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reagent for METH-induced BBB dysfunction by inhibiting 
excess ROS generation.
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Introduction

Methamphetamine (METH) is one of the most addictive 
psychostimulants that is abused worldwide for its euphoric 
effects (Seo et  al. 2020). The acute and chronic use of 
METH is associated with neuropsychiatric disorders as a 
consequence of neurotoxicity in the dopaminergic and sero-
tonergic neurons in the striatum, hippocampus, and prefron-
tal cortex (Gold et al. 2009; Yu et al. 2015). In addition, 
METH-mediated neurotoxicity causes neuro-inflammation 
via the activation of microglia and astrocytes, leading to cer-
ebrovascular dysfunction (Krasnova and Cadet 2009; Sajja 
et al. 2016). Several reports state that METH exposure con-
tributes to vascular dysfunction in cardio- and cerebrovessels 
(Natarajan et al. 2018; Kevil et al. 2019).

The blood–brain barrier (BBB) is a critical border that 
maintains the homeostasis of the central nervous system 
between the lumen of the cerebral blood vessels and brain 
parenchyma. The BBB functions as a highly selective 
membrane barrier of endothelial cells that prevents the 
entry of large and potentially toxic molecules into the 
brain using tight junctions (TJs) as well as adherens junc-
tions (AJs) that are connected to the cytoskeleton between 
adjacent cells (Ballabh et al. 2004; Daneman and Prat 
2015). When the BBB integrity is compromised in dis-
ease conditions, vascular dysfunction occurs and leads to 
various neurodegenerative diseases (Sweeney et al. 2018). 
Recently, several studies have shown that METH alters 
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the BBB functional integrity, loosening the tight con-
nections between endothelial cells (Ramirez et al. 2009; 
Northrop and Yamamoto 2015). Furthermore, METH-
induced BBB dysfunction was observed in the progres-
sion of numerous METH-mediated brain disorders (Bow-
yer and Ali 2006; Northrop and Yamamoto 2015; Sajja 
et al. 2016; Lappin et al. 2017).

Although most BBB molecular mechanisms following 
METH administration remain unclear, METH-induced 
generation of reactive oxygen species (ROS) has been 
considered one of the main effects that promote BBB 
breakdown. Previous studies showed that overproduction 
of ROS alters the phenotype of endothelial cells, causing 
vascular hyper-permeability, which results in brain edema 
and leukocyte infiltration from the blood to the brain 
parenchyma (Himadri et al. 2010; Di et al. 2016; Jayaraj 
et al. 2019). Therefore, ROS inhibition may be considered 
an efficient therapeutic strategy to protect BBB function 
against the effects of METH abuse.

N-tert-butyl-α-phenylnitrone (PBN) is a ROS scaven-
ger; it reacts with ROS non-selectively as a potent free 
radical trapping reagent (Kim et al. 2010). Unlike other 
free radical scavengers, PBN exhibits a high level of BBB 
penetration (Marklund et  al. 2001a). In line with this 
advantage, PBN has been shown to have neuroprotective 
effects against neuropathic pain behavior, TBI, and stroke 
(Cao and Phillis 1994; Zhao et al. 1994; Kim et al. 2010). 
Based on previous studies on revitalized brain function 
after treatment with PBN, we investigated whether PBN 
could protect the BBB from loss of integrity upon METH 
exposure. In this study, PBN exhibited protective effects 
against METH-induced oxidative stress and BBB dys-
function. Our results suggest that PBN treatment can be 
used as a therapeutic strategy for BBB impairment due 
to METH abuse.

Materials and methods

Materials and reagents

PBN (B7263) was obtained from Sigma-Aldrich (St 
Louis, MO, USA). Methamphetamine (METH) was 
obtained from the Ministry of Food and Drug Safety 
(Cheongju, Korea). Cell counting kit-8 (CCK-8) was pur-
chased from Dojindo (Kumamoto, Japan). The antibodies 
were obtained from the following sources: ZO-1 (#40-
2200), occludin (#33-1500) were from Invitrogen (Carls-
bad, CA, USA), VE-cadherin (ab33168) was from Abcam 
(Cambridge, UK), and β-actin (sc-47778) was from Santa 
Cruz Biotechnology (Dallas, TX, USA).

Cell culture

Primary human brain microvascular endothelial cells 
(HBMECs) were purchased from Cell Systems (Kirkland, 
WA, USA) and cultured in endothelial growth medium 
containing endothelial basal medium (CC-3162, Lonza, 
Walkersville, MD, USA) supplemented with 2% FBS, 1% 
penicillin streptomycin, hEGF-B, hydrocortisone, VEGF, 
R3-IGF-1, ascorbic acid, hEGF, GA-1000 and heparin. 
HBMECs were cultured on type 1 collagen-coated tissue 
culture polystyrene flasks (T-flask) at 37 °C in a humidified 
atmosphere containing 5%  CO2.

Cell viability assay

HBMECs were seeded in 96-well plates at 2 × 104 cells 
per well. Cells were then treated with METH (0.1, 1.0 and 
5.0 mM) and PBN (50, 500, and 5000 nM) at indicated con-
centrations for 24 h (Schulz et al. 1996; Qie et al. 2017). 
To examine the protective effect of PBN in cell viability, 
cells were pretreated with PBN for 2 h before METH treat-
ment for 24 h. At the end of the treatment of METH, CCK-8 
reagent was added to each well and incubated at 37 °C in 
a 5%  CO2 incubator for 1 h. The absorbance was measured 
at 452 nm using a microplate reader (Tecan, Männedorf, 
Switzerland) (Liu et al. 2019).

Measurement of intracellular ROS

HBMECs were plated in 96-well black polystyrene micro-
plates were at 2 × 104 cells per well. Cells were treated with 
1 mM of METH for 30 min and 60 min. To assess the scav-
enging ability, cells were treated with 500 nM PBN, fol-
lowed by exposure to 1 mM METH for 60 min. At the end 
of METH treatment, cells were then incubated with 5 µM 
2′,7′-dichlorofluorescin diacetate (DCF-DA) in serum-free 
media for 30 min at 37 °C incubator. After three washes 
by PBS, the intracellular ROS level was determined with 
the intensity of DCF-DA at multi-plate reader and captured 
fluorescence images under fluorescence microscopy (Axio 
observer A1, Carl zeiss, Overkochen, Germany) (Ramirez 
et al. 2009). The DCF-DA intensity was expressed as fold 
change vs non-treated cells.

BBB permeability assay

The transwell cell culture inserts (0.4 µm pore size, 6.5 mm 
diameter; Corning) were used for in vitro permeability assay. 
HBMECs were seeded onto the collagen-coated membrane 
of the inserts at a density of 4 × 104 cells per membrane. 
Cells were then maintained in medium at 37 °C in a humidi-
fied chamber until 100% confluency. To assess the paracel-
lular permeability of the monolayer, FITC-dextran (70 kDa; 
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Sigma-Aldrich) was added into the luminal chamber at a 
concentration of 1 µM in 300 µl media after treatment with 
1 mM METH for 24 h (Martins et al. 2013; Shi et al. 2016). 
After incubation of FITC-dextran for 1 h, 60 µl medium was 
taken from the abluminal chamber. The intensity of FITC-
dextran was measured at a microplate reader (480/520 nm).

Transendothelial electrical resistance (TEER)

HBMECs were grown on the collagen-coated membrane of 
transwell cell culture inserts for 4 days until cells were con-
fluent. HBMECs were treated with 500 nM PBN for 2 h, fol-
lowed by 1 mM METH treatment for 24 h. Electrical resist-
ance across the cell monolayers was measured by STX2/
chopstick electrodes linked to EVOM2 (World Precision 
Instruments, Sarasota, USA) (Yang et al. 2017; Hwang et al. 
2020). The blank value of well without cells were subtracted 
from all experimental TEER values to calculate the unit area 
resistance (Ω  cm2). The results are expressed (%) of TEER.

Western blot analysis

HBMECs were seeded in 6-well plates at a density of 2 × 105 
cells per well. Cells were pre-treated with 500 nM PBN for 
2 h before METH treatment for 24 h. Cells were washed 
by cold-PBS, lysed with radioimmunoprecipitation assay 
(RIPA) buffer (Thermo Fisher, Waltham, MA, USA) con-
taining protease/phosphatase inhibitor cocktail. Protein con-
centration was determined by the BCA protein quantification 
assay, followed by equal amounts of proteins (20 µg) were 
loaded and separated by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE; Lopez-Ramirez et al. 
2012). After separation of proteins, the gels were transferred 
to the nitrocellulose membrane, followed by blocking with 
5% skim milk in PBS-T (0.05% Tween) at room temperature 
for 30 min. The membranes were then incubated with the 
following primary antibodies overnight at 4 °C: anti-ZO-1 
(1:1000; Invitrogen), anti-VE-cadherin (1:1000; Abcam), 
anti-occludin (1:1000; Invitrogen), and anti-β-actin (1:1000, 
Santa Cruz Biotechnology). The membranes were washed by 
PBS-T for three times and incubated with HRP-conjugated 
anti-rabbit secondary antibody (1:10,000; Santa Cruz Bio-
technology) at room temperature for 1 h. The membranes 
were imaged by electro-chemiluminescence (LAS-3000).

Immunocytochemistry

HBMECs grown on collagen-coated coverslips in 24-well 
plates were fixed with 4% paraformaldehyde for 15 min, fol-
lowed by blocking with bovine serum albumin in PBS-T 
(0.05% Tween) for 1 h at room temperature. Cells were then 
incubated overnight with the following primary antibodies: 
anti-ZO-1 (1:200; Invitrogen) and anti-VE-cadherin (1:300; 

Abcam) at 4 °C. After rinsed with PBS, cells were incubated 
with fluorescently-labeled anti-rabbit secondary antibod-
ies (Alexa Fluor 488 and 568). Filamentous actin (F-actin) 
was labeled with phalloidin-iFluor 488 reagent (1:1000; 
Abcam) (Shi et al. 2016). Cells were then counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) for nuclear 
labeling. After washed by PBS, coverslips were mounted 
on glass slides with antifade VectaShield aqueous solution 
(Vector Laboratories, Burlingame, CA, USA). Fluorescence 
images were captured by a confocal microscope (LSM5, 
Carl zeiss, Overkochen, Germany). Three-dimensional (3D) 
plot images were generated from fluorescence images using 
the Interactive 3D Surface Plot plugin in Image J software 
and represented by height of the plot.

Statistical analysis

All data represent at least three independent experiments 
and are presented as the mean ± standard deviation (SD). 
P values were used for group comparisons by applying the 
two-tailed Student’s t-test and less than 0.05 were considered 
as statistically significant.

Results

METH increases ROS generation in HBMECs

To select a non-toxic concentration of METH for subsequent 
experiments, we applied different METH doses (0.1, 1, and 
5 mM) to HBMECs. The cell viability of HBMECs treated 
with different doses of METH was measured using CCK-8 
(Cell Counting Kit-8) assays. Up to 1 mM of METH induced 
no indicative changes in the cell viability, whereas 5 mM 
METH significantly decreased the cell viability to approxi-
mately ~ 50% (Fig. 1a, b). Hence, we chose 1 mM of METH 
for the subsequent experiments. Recently, several studies 
have shown that METH induces overproduction of ROS, 
which leads to cerebrovascular dysfunction (Toborek et al. 
2013). Therefore, we investigated the ROS levels in METH-
exposed HBMECs using 2ʹ,7ʹ-dichlorofluorescin diacetate 
(DCF-DA). In line with the results of previous studies, 
METH increased ROS generation both 30 and 60 min after 
cell exposure (Fig. 1c, d). These data indicated that METH 
induced oxidative stress via ROS generation in HBMECs.

PBN inhibits METH‑induced overproduction of ROS 
in HBMECs

PBN, which is a well-established free radical scaven-
ger, exhibits neuroprotective effects against various brain 
disorders, such as TBI and status epilepticus (Choi et al. 
2016; Kubova et al. 2018). Therefore, we determined the 
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cell viability after treatment with different doses of PBN 
(50, 500, and 5000 nM) for 24 h. PBN concentrations up to 
500 nM did not affect the cell viability, whereas 5000 nM 
of PBN slightly decreased the cell viability of HBMECs 
(Fig. 2a). Accordingly, 500 nM PBN was applied for the 
subsequent experiments. To investigate the inhibitory effect, 
HBMECs were treated with METH combined with PBN. 
Since previous studies used pretreatment method to deter-
mine the inhibitory effect of PBN, we pretreated HBMECs 
with PBN for 2 h before METH exposure (Farooque and Ols-
son 1997; Lee and Park 2005). As expected, PBN reduced 
the METH-induced ROS production in HBMECs (Fig. 2b, 
c). These results suggest that PBN inhibits oxidative stress 
resulting from METH-induced excess ROS formation.

PBN protects BBB integrity from METH‑induced 
vascular dysfunction in HBMECs

Abnormal ROS production leads to endothelial hyperper-
meability (Gilmont et al. 1998). Therefore, we investigated 
the protective effect of PBN on BBB function upon METH 
exposure. Firstly, we determined the cell viability after co-
treatment with METH and PBN; there were no considerable 

changes in the cell viability of the HBMECs (Fig. 3a). Then, 
we assessed the paracellular permeability of a HBMECs 
monolayer using FITC-dextran, which is a fluorescent tracer 
for measuring barrier permeability. As shown in Fig. 3b, 
METH significantly increased the endothelial permeability 
of HBMECs; however, PBN counteracted this deleterious 
effect. We additionally determined the monolayer integrity 
of the HBMECs using the TEER assay. In accordance with 
previous permeability assay data, the results showed that 
METH reduced the monolayer integrity in HBMECs. How-
ever, this perturbation was eliminated by PBN treatment 
(Fig. 3c). These data suggest that PBN attenuates METH-
induced BBB dysfunction.

PBN attenuates METH‑induced redistribution 
of junction proteins in HBMECs

The BBB is composed of brain endothelial cells of the cer-
ebral microvasculature that are tightly connected by junc-
tional complexes consisting of TJ and AJ proteins (Jackson 
et al. 2019). Therefore, we firstly determined the total protein 
expression of junction proteins, i.e., TJ (ZO-1 and occludin) 
and AJ (VE-cadherin) proteins. After treatment with METH 
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and PBN, the proteins were extracted from HBMECs and 
analyzed via immunoblotting. The results of western blotting 
revealed that the total protein expression of junction proteins 
was unchanged (Fig. 4a), whereas the localization of the TJ 
(ZO-1, red) and AJ (VE-cadherin, green) proteins partially 
shifted from the membrane to cytosol in METH-treated 
HBMECs (observed under confocal microscopy). This pro-
tein translocation was greatly reduced by PBN treatment 
(Fig. 4b). 3D plot images showed the height of fluorescence 
intensity of the junction proteins. As shown in Fig. 4c, most 
signals of ZO-1 and VE-cadherin in the control group were 

detected at cell membrane; however, these signals of junc-
tions were translocated to the cytoplasm by METH expo-
sure. PBN reversed the signals from the cytoplasm toward 
the membrane fraction. These results show that PBN reduces 
the redistribution of junction proteins after METH exposure.

PBN attenuates METH‑induced cytoskeletal 
reorganization in HBMECs

Cytoskeletal rearrangement leads to morphological 
changes, via the formation of actin stress fibers, and 

Fig. 2  METH-induced increase 
of ROS generation is inhib-
ited by PBN treatment. a Cell 
viability was assessed by dif-
ferent doses of PBN treatment 
after 24 h in HBMECs. b The 
intracellular ROS levels were 
determined by 2′,7′-dichloro-
fluorescin diacetate intensity 
through spectrophotometry 
after pretreatment of 500 nM 
PBN for 2 h before treatment 
of 1 mM METH for 24 h in 
HBMECs. c The intracel-
lular ROS were stained with 
2′,7′-dichlorofluorescin diac-
etate and analyzed by under a 
fluorescence microscope after 
pretreatment with 500 nM PBN 
for 2 h, followed by treatment 
of 1 mM METH for 24 h in 
HBMECs (scale bar 100 µm). 
All data are presented as 
mean ± SD of three independ-
ent experiments. **p < 0.01, 
***p < 0.001
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induces the redistribution of junction proteins, which 
results in BBB dysfunction (Burridge and Wittchen 2013). 
After METH treatment for 24 h, we observed, under a light 
microscope, that METH changed the cellular morphology 
of HBMECs. However, PBN inhibited these morphologi-
cal changes (Fig. 5a). In accordance with this phenomena, 

we examined whether METH could induce the forma-
tion of stress fibers in HBMECs. We found that F-actin 
stress fibers were strongly induced in METH-treated cells, 
whereas PBN prevented stress fiber formation induced by 
METH in HBMECs (Fig. 5b). These results indicate that 
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PBN preserves the vascular endothelial morphology by 
inhibiting METH-induced cytoskeletal reorganization.

Discussion

METH is a highly addictive psychostimulant that has a 
strong neurotoxic effect. Although the effect of METH on 
dopamine neurotransmission has been well studied, METH-
induced vascular toxicity and BBB dysfunction has attracted 
considerable attention recently as an important pathologi-
cal facet of METH exposure (Sajja et al. 2016). Herein, 
the protective effects of PBN against METH-induced BBB 
impairment have been presented. PBN, a free radical scav-
enger, shows great efficacy in alleviating neurodegenerative 
diseases as well as vascular dysfunction by inhibiting ROS-
induced oxidative stress (Marklund et al. 2001b; Floyd et al. 
2013). ROS are well-known factors that participate in many 
pathological conditions (Huynh and Heo 2019; Park et al. 
2019). It has been reported that induction of ROS by METH 
causes oxidative stress in brain tissue, leading to neuronal 
and vascular damage (Gold et al. 2009). Hence, we hypoth-
esized that inhibition of METH-induced ROS accumulation 
via PBN treatment may have a protective effect on BBB 
function.

In various pathological conditions, excessive ROS have 
been proposed to cause BBB dysfunction by damaging the 
BBB structure (Pun et al. 2009). The present study revealed 
that METH increases the paracellular permeability and 
decreases the monolayer integrity of HBMECs via exces-
sive ROS production. Previous studies have suggested that 
inhibition of ROS provides a neuroprotective effect under 
pathological conditions (Dumont and Beal 2011; Yang et al. 
2019). Our results demonstrated that PBN exerts protective 
effects against METH-induced BBB leakage by inhibiting 
excessive ROS generation in HBMECs (Figs. 2, 3). These 
results are in accordance with those of previous studies, 
which showed that PBN inhibited ROS-induced oxidative 
stress, contributing to the maintenance of vascular function 
under pathological conditions (Marklund et al. 2001a).

TJs and AJs that are linked to the cytoskeleton are 
major components of the BBB structure. In the current 
study, METH disrupted TJ and AJ proteins in HBMECs. 
However, it did not affect the expression of endothelial 
junction proteins but changed their subcellular localization 
from the membrane to cytoplasm (Fig. 4). Previous stud-
ies have indicated that junction proteins anchored to the 
actin cytoskeleton are disassembled by stress fiber forma-
tion, facilitating the internalization of these proteins (Shen 
and Turner 2005; Vandenbroucke et al. 2008). Our results 
showed that METH treatment induced the generation of 
excessive stress fibers, resulting in phenotype alterations 
in HBMECs (Fig. 5). ROS decrease the BBB integrity 

via actin cytoskeletal reorganization and redistribution of 
junction proteins (Schreibelt et al. 2007). The mechanism 
involved in ROS-induced disruption of TJ and AJ includes 
protein modifications, such as phosphorylation, thiol oxi-
dation, nitration, and carbonylation (Rao 2008). ROS-
mediated protein modifications trigger the activation of 
diverse signaling molecules, including c-Src, ras homolog 
family member A (RhoA), protein kinase C (PKC), phos-
phoinositide 3-kinase (PI3K), and mitogen-activated pro-
tein kinase (MAPK), which directly or indirectly target 
the junction proteins, leading to the dissociation of junc-
tion protein complex and loss of their association with 
cytoskeleton (Blasig and Haseloff 2011). By preserving 
the BBB integrity after METH treatment, PBN prevented 
METH-induced internalization of TJ and AJ proteins by 
inhibiting stress fiber formation upon METH treatment 
(Figs. 4, 5). These observations reveal that PBN inhibits 
METH-induced formation of stress fibers, and thereby the 
redistribution of junction proteins in HBMECs.

In METH-administered animal models, inflammatory 
cytokines such as MMPs and TNF-α were identified as the 
main factors that contributed to BBB disruption (Coelho-
Santos et al. 2015; Northrop and Yamamoto 2015; Namyen 
et al. 2020). However, METH exposure did not increase 
MMP-9 or TNF-α levels in HBMECs in our result (data not 
shown). This might imply that MMP-9 and TNF-α are vastly 
released from neurons, astrocytes, or microglia rather than 
the endothelium in METH-exposed animal models.

Although this study demonstrates the protective effect of 
PBN on BBB function in METH-exposed HBMECs, further 
studies are necessary to investigate the effect of PBN on 
BBB protection in METH-abuse animal models. In a clinical 
study, METH-dependent patients had a lower anti-oxidant 
capacity compared to the control group, suggesting the pro-
tective role of ROS scavengers against METH-induced brain 
dysfunction (Walker et al. 2014). Moreover, preclinical stud-
ies showed that PBN reduced cocaine-seeking behavior in 
an animal model wherein the BBB was broken after cocaine 
administration (Sharma et al. 2009; Jang et al. 2015). In 
addition, BBB dysfunction was severe in the spontaneous 
withdrawal stage of morphine and METH (Sharma and Ali 
2006). Therefore, further studies to investigate the relation-
ship between BBB dysfunction and withdrawal symptoms, 
such as depression and anxiety, or drug addiction, in abuse-
animal models will be of merit (Schaefer et al. 2017).

In conclusion, this study demonstrates that PBN attenu-
ates METH-induced BBB dysfunction in HBMECs. Our 
data show that METH exposure stimulates BBB dysfunction 
by enhancing oxidative stress. Furthermore, PBN remark-
ably reduces ROS generation and counteracts the harmful 
effects of METH on BBB function. These results suggest 
that PBN is a promising reagent for protecting the BBB 
against the effects of METH exposure.
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