed/22081706
http://doi.org/10.1007/s12975-018-0685-0
http://www.ncbi.nlm.nih.gov/pubmed/30628008
http://doi.org/10.1124/dmd.108.024745
http://www.ncbi.nlm.nih.gov/pubmed/19047468
http://doi.org/10.1021/mp200129p
http://www.ncbi.nlm.nih.gov/pubmed/21707071
http://doi.org/10.1002/jps.23575
http://doi.org/10.1111/j.1471-4159.2011.07208.x
http://www.ncbi.nlm.nih.gov/pubmed/21291474
http://doi.org/10.1016/S0304-3940(01)02299-6
http://doi.org/10.1007/s10571-004-1378-7
http://doi.org/10.1371/journal.pone.0127971
http://www.ncbi.nlm.nih.gov/pubmed/26024446
http://doi.org/10.2174/18715273113129990072
http://www.ncbi.nlm.nih.gov/pubmed/23469836
http://doi.org/10.1016/j.freeradbiomed.2017.04.363
http://doi.org/10.1016/j.cell.2019.03.032
http://doi.org/10.1161/STROKEAHA.116.015609
http://doi.org/10.1172/jci.insight.90777
http://www.ncbi.nlm.nih.gov/pubmed/28405617
http://doi.org/10.18632/oncotarget.23046
http://doi.org/10.1111/febs.13658
http://doi.org/10.1016/j.molcel.2016.02.023
http://doi.org/10.1038/cr.2016.95
http://doi.org/10.1016/j.molcel.2015.06.011


Pharmaceutics 2021, 13, 311 22 of 22

104. Park, E.; Chung, S.W. ROS-mediated autophagy increases intracellular iron levels and ferroptosis by ferritin and transferrin
receptor regulation. Cell Death Dis. 2019, 10, 822. [CrossRef]

105. Won, S.M.; Lee, J.H.; Park, U.J.; Gwag, J.; Gwag, B.J.; Lee, Y.B. Iron mediates endothelial cell damage and blood-brain barrier
opening in the hippocampus after transient forebrain ischemia in rats. Exp. Mol. Med. 2011, 43, 121–128. [CrossRef] [PubMed]

106. Kühn, L.C. Iron regulatory proteins and their role in controlling iron metabolism. Metallomics 2015, 7, 232–243. [CrossRef]
[PubMed]

107. Colás-Algora, N.; García-Weber, D.; Cacho-Navas, C.; Barroso, S.; Caballero, A.; Ribas, C.; Correas, I.; Millán, J. Compensatory
increase of VE-cadherin expression through ETS1 regulates endothelial barrier function in response to TNFα. Cell. Mol. Life Sci.
2020, 77, 2125–2140. [CrossRef] [PubMed]

108. Natah, S.S.; Srinivasan, S.; Pittman, Q.; Zonghang, Z.; Dunn, J.F. Effects of acute hypoxia and hyperthermia on the permeability of
the blood-brain barrier in adult rats. J. Appl. Physiol. 2009, 107, 1348–1356. [CrossRef] [PubMed]

109. Huang, X.; Zhou, Y.; Zhao, T.; Han, X.; Qiao, M.; Ding, X.; Li, D.; Wu, L.; Wu, K.; Zhu, L.; et al. A method for establishing the
high-altitude cerebral edema (HACE) model by acute hypobaric hypoxia in adult mice. J. Neurosci. Methods 2015, 245, 178–181.
[CrossRef]

110. Halder, S.K.; Kant, R.; Milner, R. Chronic mild hypoxia increases expression of laminins 111 and 411 and the laminin receptor
α6β1 integrin at the blood-brain barrier. Brain Res. 2018, 1700, 78–85. [CrossRef]

111. Shen, Y.; Gu, J.; Liu, Z.; Xu, C.; Qian, S.; Zhang, X.; Zhou, B.; Guan, Q.; Sun, Y.; Wang, Y.; et al. Inhibition of HIF-1α reduced
blood brain barrier damage by regulating MMP-2 and VEGF during acute cerebral ischemia. Front. Cell. Neurosci. 2018, 12, 288.
[CrossRef]

112. Yeh, W.L.; Lu, D.Y.; Lin, C.J.; Liou, H.C.; Fu, W.M. Inhibition of hypoxia-induced increase of blood-brain barrier permeability by
YC-1 through the antagonism of HIF-1α accumulation and VEGF expression. Mol. Pharmacol. 2007, 72, 440–449. [CrossRef]

113. Koh, M.Y.; Powis, G. Passing the baton: The HIF switch. Trends Biochem. Sci. 2012, 37, 364–372. [CrossRef]
114. Song, J.; Zhang, X.; Buscher, K.; Wang, Y.; Wang, H.; Di Russo, J.; Li, L.; Lütke-Enking, S.; Zarbock, A.; Stadtmann, A.; et al.

Endothelial Basement Membrane Laminin 511 Contributes to Endothelial Junctional Tightness and Thereby Inhibits Leukocyte
Transmigration. Cell Rep. 2017, 18, 1256–1269. [CrossRef]

115. Stohs, S.J.; Bagchi, D. Oxidative mechanisms in the toxicity of metal ions. Free Radic. Biol. Med. 1995, 18, 321–336. [CrossRef]
116. Winterbourn, C.C. The biological chemistry of hydrogen peroxide. In Methods in Enzymology; Academic Press Inc.: Cambridge,

MA, USA, 2013; pp. 3–25.
117. Lane, D.J.R.; Merlot, A.M.; Huang, M.L.H.; Bae, D.H.; Jansson, P.J.; Sahni, S.; Kalinowski, D.S.; Richardson, D.R. Cellular iron

uptake, trafficking and metabolism: Key molecules and mechanisms and their roles in disease. Biochim. Biophys. Acta-Mol. Cell
Res. 2015, 1853, 1130–1144. [CrossRef]

118. Fink, M.P.; Macias, C.A.; Xiao, J.; Tyurina, Y.Y.; Jiang, J.; Belikova, N.; Delude, R.L.; Greenberger, J.S.; Kagan, V.E.; Wipf,
P. Hemigramicidin-TEMPO conjugates: Novel mitochondria-targeted anti-oxidants. Biochem. Pharmacol. 2007, 74, 801–809.
[CrossRef] [PubMed]

119. Jiang, J.; Belikova, N.A.; Hoye, A.T.; Zhao, Q.; Epperly, M.W.; Greenberger, J.S.; Wipf, P.; Kagan, V.E. A Mitochondria-Targeted
Nitroxide/Hemigramicidin S Conjugate Protects Mouse Embryonic Cells Against Gamma Irradiation. Int. J. Radiat. Oncol. Biol.
Phys. 2008, 70, 816–825. [CrossRef] [PubMed]

120. Wei, L.; Leibowitz, B.J.; Epperly, M.; Bi, C.; Li, A.; Steinman, J.; Wipf, P.; Li, S.; Zhang, L.; Greenberger, J.; et al. The GS-nitroxide
JP4-039 improves intestinal barrier and stem cell recovery in irradiated mice. Sci. Rep. 2018, 8, 2–13. [CrossRef] [PubMed]

121. WHO. WHO Model Formulary 2008; Stuart, M.C., Kouimtzi, M., Hill, S.R., Eds.; World Health Organization: Geneva, Switzerland,
2009.

122. Belaidi, A.A.; Bush, A.I. Iron neurochemistry in Alzheimer’s disease and Parkinson’s disease: Targets for therapeutics. J.
Neurochem. 2016, 139, 179–197. [CrossRef]

http://doi.org/10.1038/s41419-019-2064-5
http://doi.org/10.3858/emm.2011.43.2.020
http://www.ncbi.nlm.nih.gov/pubmed/21278483
http://doi.org/10.1039/C4MT00164H
http://www.ncbi.nlm.nih.gov/pubmed/25306858
http://doi.org/10.1007/s00018-019-03260-9
http://www.ncbi.nlm.nih.gov/pubmed/31396656
http://doi.org/10.1152/japplphysiol.91484.2008
http://www.ncbi.nlm.nih.gov/pubmed/19644026
http://doi.org/10.1016/j.jneumeth.2015.02.004
http://doi.org/10.1016/j.brainres.2018.07.012
http://doi.org/10.3389/fncel.2018.00288
http://doi.org/10.1124/mol.107.036418
http://doi.org/10.1016/j.tibs.2012.06.004
http://doi.org/10.1016/j.celrep.2016.12.092
http://doi.org/10.1016/0891-5849(94)00159-H
http://doi.org/10.1016/j.bbamcr.2015.01.021
http://doi.org/10.1016/j.bcp.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17601494
http://doi.org/10.1016/j.ijrobp.2007.10.047
http://www.ncbi.nlm.nih.gov/pubmed/18262096
http://doi.org/10.1038/s41598-018-20370-9
http://www.ncbi.nlm.nih.gov/pubmed/29391546
http://doi.org/10.1111/jnc.13425

	Introduction 
	Materials and Methods 
	Reagents 
	JP4-039 
	Media 
	BBB In-Vitro Model 
	Permeability Assay 
	TEER Assay 
	Cell Death by LDH Release 
	Cell Death by Cytotoxgreen Staining 
	Oxidative Stress Analysis 
	Apoptosis Analysis 
	Mitochondrial ROS Formation Analysis 
	Mitochondrial Membrane Depolarization Analysis 
	Lipid Peroxidation Analysis 
	Labile Iron Pool Measurements 
	Western Blot Assay 
	Immunocytochemistry 
	Gene Expression—rtPCR 
	Flow Cytometry (FACS) 
	Data and Statistical Analysis 

	Results 
	Lipid Peroxidation Is Rapidly Induced in a BBB Injury Model 
	Kinetics of Mitochondrial ROS Formation 
	The Iron Chelator DFO Rescues Both Cell Viability and Functionality 
	DFO Rescues BBB Integrity by Protecting Ve-Cadherin through Regulation of HIF2 
	A New Chemical Entity, JP4-039, Rescues Barrier Functions 

	Discussion 
	Conclusions 
	References

