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Background: Alcohol (EtOH) is reported to adversely affect one of the most crucial roles of the
blood–brain barrier (BBB), the regulation of its permeability, thereby compromising the stability of the
homeostatic environment of the brain. The central component of the BBB, endothelial cells (ECs), regu-
lates BBB transcellular transport, while their paracellular pathways are made virtually impermeable by
molecular structures called tight junctions (TJs). These TJs are composed of proteins, such as claudin-5,
a protein involved in the regulation of paracellular permeability and of key interest in this study.

Methods and Results: The working hypothesis of this study postulated that the high levels of antiox-
idants (AOs) in the fermented Aspalathus linearis (Rooibos; Rf) tincture may protect the ECs of the
BBB against oxidative stress induced by EtOH exposure. Cells were exposed for 24 hours to selected
concentrations of EtOH (25 and 100 mM), Rf (containing an antioxidant equivalence of 1.9 nMAspa-
lathin), and cotreatments of EtOH and Rf. Cell viability, live cell number, and toxicity were analyzed
using the trypan blue exclusion assay. RT-qPCR was implemented to quantify claudin-5 transcription.
In addition, permeability (Transepithelial Electrical Resistance) of bEnd5 monolayers was measured.
The experimental timeline for the above-mentioned parameters was 24 and 48 hours.

Conclusions: Our study showed that simultaneous exposure of Rf and EtOH was able to negate the
effects of EtOH on cell viability and cell proliferation, but was not able to reverse or reduce the effects
of EtOH on claudin-5 transcription and paracellular permeability. Furthermore, a novel finding in this
study suggests that very low concentrations of AOs in tinctures such as Rooibos tea could profoundly
alter the redox status of brain ECs.

Key Words: Blood, Brain Barrier, Alcohol, Brain Endothelial Cells, Claudin-5, Aspalathin,
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CRITICAL TO MAINTAINING brain homeostasis is
the blood–brain barrier (BBB). It serves as a vascular

interface protecting the central nervous system (CNS), by
preventing the entry of toxic blood-borne substances into the
brain microenvironment (Colgan et al., 2008), and regulates
the movement of molecules and ions between the blood and
the brain’s parenchyma. The transport of these substances
across the capillary endothelial cells (ECs) of the brain is
mostly regulated via transcellular pathways, and in general,
the paracellular pathways are sealed using tight junctions
(TJs), which are located apically on the lateral walls of adja-
cent ECs (Fisher and Mentor, 2020). Small molecules that
are nonpolar and lipophilic are able to transverse across the
BBB with ease along their concentration gradients, and

influence the physiological function of the endothelial com-
ponent of the BBB. Molecules such as nicotine, metham-
phetamine, and alcohol have these attributes and can easily
pass through the BBB and impact neural systems (Gabathu-
ler, 2010; Pardridge, 1995). However, surprisingly the meta-
bolism of these narcotics within the ECs has been reported to
produce increased reactive oxidant species (ROS) produc-
tion, which impacts the crucial regulatory function of the
BBB (Abdul Muneer et al., 2011; Haorah et al., 2005a,
2005b).
ROS are small, extremely reactive, oxygen-containing

molecules, naturally produced in minute quantities during
metabolic reactions in the body and, under normal physio-
logical conditions, are neutralized by specialized endogenous
antioxidants (AOs), such as glutathione, catalase, and super-
oxide dismutases (SOD).When produced in excess, they pose
consequential health risks. Alcohol stimulates the activity of
alcohol dehydrogenase and cytochrome P450-2E1 (Haorah
et al., 2008a, 2008b), which accelerates ROS production, as
well as diminishes the levels of endogenous AOs (Wu and
Cederbaum, 2003). Alcohol-induced ROS affects the TJs,
which are responsible for sealing the paracellular pathways
across the endothelial cell layer (Abdul Muneer et al., 2011).
Studies have shown that a chief mechanism influencing BBB
permeability is the ROS-induced redistribution and/or the
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suppression of the tight junction protein claudin-5 (Schrei-
belt et al., 2007). The organization of other tight junction
proteins, occludin and ZO-1, are also suppressed by exoge-
nous ROS in brain ECs (BECs; Schreibelt et al., 2007).

Endogenous AOs are cellular substances capable of
neutralizing excess ROS, which may otherwise contribute
to the formation of oxidative stress (OS; Berker et al.,
2013; Dai and Mumper, 2010). They are radical scav-
engers that disrupt and inhibit radical chain reactions
(Huang et al., 2009). AOs have been proposed to delay
or inhibit diseases such as Alzheimer’s disease, cancer,
and coronary heart failure (Berker et al., 2013). Exoge-
nous AO supplements, such as vitamins C and E, as well
as foods and teas with high AO concentrations, are com-
monly used as a therapy for common illnesses such as
colds and flus (Poljsak et al., 2013).

Of key interest in our study is the popular beverage (Aspa-
lathin linearis) known both locally and internationally as
Rooibos (red bush), which contains high concentrations of a
well-known antioxidant, Aspalathin (Joubert and Schulz,
2006; Krafczyk and Glomb, 2008; Mentor and Fisher, 2017;
Pengilly et al., 2008; Snijman et al., 2009; Standley et al.,
2001).

Here, we report on the neuroprotective ability of the
potent Aspalathin linearis tincture (Rf), in concentrations
which are similar to plasma concentrations found after a typ-
ically consumed dosage (in Rooibos tea) by the general pop-
ulation, on the alcohol-induced oxidative damage on the
in vitro BBB model. We also examine the effects of low con-
centrations of Rf on cultured BECs, and furthermore, we
report for the first time on the potential of Rooibos-derived
AOs to nullify or reverse the effects of EtOH on the ECs of
BBB.

MATERIALS ANDMETHODS

The study was aimed at evaluating whether the detrimental
effects of acute alcohol treatment (24-hour exposure) on the brain
endothelial cell line, bEnd5, could be avoided or reversed by cotreat-
ment with concentrations of a fermented Rooibos (Rf) aqueous
extract containing 1.9 nM of Aspalathin (Mentor and Fisher,
2017). Our concentration of Rf was selected based on the reported
peak plasma concentration of Aspalathin after the consumption of
500 ml of the Rf tincture (Breiter et al., 2011).

Bioreagents

Cell culture reagents included Dulbecco’s modified Eagle med-
ium (DMEM-Ham’s F-12, Whitehead Scientific, Cat No. 12-719F),
supplemented with 1% antibiotic penicillin/streptomycin–ampho-
tericin B mixture (Whitehead Scientific (Pty) Ltd, Cape Town,
South Africa, Cat No. 13-115E), 1% sodium pyruvate (GIBCO�,
Cat No. 11360), 1% nonessential amino acids (NEAAs; Lasec, Cat
No. 13-114E), and 10% fetal bovine serum (FBS; Separations,
SV30160.02). Phosphate-buffered saline (PBS; Cat No. D8662), try-
pan blue (0.4%; Cat No. T-8154), and hydrocortisone (Cat No.
H0888) were purchased from Sigma-Aldrich, Modderfontein, South
Africa, while trypsin (0.25%; Cat No. BE 02-007E) and dimethyl
sulfoxide (DMSO; Cat No. sc-358801) were purchased from White-
head Scientific (Pty) Ltd.

Culture of bEnd5 Cells

Mouse BECs (bEnd5; ECACC, Cat No. 96091930) were grown
in sterile tissue culture-treated flasks until 70 to 80% confluence in
DMEM (Whitehead Scientific, 12-719F) supplemented with 10%
FBS (Separations, SV30160.02), 1% NEAAs (Lasec, 13-114E), 1%
sodium pyruvate (Whitehead Scientific, 13-115E), and 1% antibi-
otic (pen–strep; Whitehead Scientific, 17-745E). For assays, cells
were trypsinized at confluence using 0.25% EDTA–trypsin (White-
head Scientific, BE02-007E).

Trypan Blue Exclusion Assay

For the trypan blue assay, mouse BECs (bEnd5; ECACC, Cat
No. 96091930) were seeded at a density of 50,000 cells in clear 6-well
tissue culture plates (n = 6) and were incubated for 24 hours to
allow for attachment. Thereafter, the ECs were exposed to 25 and
100 mM EtOH (Sigma, Modderfontein, South Africa, E7023), Rf
containing equivalence of 1.9 nM Aspalathin (South African Rooi-
bos Council, Batch No. P06/02KK), and combinations of 25 mM
EtOH and Rf, and 100 mM EtOH and Rf, respectively. After
24 hours of exposure to EtOH/Rf, all media were replaced with
untreated DMEM. The cells were then incubated for the selected
time intervals between 24 and 96 hours. Cells were trypsinized at 80
to 90% confluence using 0.25% EDTA–trypsin.

An established ratio was used (10 µl of cell suspension, 60 µl
complete DMEM, and 30 µl trypan blue dye). 10 µl of this cell sus-
pension was then added to the hemocytometer and observed under
a standard inverted phase-contrast microscope for cell counts. The
% cell viability was determined by dividing the number of live cells
by the total number of cells multiplied by 100. Similarly, % cell toxi-
city was determined by dividing the number of dead cells by the
total number of cells multiplied by 100.

Transcription Analysis: RNA Extraction of bEnd5 Cells

For RNA extraction and subsequent PCR analysis, bEnd5 ECs
were seeded at a density of 150,000 cells in clear 90-mm tissue cul-
ture-treated petri dishes (n = 6). Cells were treated as per the above
protocols with 25/100 mM EtOH, Rf (containing 1.9 nM Aspa-
lathin), and cotreatments with EtOH and Rf. Once cultures reached
80 to 90% confluency, they were rinsed twice with 1 ml PBS (Lonza,
Whitehead Scientific, BE17-516F). 1 ml of cold Tripure (Roche,
11667165001) was then added to each petri dish plated with exposed
cells at the respective time interval and homogenized. Each millilitre
of homogenate was transferred to a 2-ml Eppendorf tube and incu-
bated for 5 minutes at room temperature. 0.2 ml of chloroform
(Kimix, SA, chl001) was added to the homogenate and vortexed for
15 seconds. This was then incubated for 5 to 10 minutes at room
temperature. The solution was separated into 3 phases by centrifug-
ing at 12,000 g for 15 minutes. 400 µl of the upper aqueous phase
was transferred to a 1.5-ml Eppendorf tube. Subsequently, 0.5 ml of
isopropanol (Kimix, SA, ipr001) was added to the solution and
mixed thoroughly. RNA precipitated overnight at �20°C. RNA
was then centrifuged at 12,000 g for 10 minutes and the supernatant
removed. Following this, 1 ml of 75 to 80% molecular EtOH was
added to the RNA pellet, vortexed, and centrifuged at 7,500 g for
5 minutes. The supernatant was aspirated, and the pellet was resus-
pended in 100 µl DEPC-treated water (Invitrogen, AM 9916). The
quality of the RNA samples was interrogated using the NanoDrop
ND-1000 (Thermo Scientific, ND1000). The control RNA samples
were electrophoresed on a 1% agarose gel to determine the quality.

cDNA Synthesis

A starting concentration of 2 µg RNA was used for cDNA syn-
thesis. For each sample, 2 reactions were carried out. A reverse
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transcriptase buffer, random primers, dNTP mix, MultiScribeTM

Reverse Transcriptase (High-Capacity cDNA Synthesis Kit; Life
Technologies, Waltham, MA, USA, 4368814), and nuclease-free
water (BIO-37080 Bioline Water, 18.2 MΩ PCRGrade) were added
to 10 µl of RNA sample up to a total reaction volume of 20 µl. The
components were thoroughly mixed and spun down using a bench-
top centrifuge to collect all the liquid. Cycling was performed on the
GeneAmp� PCR System 9700 (Life Technologies). The synthesized
cDNA was stored at �20°C until further processing. Before expres-
sion analysis, each experimental sample was diluted 1:5 with nucle-
ase-free water (BIO-37080 BiolineWater, 18.2 MΩ PCRGrade).

Several control samples were cleaned using NaOAc/ethanol
(EtOH) precipitation. Briefly, 2.5 volume of ice-cold 100% EtOH
was added to each sample, with 1/10 volume of 3 M NaOAc. The
samples were incubated at �80°C for 2 hours. Thereafter, the sam-
ples were centrifuged for 30 minutes at 4°C to precipitate the RNA.
The supernatant was removed and the pelleted RNA washed 19
with 70% ice-cold EtOH. The samples were air-dried for 10 minutes
and resuspended in TE buffer.

Gene Expression Analysis

For gene expression analysis, each reaction (for standard curves
and samples) consisted of 1 µl cDNA template (equivalent to
approx. 200 ng RNA), 0.125 µl of each of the primers (final concen-
tration of 125 nM), 5 µl Power SYBR� Green PCR Master Mix
(Life Technologies, 4367659), and nuclease-free water. Expression
analysis was performed on the ABI 7900HT Fast Real-Time PCR
System followed by a dissociation (melt) curve analysis. Postcycling,
the data were analyzed using the SDS v2.3 software (Life Technolo-
gies) and relative expression analysis performed using
qBase + (BioGazelle).

Two genes (occludin and claudin-5) were tested. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and hypoxanthine-guanine
phosphoribosyltransferase (HPRT) were used as housekeeping
genes to check the integrity of the samples. The primer sets used
were synthesized by Whitehead Scientific, and their sequences are

included in Table 1. Twelve RNA samples (all controls) were elec-
trophoresed on a 1% agarose gel to determine the quality. Two
ribosomal RNA species were observed for most samples.

An aliquot of cDNA was synthesized from 12 control bEnd5
samples. The 12 control samples were treated using NaOAc/EtOH
precipitation (Ambion AM9740, Kimix, SA, UN1170) and were
pooled and then used to generate an 8-point, 2-fold serial dilution
series in order to determine the efficiency of the primer sets. In addi-
tion, cDNA from MusMusculus spleen RNA samples were used as
an external control to generate an 8-point, 2-fold serial dilution ser-
ies. GAPDH and HPRT amplified in the bEnd5 control samples
and spleen samples indicating that the RNA was intact and func-
tional. Regarding the experimental genes, MusMusculus occludin
were then tested on the aforementioned samples. The standard
curves were generated by plotting the Ct value of each serial dilution
point against the known quantity of cDNA in each serial dilution.
Each standard curve was generated in triplicate for each data point.
All amplification curves were submitted for a melt-curve analysis to
evaluate primer specificity. No primer–dimers or nonspecificity was
observed in HPRT, GAPDH, or claudin-5. Table 2 shows PCR
amplification efficiency for the target genes. Finally, the relative
value was measured.

Seventy-two (72) RNA samples were submitted for gene expres-
sion analysis of 2 target genes (claudin-5 and occludin) relative to 2
reference genes (HPRT and GAPDH). The quality of the qPCR
raw data was interrogated using SDS v2.3 (Life Technologies) and
outliers removed. qBase+ (BioGazelle) was utilized to determine the
expression of the target gene relative to the reference genes. Each
experimental sample was assayed in triplicate to account for techni-
cal variation. Occludin was not expressed at any time point, in any
treatment group, and thus excluded from analysis.

Transepithelial Electrical Resistance (TEER)

Across confluent monolayers of BECs (bEnd5), TEER was mea-
sured using an Ohm Millicell-ERS (Electrical Resistance System;
Millipore, MERS 000 01), which measures the transmembrane resis-
tance of the epithelia in culture. The TEER measurements of the
blank inserts (no cells) were subtracted from the readings that were
obtained from the inserts with confluent endothelial monolayers so
that the true resistance (resistance of the cell monolayer) could be
determined. The resistance of the cell monolayer was multiplied by
the surface area of the insert used to grow the monolayer of cells
(0.6 cm2) to calculate the resistance normalized per square cm
(O.cm2). The resistance between the blank inserts containing only
media and the blank inserts containing media with the respective
experimental compounds was identical. Therefore, blank inserts
consisted of media with the respective experimental compounds.
The controls were implemented by growing confluent endothelial
monolayers. These control monolayers were not exposed to any of
the experimental compounds. The culture media were supplemented
with 10% FBS, as TEER values using this concentration of FBS
remained consistent for longer in addition to aiding the proliferation
of cells (Derk et al., 2015).

1 9 106 bEnd5 cells (Sigma, 96091930) were seeded per well on
sterile inserts (Microsep, PIHA012) and grown to confluence for
24 hours in clear 24-well tissue culture plates (n = 6). Samples were

Table 1. Primer Information

Gene (Mus
Musculus) Primer sequence Accn no

Trnscrpt
length
(bp)

Occludin Forward primer: 50-GTTGAA
GAGCAA ATT ATC-30
Reverse primer: 50-TTA
GAG TCC AAAGTC AG-30

NM_008756 3,193

Claudin-5 Forward primer: 50-GGG
TGAGCA TTC AGT CTT
TA-30
Reverse primer: 50-CAG
CACAGA TTC ATA CAC
CT-30

NM_013805 1,420

HPRT Forward primer: 50-AGT
CCC AGCGTCGTGATT
AG-30
Reverse primer: 50-TCC AAA
TCC TCGGCA TAA TG-30

NM_013556.2 1,349

GAPDH Forward primer: 50-GTC
GGTGTG AACGGA TTT
G-30
Reverse primer: 50-TGG
CAACAA TCT CCA CTT
TG-30

NM_001289726 1,296

Accn no (accession number); Trnscrpt length (transcript (mRNA)
length).

Table 2. cDNA Synthesis Cycling Parameters

Step 1 Step 2 Step 3 Step 4

Temperature (°C) 25 37 85 4
Time 10 minutes 120 minutes 5 minutes ∞
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then exposed to 25 and 100 mM EtOH (Sigma, E7023), Rf contain-
ing equivalence of 1.9 nM Aspalathin, and combinations of 25 and
100 mMEtOH together with Rf, respectively, for 24 hours. Follow-
ing the 24-hour exposure to the compounds, the various compounds
were removed from the cells and replaced with untreated DMEM
(Whitehead Scientific, 12-719F) and were further incubated for 48,
72, and 96 hours.

The electrodes were immersed in the wells, and once stable resis-
tance readings were observed, the TEER values were recorded.
Readings were taken in duplicate every 2 hours at 3 time intervals.

Statistical Analysis

MedCalc, Ostend, Belgium (version 11.6.1) was used to statisti-
cally analyze the data obtained. Normality was determined using
the Kolmogorov–Smirnov test. The Student t-test (for normally dis-
tributed independent samples) and Mann–Whitney (for not nor-
mally distributed independent samples) test were applied, and the
probability of p < 0.05 was designated as statistically significant.

RESULTS

Effects of EtOH on Live Cell Number

The adverse and acute effects of alcohol on the BECs are
well established in the literature (Haorah et al., 2005a,
2005b; Mandyam et al., 2017; Singh et al., 2007). However,
the extended effects over a period of 48 hours on BECs fol-
lowing a single 24-hour exposure have not previously been
described in the literature.

EtOH (25 and 100 mM) decreased the number of live
Bend5 cells in culture at both 24 and 48 hours (p < 0.01).
The percentage suppression of 25 mM EtOH at 24 hours
(26.5%) was exacerbated at 48 hours to 33%, whereas the
percentage suppression by 100 mM EtOH was higher at
24 hours (37.5%), and it decreases to 33% at 48 hours
(Fig. 1A).

Effects of Rf on Live Cell Number

Treatment with the extremely low dose of Rf had no dis-
cernible effects over the first 48 hours (p > 0.05; see Fig. 1B).
Compared to control cell numbers, the means of Rf-treated
Bend5 cells were not significantly different at both 24 and
48 hours (Fig. 1B).

Concurrent Effects of EtOH and Rf on Live Cell Number

EtOH have been reported in the literature to bring
about its effects on BECs by effects by inducing elevated
ROS. We examined whether concurrent treatment of
alcohol with Rf, which has high levels of AOs (Mentor
and Fisher, 2017), could ameliorate the ROS-inducing
effects of EtOH.

Cotreatment of Bend5 cells with EtOH (25 and 100 mM)
and Rf completely reversed the suppressive effects of EtOH
at both 24 and 48 hours (Fig. 1C). There were no statistical
differences between control numbers of live cells and those
treated concurrently with EtOH and Rf (p > 0.05).

Effects of EtOH and Rf on Cell Viability

2It was important to determine whether the suppression
of cell proliferation was due to the toxicity of the EtOH.
The parameter, cell viability %, is an indicator describing
the number of live cells relative to dead cells within a
population of cultured cells, with high percentages indi-
cating high numbers of live cells relative to dead cells
and vice versa.

Control viability (%) of Bend5 cells was statistically not
different from Bend5 cells treated with 25 and 100 mM
EtOH (p > 0.05) at both 24 and 48 hours (Fig. 1D). Control
viability (%) was not different from Bend5 cells treated with
Rf at 24 and 48 hours (p > 0.05; Fig. 1E).

Compared to controls, treating Bend5 ECs concurrently
with 25 mM EtOH and Rf had no statistical effect at
24 hours (p > 0.05). However, for Bend5 cells cotreated with
100 mM EtOH and Rf, a small, but statistically significant
(p < 0.05) decrease in viability (5.36%) relative to control
viability was observed. At 48 hours, cotreatment at both 25
and 100 mMEtOH produced no statistical difference to con-
trol viability (p > 0.05; see Fig. 1F).

Based on the low numbers of dead cells for both EtOH- or
RF-treated cells, as ascertained by the trypan blue–based via-
bility assay (see Fig. 1D/E), it was unlikely that the suppres-
sion of cell numbers was caused by the toxicity of the EtOH.

Effects on Transendothelial Permeability (TEER)

Effects of EtOH on Transendothelial Permeabil-
ity. Although the literature has reported that alcohol
increases the permeability of the BBB and that it down-regu-
lates the TJ expression, this is the first report on the effects of
acute (24-hour) treatment on transendothelial permeability
extending over 96 hours. Control TEER followed a typical
profile for Bend5 endothelial monolayer, which saw a steady
increase in TEER between 24 and 72 hours, plateauing at
96 hours. In contrast, both concentrations of EtOH, 25 and
100 mM, significantly (p < 0.05) decreased TEER at
24 hours by an average of 20.4% and at 48 hours by an aver-
age of 57.24% (p < 0.01). However, TEER did not recover
to control levels at either 72 hours or 96 hours (average of
42.2 and 48.2% below control levels, respectively; p < 0.01),
indicating an increase in the permeability across the BEC
monolayer throughout the 96-hour time frame of the experi-
ment (see Fig. 2A). Both concentrations of EtOH had similar
effects on the permeability across the monolayer, and there
was no discernible pattern, which resembles a dose–response
effect. These experiments indicated that a short exposure
(24 hours) to alcohol may induce long-term effects on the
permeability of the BBB.

Effects of Rf on Transendothelial Permeability. Acute
exposure to Rf (see Fig. 2B) also had similar effects in signifi-
cantly decreasing TEER by an average of 48.6% (p < 0.01),
thereby implying an increase in the permeability across
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confluent layers of BECs. The suppression of TEER by Rf
was not statistically different between 24 and 96 hours
(p > 0.05).

Effects of Cotreatment of Alcohol and Rf on Transendothe-
lial Permeability. Cotreatment of bEnd5 cells with both
alcohol and Rf had no effect on reversing the EtOH-induced
decreases in TEER (Fig. 2C). At 24 hours, compared to con-
trols, the combined treatment decreased TEER (25 and
100 mM) by an average of 34.6%, whereas at 48 hours
TEER for both 25 and 100 mM was reduced further to an
average of 72.9%. TEER for both 25 and 100 mM recovered
slightly at 72 and 96 hours to an average of 48.9% below
levels of the control (Fig. 2C).

Effects on TJs

The expression of TJs plays a crucial role in the regulation
of permeability across the paracellular pathways between
adjacent ECs in brain capillaries. Claudin-5, one of the most
influential TJ proteins, which is thought to be primarily
responsible for the impermeability of the brain capillary
paracellular pathways, was used as a molecular marker in
determining TJ integrity. We tested whether 24-hour expo-
sure to EtOH, Rf, and cotreatment of these would have any
effect on the expression of claudin-5 over a period of
48 hours.

Effects of EtOH on Claudin-5 Transcription. The data
reflect a very dynamic transcriptional response to the 24-

Fig. 1. The effects of EtOH and Rf on live cell number and viability. (A) The graph represents the suppressive effects of EtOH exposure on bEnd5
brain endothelial cell division over 48 hours. (B) Rf had no statistical effects on bEnd5 brain endothelial cell live cell number. (C) Combinations of EtOH
and Rf (after 24-hour exposure) reversed the effects of EtOH on bEnd5 brain endothelial cell numbers. (D) There were no statistical effects of 25 and
100 mM on bEnd5 EC viability as ascertained using the trypan blue assay. (E) There were no statistical effects of Rf on bEnd5 EC viability. (F) A small
decrease in viability was brought about by the combination of 100 mM EtOH and Rf. *p < 0.01 and **p < 0.05 designate statistical significance com-
pared to controls ascertained using Student’s t-test. Data are displayed as mean � SEM (n = 6).
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hour treatment with both concentrations of EtOH. However,
claudin-5 expression responded to the EtOH treatment dif-
ferently: At 24 hours, the lower EtOH concentration
(25 mM) produced nonstatistical (p > 0.05) suppression of
the claudin-5 transcription, while the 100 mM treatment
produced a 4-fold elevation in transcription (p < 0.01). At
48 hours, in the 25 mM EtOH-treated Bend5 cell popula-
tion, the levels of claudin-5 increased to control transcription
levels, while the higher concentration of EtOH (100 mM)
was severely suppressed (p < 0.05; see Fig. 3A).

The Effect of Rf on Claudin-5 Transcription—Exposure to
Rf increased the transendothelial permeability of the
BECs (Fig. 2B). Our PCR experiments endorsed this find-
ing by showing significant decreases in claudin-5 expres-
sion across the 48-hour time frame of the experiment
(Fig. 3B). Thus, the decrease in claudin-5 TJ protein
seems to be responsible for the increase in transendothe-
lial permeability. This also indicates that the primary
mechanism for Rf effects may be by increasing the para-
cellular pathway permeability.

Effects of Cotreatment of EtOH and Rf on Claudin-5 Tran-
scription. The effect of cotreating EtOH-exposed cells with
Rf effectively down-regulated the transcription of claudin-5

to the extent that the effects of EtOH were not presented or
reversed (see Fig. 3C). The data clearly indicated that low
concentrations of Rf have a powerful ability to suppress the
transcription of claudin-5 and supersedes any concurrent
effects of EtOH treatment.

DISCUSSION

Exposure of alcohol to the BBB is reported to increase the
levels of reactive oxygen species in the BECs (Abdul Muneer
et al., 2011; Haorah et al., 2005a, 2005b), resulting in a range
of adverse effects, from affecting paracellular TJs and
increasing permeability across the BBB to impaired glucose
uptake by ECs (Abdul Muneer et al., 2011). In this study, we
examined the effects of 2 selected doses of EtOH on the brain
endothelial cell line (bEnd5). EtOH plasma concentrations
of 10 to 40 mM have been reported to ensue following mod-
erate EtOH consumption (Elamin et al., 2012), while plasma
concentrations of 100 mM EtOH can be interpreted as a
supraphysiological dose of EtOH, as the latter concentration
of alcohol is rarely found in plasma with the exception of
some extreme and excessive binge drinking (Sommer and
Spanagel, 2013).

Furthermore, we tested the hypothesis that the simultane-
ous treatment with Rf, an established tincture known for its

Fig. 2. Effects of EtOH and Rf on permeability. (A) The effects of 25 and 100 mM EtOH on TEER following a 24-hour exposure (n = 6). (B) The
effects of Rf on TEER following a 24-hour exposure (n = 6). (C) The effects of combinations of EtOH and Rf, respectively, on TEER following a 24-hour
exposure. *p < 0.05 denotes statistical significance compared to controls ascertained using the Mann–Whitney test. Results were displayed as
mean � SEM (n = 6).
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high levels of AOs, would result in the amelioration of the
negative effects of alcohol.
We previously reported on the detrimental effects of high

concentrations of AOs (reductive stress) on the BECs (Men-
tor and Fisher, 2017), and in this study, to avoid the compli-
cating effects of excessive AOs and its associated reductive
stress, we approximated as closely as possible the effects of
drinking a cup of Rf tea (Rooibos tea). This was in alignment
with Breiter et al. (2011) who reported that following the
consumption of 500 ml of Rf, the peak plasma concentra-
tions of the individuals contained approximately 1.9 nM
Aspalathin. Aspalathin represents overwhelmingly the main
AO in the Rf tincture, hence the name, Aspalathin linearis
(see Mentor and Fisher (2017) for the molecular analysis of
Rf). We therefore added 0.08% Rf to our culture media,
which equated to an equivalence of 1.9 nM Aspalathin in
culture media. It was essential in evaluating the physiological
effects on cultured cells that we used Aspalathin concentra-
tions that were closely aligned to reported plasma concentra-
tions, especially since the media bathing cultured BECs is
analogous to the plasma of blood. Furthermore, the value of
using a concentration of Rf that closely approximates the
level of the bioactives of Rf in the plasma, following the con-
sumption of 500 ml of the tincture, is that for the first time,
we have been able to gauge the physiological effects of

consuming AOs contained in teas. Most other studies
(Kawano et al., 2009; Marnewick et al., 2011; Opuwari and
Monsees, 2014; Waisundara and Hoon, 2015) have grossly
overestimated the concentrations of Rf to be used in both
in vivo studies and in vitro cell culture studies, as individuals
would have to consume liters of the tincture to obtain similar
plasma concentrations. Thus, throughout this study we trea-
ted the cells with Rf concentrations equivalent to plasma
levels of Aspalathin found in patients who were exposed to
500 ml of Rf tea, which meant that cells were exposed to a
miniscule 0.08% of Rf.

Endothelial Cell Viability

Given the low concentration of Rf, it was therefore not
surprising that the viability (toxicity) of cells treated with Rf
was not statistically different from control (see Fig. 1E).
However, both concentrations of EtOH also had no statisti-
cal effect on the viability of the ECs (Fig. 1E-F). Cotreat-
ment of BECs with Rf and EtOH at both doses had no
statistical effects on the viability, except for 100 mM at
24 hours, where the viability % was recorded at 94.6%.
Although this was statistically different from control
(p < 0.05), it fell well within what is considered the normal
range of viability for untreated cells (85 to 98%) and thus

Fig. 3. Effects of EtOH and Rf on transcription. (A) The effects of 25 and 100 mMEtOH following 24-hour exposure on the relative mRNA transcription
of claudin-5 after normalization with HPRT and GAPDH. *p < 0.05 designates a statistical decrease compared to controls, while #p < 0.05 designates a
statistical increase compared to controls (n = 6). (B) The effects of Rf following 24-hour exposure on the relative mRNA transcription of claudin-5 after
normalization with HPRT and GAPDH (n = 6). (C) The effects of combinations of EtOH and Rf following 24-hour exposure on the relative mRNA tran-
scription of claudin-5 after normalization with HPRT and GAPDH. *p < 0.05 designates statistical significance compared to controls analyzed using the
Mann–Whitney test. Results were displayed as mean � SEM (n = 6).
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cannot be construed to have any physiological significance.
This was also expected as EtOH is proposed to bring about
its effects by increasing ROS (Haorah et al., 2005a, 2005b),
and cotreating the cells with Rf, rich in AOs, would have
been able to nullify the ensuing OS (Fig. 1E-F). These results
confirm our hypothetical position that the decrease in cell
numbers was indeed not due to the toxicity of the EtOH
treatment.

Cellular Proliferation

Effects of EtOH. Our experiments showed that exposure
of cultured bEnd5 cells to EtOH (25 and 100 mM) for
24 hours significantly suppressed cellular proliferation. Our
data were endorsed by the work of Mikami et al (1997) who
reported that exposure to various concentrations of EtOH
(12.5, 50, 100, and 200 mM) on a fibroblastic cell line derived
from mouse connective tissue resulted in the suppression of
cell division, induced by a transient G2/M block, inhibiting
mitosis [but also reported that with longer exposure to
EtOH, cells tended to acquire some tolerance enabling mito-
sis to proceed]. Our toxicology data (Fig. 1B) revealed the
decrease in live cell numbers (proliferation) was not due to
an increase in dead cells, further endorsing that bEnd5 cell
division was suppressed. Haorah et al. (2005a, 2005b) linked
BBB dysfunction to alcohol-induced OS, and Fisher et al
(2015) showed that methamphetamine-induced OS was
linked to the suppression in bEnd5 cell division, transiently
blocking mitosis by preventing cells from entering into the S-
phase of mitosis. It is, therefore, highly probable that the
suppression of cell division was due to an alcohol-induced
increase in ROS, leading to the impairment of the mitotic cell
cycle.

Effects of Rf. The effects of Rf on live cell numbers over
48 hours were not surprising, not only that the dose was
based on very low postabsorptive plasma concentrations
(0.08% � 1.9 nM Aspalathin), but that the low dose of Rf
negates the plausibility that Rf-derived AOs may have
induced reductive stress. Many studies have pointed to the
importance of normal cellular ROS production and its
induction of endogenous AO systems (GSH, catalase, and
SOD) in triggering cellular division (Naregal et al., 2017).

Cotreatment of EtOH and Rf. The suppressive effects of
alcohol on cell division are based on the premise that firstly,
the BEC’s endogenous AO concentrations are not sufficient
to neutralize excess ROS, and secondly, the cells’ genomic
response to insufficient endogenous AOs is not timeous to
produce additional AOs. Thus, based on the premise that the
negative effects of alcohol are predominantly brought about
by inducing excess ROS, which exerts OS in the ECs, which
in turn suppresses division, we examined the effects of adding
exogenous AOs (Rf) to address this shortfall in cellular AOs.

We found that with the combinatorial exposure of EtOH
and Rf, the effects of 25 mM EtOH on the number of live

cells across the experimental time frame of 48 hours were
fully reversed. Simultaneous exposure to Rf and 100 mM
EtOH also fully reversed the effects of 100 mM EtOH on the
rate of cell division in bEnd5 cells. Therefore, our data sup-
port our hypothesis that the alcohol-induced suppression of
cell division via OS can be reversed by the addition of low
concentrations of exogenous AOs.

Effects of EtOH and Rf on Endothelial Permeability

It is expedient to discuss the data on the genomic expres-
sion of claudin-5 together with the TEER data to attempt to
elucidate the underlying mechanisms affecting the physiolog-
ical changes brought about by EtOH and Rf. Several studies
have reported that the mechanism whereby alcohol affects
the BBB permeability is through the disruption of the
endothelial TJ augmenting BBB permeability (Abdul
Muneer et al., 2011; Haorah et al., 2005a, 2005b; Singh et al.,
2007). Our data support these findings showing that both 25
and 100 mM EtOH increased the permeability (increase
TEER) across the bEnd5 cellular monolayer.

On the other hand, 25 mM EtOH did not statistically
affect claudin-5 expression and yet transendothelial perme-
ability was increased (TEER decreased). This indicated that
effects of EtOH were downstream, compromising TJ protein
functionality at the level of the paracellular membrane. This
line of thinking was endorsed by the effects of 100 mM
EtOH, which in spite of a 4-fold increase (24 hours) in the
expression of claudin-5 still presented an increase in
transendothelial permeability (decrease in TEER; Fig. 2A,
C). Although increased claudin-5 expression does not neces-
sitate the eventuality that TJ proteins will be incorporated in
the paracellular membranes, suppressed expression of clau-
din-5 (Fig. 3B,C) always resulted in an increase in permeabil-
ity (decrease in TEER: Fig. 2). Thus, control levels of TJ
protein expression are a prerequisite for establishing normal
permeability across endothelia.

In support of this view, Haorah et al. (2005a, 2005b)
reported that EtOH-induced OS in brain microvascular ECs
resulted in a 26% decrease in TEER through the disorgani-
zation of the cytoskeleton and TJ protein assembly. They
also showed that the increase in permeability resulted in
increased leukocyte migration across their model of the
BBB. Abdul Muneer et al (2011) further showed that alcohol
suppressed the expression of both TJ occludin and claudin-5
in mouse brain microvessels.

The effects of the 100 mM concentration on TEER at
48 hours should be seen in the context of its effects on tight
junction expression of claudin-5. At 48 hours, the expression
of claudin-5 suppressed by 100 mM EtOH, thus leading to a
compromise in the TJ sealing of the paracellular spaces
between adjacent Bend5 cells. This resulted in an increase in
transepithelial permeability (reflected by a decrease in
TEER). Although the expression of claudin-5 at 24 hours is
overexpressed, permeability across the Bend5 cell monolayer
increases (decreased TEER) and this should be seen in the
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context that 100 mM EtOH must be having its effects down-
stream of the expression of claudin-5, because although clau-
din-5 expression was not suppressed for the 25 mM EtOH-
treated cells, TEER was significantly reduced at both 24 and
48 hours. Thus, if TEER is suppressed while claudin-5 TJs
are expressed, it infers that EtOH brings about its effects by
compromising TJ protein functionality at the paracellular
membrane/space. The literature supports this view, as EtOH
induces its effects via increase in ROS production, and
increased ROS is implicated in interfering with scaffolding
protein organization, with the phosphorylation of TJ pro-
teins, as well as with TJ protein expression (Haorah et al.,
2005a, 2005b). Thus, although TJ expression is crucial for TJ
protein formation, and therefore for transepithelial imperme-
ability, an increase in the expression of TJ protein expression
does not guarantee its functional role at the paracellular
membrane interface of adjacent endothelial brain cells.

The Effects of Rf on Endothelial Permeability. Under
normal culture conditions, BECs are in redox balance (labo-
ratory data). However, treatment with Rf caused a decrease
in the expression of claudin-5 at both 24 and 48 hours
(p < 0.01). This was reflected by an increase in transendothe-
lial permeability (decrease in TEER) across the experimental
time frame of 96 hours (Fig. 2B). Thus, the mechanism
whereby Rf brought about its effects on transendothelial per-
meability was fundamental by suppressing claudin-5 expres-
sion.
Furthermore, based on our viability data (Fig. 1E), where

Rf had no statistical effect, we were surprised that exposed
monolayers of bEnd5 ECs to low concentrations of exoge-
nous AOs (Rf) affected the expression of claudin-5. These
data point to the sensitivity of the physiological redox bal-
ance of BECs (Poljsak et al., 2013). An alternative explana-
tion is that the low concentration of AOs in the treatment
protocol suggests that the mechanism causing the increase in
permeability is not linked to redox balance in these BECs,
but rather that some other molecule in the Rf tincture is
responsible for this effect. This interesting effect is of interest
as it may provide an avenue for the ad hoc regulation of the
permeability of BBB and requires more research.

EtOH and Rf on Endothelial Permeability. Our hypothe-
sis was that the Rf-derived AOs would neutralize EtOH-in-
duced ROS, effectively reversing or nullifying the effects of
EtOH-induced permeability across the bEnd5 brain endothe-
lial monolayers. However, cotreatment of Bend5 monolayers
with EtOH and RF could not reverse the EtOH-induced
increase in transendothelial permeability. This was not as sur-
prising given that the treatment of Rf suppresses the expres-
sion of claudin-5. This view is supported by the cotreated
TEER data, where cells exposed to both EtOH and Rf pre-
sented suppressed claudin-5 expression and also brought
about increased transendothelial permeability (decreased
TEER). In addition, although 25 mM EtOH independently
had no statistical effect on claudin-5 expression, and at

24 hours, 100 mM had caused a 4-fold increase in claudin-5
expression, cotreatment with Rf caused decreased TEER and
suppressed claudin-5 expression. This was indicative of the
suppressive effects of Rf on the expression of claudin-5.
The increase in TEER at 72 and 96 hours may represent a

partial recovery. In view that cells were only treated for
24 hours with EtOH, this partial recovery in TEER is seen
both with cells treated only with EtOH (Fig. 2A) and when
cells were cotreated with EtOH and RF (Fig. 2C).
These data are endorsed in the literature where EtOH has

been linked to an increase in permeability across BEC mono-
layers through the compromise of paracellular TJs (Abdul
Muneer et al., 2011; Haorah et al., 2005a, 2005b; Singh et al.,
2007). Abdul Muneer et al (2011) showed that occludin, clau-
din-5, and ZO-1 expression was significantly suppressed by
EtOH exposure. Furthermore, the integrity of TJs is inti-
mately linked to the actin cytoskeleton via intracellular pro-
teins zonula occludens (ZO-1-3). Haorah et al. (2008a,
2008b) showed that BECs after exposure to EtOH resulted
in the phosphorylation of TJ proteins, which control TJ
assembly and BBB integrity. It is clear that the regulation of
TJs is multifaceted, and many signaling pathways are
responsible for the integrity of paracellular permeability (Li
et al., 2012). In view of the multifaceted nature of paracellu-
lar TJ regulation, it is plausible that EtOH and its metabo-
lites in BECs affect different pathways to that of Rf and its
main AO, Aspalathin.

TJ Expression

In this study, we found that treated and untreated bEnd5
cells did not express the TJ protein occludin. Steiner et al
(2011) also reported that bEnd5 cells lacked the localization
of occludin to cellular junctions; however, Findley and
Koval (2009) established that occludin-deficient mice are
viable and exhibit normal barrier function. Furthermore, the
bEnd5 cells used in this study have successfully expressed
one of the critical proteins of brain endothelial cell TJs, clau-
din-5 (Fisher and Mentor, 2020). In BECs, claudin-5 mRNA
is almost 600-fold greater than claudin-3 (G€unzel and Yu,
2013). Furthermore, the importance of claudin-5 TJ proteins
to the brain function is illustrated in that claudin-5-knockout
mice never survive for more than 10 hours after birth (Fisher
andMentor, 2020).

EtOH on Claudin-5 Expression. The transcription of
claudin-5 in BECs exposed to 25 mM EtOH changed dra-
matically across the 48-hour time frame. In addition, as
reported, the transcription of claudin-5 in response to the
25 mM concentration of EtOH was not statistically affected
between 24 and 48 hours. Cells exposed to 100 mM EtOH
induced an irregular trend in claudin-5 transcription, with a
4-fold increase in transcription at 24 hours. The daily vari-
ability in both control claudin-5 levels, and those of the
EtOH-treated BECs, suggests that transcription of claudin-5
is regulated by particularly dynamic processes, which may
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vary on a daily/hourly basis. Schramm et al. (2017) showed
that decreasing calcium concentration resulted in the rapid
disassembly of TJs (within 20 minutes) causing a sharp
decrease in TEER. In support of this view, Abdul Muneer
et al (2011) established in a study that EtOH suppressed the
transcription of TJ proteins, occludin, claudin-5, and ZO-1,
thereby altering TJ assembly, and ultimately impairing BBB
integrity, which is coherent with the suppression in claudin-5
transcription at 48 hours in our study. Furthermore, it is
plausible that the toxic metabolite of EtOH, acetyl acetate,
also strongly contributes to the modifications in the molecu-
lar composition of TJs and its associated cytoplasmic mole-
cules (Elamin et al., 2012).

Rf on Claudin-5 Expression. During the investigation of
the effects of Rf on claudin-5 transcription, we established
that Rf resulted in an overall down-regulation of claudin-5
throughout the course of the experiment. To the best of our
knowledge, the effects of Rf on claudin-5 transcription have
never before been reported in the bEnd5 cell line. In support
of our data, green tea polyphenols (a tea containing high
concentrations of AOs) were reported to also decrease clau-
din-5 expression similarly to what was observed in our study
(Liu et al., 2013). The data strongly indicate that the addition
of AOs to cultured cells may disturb the intracellular redox
equilibrium, compromising the assembly of TJ proteins in
the paracellular pathway of the BBB. Furthermore, the com-
parison of the continuous suppression of claudin-5 in Rf-ex-
posed cells compared to the pattern-less effects of EtOH also
points to different cellular mechanisms. These data strongly
endorse our permeability study, which shows that Rf
decreased TEER (increased permeability) throughout the
experimental time frame. The data show that down-regula-
tion of the primary TJ protein, claudin-5, leads to increased
paracellular permeability.

EtOH and Rf on Claudin-5 Expression. The cotreatment
of Rf and EtOH resulted in suppression of claudin-5
throughout the 48-hour time frame of the experiment. As
discussed above, it is not clear as to the exact mechanism
used by Rf and EtOH to suppress the transcription of the TJ
proteins. Further complicating the understanding of the
mechanism of action is the level at which EtOH and Rf bring
about their suppression of TJ proteins: Interference could be
via one of the signaling of genomic pathways designed to
trigger transcription of TJ protein mRNA (within the
nucleus), or it could be at level of the translational step (cyto-
plasmic), or/and it could be at the posttranslation phase of
the expression of the TJ proteins. Our PCR data indicate
that cotreatment of Rf/EtOH appeared to reinforce the sup-
pressive effects on TJ mRNA expression and, furthermore, it
must be pointed out that Rf suppressed the variability in
claudin-5 expression observed during the EtOH-only treat-
ment of the BECs. These concurrent effects infer that a com-
mon redox mechanism exists, which affects paracellular TJ
expression and which is particularly sensitive to exogenous

AOs, and that further research is required to elucidate and
clarify the exact mechanisms.

The suppression of the claudin-5 TJ proteins by both
EtOH and Rf leads to an increase in permeability via the
paracellular pathway. Our TEER data, strongly supported
the PCR data, endorsed that increased transendothelial per-
meability was caused predominantly by compromised TJ
proteins in the paracellular pathways across monolayers lay-
ers of BECs, and may not involve the transcellular pathways.

CONCLUSION

A key observation in this study was that Rf was able to
reverse the negative effects of EtOH-induced suppression of
cell division, however, it was not able to reverse the effects of
EtOH on the permeability across monolayers of BECs
(bEnd5), nor reduce the effects of EtOH in suppressing the
expression of claudin-5, a TJ protein which is crucial in
establishing paracellular impermeability.

A second key observation was that the very low plasma
concentrations of Rf, with an equivalence of 1.9 nM Aspa-
lathin, are able to physiologically impact crucial regulatory
elements of the BBB’s ECs, effecting both endothelial cell
division and also BBB permeability.

Our study shows for the first time the low concentrations
of AOs have the ability to significantly increase BEC perme-
ability and suppress expression of the paracellular TJ protein
claudin-5. Our study also confirms the established relation-
ship between the suppression of claudin-5 expression and
increase in transendothelial permeability (decrease in TEER)
is indicative of compromised TJ protein functionality and
increased paracellular permeability. It is clear from the data
in this study that the effects of introducing exogenous AOs
have physiological implications for cellular systems, which
requires additional introspection. This study suggests that
even low concentrations of exogenous AOs could compro-
mise the redox equilibrium of BECs affecting its ability to
regulate brain homeostasis.
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