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Abstract: Our lab previously established that metformin, a first-line type two diabetes treatment,
activates the Nrf2 pathway and improves post-stroke recovery. Metformin’s brain permeability
value and potential interaction with blood–brain barrier (BBB) uptake and efflux transporters are
currently unknown. Metformin has been shown to be a substrate of organic cationic transporters
(Octs) in the liver and kidneys. Brain endothelial cells at the BBB have been shown to express
Octs; thus, we hypothesize that metformin uses Octs for its transport across the BBB. We used
a co-culture model of brain endothelial cells and primary astrocytes as an in vitro BBB model to
conduct permeability studies during normoxia and hypoxia using oxygen–glucose deprivation
(OGD) conditions. Metformin was quantified using a highly sensitive LC-MS/MS method. We
further checked Octs protein expression using Western blot analysis. Lastly, we completed a plasma
glycoprotein (P-GP) efflux assay. Our results showed that metformin is a highly permeable molecule,
uses Oct1 for its transport, and does not interact with P-GP. During OGD, we found alterations in
Oct1 expression and increased permeability for metformin. Additionally, we showed that selective
transport is a key determinant of metformin’s permeability during OGD, thus, providing a novel
target for improving ischemic drug delivery.

Keywords: metformin; ischemic stroke; repurposing; transporters; in vitro; BBB; co-culture; P-GP;
Octs; permeability

1. Introduction

Metformin (MF) is a commonly prescribed, first-line therapy for treating type two
diabetes mellitus [1]. The United States Food and Drug Administration (US-FDA) approved
it almost thirty years ago and it has reported no major adverse effects [2]. MF reduces blood
glucose levels by inhibiting peripheral and hepatic glucose production without affecting
insulin sensitivity, therefore not causing hypoglycemia [3]. Outside of its application in
treating diabetes, increasing numbers of pre-clinical and clinical studies show that pre- and
post-treatment of the drug has a protective effect against various neurological disorders
and ischemic stroke [4–9]. Stroke is the fifth leading cause of death in the US and about
87% of all strokes are ischemic strokes [10]. The most common cause of ischemic stroke is a
partial or complete blockage of blood flow to the brain due to occlusion of a blood vessel
from a clot, resulting in neurological loss or even death [11].

There is a clear unmet clinical need for new and better treatments for CNS diseases and
ischemic stroke. Tissue plasminogen activator (tPA) is the only US-FDA-approved drug
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treatment for ischemic stroke, whose efficacy is compromised if not administered within
3–4 h of stroke onset [12]. Another approved intervention, mechanical or endovascular
thrombectomy, is used to treat large vessel occlusion ischemia; however, the procedure is
contraindicated in patients with a high risk of intracranial or systemic hemorrhage [13].
Over the last two to three decades, only a few potential CNS drugs have had the probability
of getting beyond phase three clinical trials for ischemic stroke [14]. Drug repurposing
or repositioning is a process that involves identifying a new indication for an approved
or investigational drug that would be outside the original medical indication, with the
purpose of accelerating the development of an effective therapy indication [15]. Therefore,
repurposing a safe, effective, and established therapeutic such as MF could provide a much
faster bench-to-patient pharmacological transition.

One underlying mechanism of MF as a neurotherapeutic is that it activates AMP-
activated protein kinase (AMPK), causing downstream activation of signaling pathways
such as NF-κB and mTOR that lead to reduced inflammatory and oxidative-stress responses
in the brain [16–18]. Previously published data from our group also strongly suggests
that MF activates nuclear factor erythroid 2-related factor (Nrf2) in the brain of stroke
animals [19]. We showed that MF counteracts the cerebrovascular toxicity caused by
tobacco smoking and electronic cigarette vaping (known risk factors for ischemic stroke) by
protecting the blood–brain barrier’s (BBB) integrity in stroke-subjected animals [8]. Another
essential aspect for determining MF’s neuroprotection is understanding its blood-to-brain
permeability and potential interaction with uptake and efflux transporters present at the
BBB during normal physiological conditions or normoxia and diseased states, such as
ischemic stroke.

MF is a small hydrophilic molecule (logD−6.13) with a molecular weight of 129 Dalton
that is positively charged (pKa 12.4) at physiological pH [20,21]. These physicochemical
properties suggest that MF permeation across biological membranes does not occur through
rapid passive diffusion unless its transport is driven either by membrane potential (carrier-
mediated transport) or simply by paracellular diffusion (between the cellular gaps). The
BBB mainly comprises brain endothelial cells that closely interact with supporting cells
such as astrocytes, microglia, pericytes, and neurons to induce and maintain integrity and
function [22–24]. Additionally, tight junctional proteins, such as occludin, claudin-5, and
ZO-1, expressed by endothelial cells, are crucial for forming a paracellular seal to restrict
the movement of molecules or drugs across the BBB [25,26]. This restriction by the BBB
stops at least 95% of investigational molecules in the process of drug development [27]. The
endothelial cells of the BBB express uptake transporters, solute carriers (SLCs) subtypes
of organic cation transporters (Octs) such as Oct1 (SLC22A1), Oct2 (SLC22A2), and Oct3
(SLC22A3) for the transport of hydrophilic cationic CNS drugs into the brain [14]. Octs have
been shown to interact with endogenous substrates such as monoamine neurotransmitters
and with CNS drugs such as antivirals, tricyclic anti-depressants, and the anti-diabetic
MF [28–30]. MF has been well known to interact with Octs in organs such as the liver and
kidney [31–33].

Our lab has previously explored the contribution of organic anionic transporters
(OATPs) in the transport of a potent opioid receptor agonist, biphalin, during hypoxia and
further established an initial time window for brain entry [34]. Another study showed that
the functional expression OATP1A2 (an isoform of OATPs) is crucial for the therapeutic
efficacy of the statins during stroke recovery [35]. More recently, it was reported that
Oct1 and Oct2 transporter expression variations during in vivo stroke conditions lead to
enhanced permeability of memantine [36]. Furthermore, it was shown that the transporter-
mediated permeation of the drug was increased by two fold and was critical to achieving
therapeutic efficacy. Another study showed that expression of Octs in an in vitro human
BBB is required to transport carnitine for neuronal homeostasis [37]. Thus, it can be implied
that endogenous transporters at the BBB play a vital role and provide a novel approach
for the development of CNS drug delivery during ischemic stroke. These reports further
warrant evaluation of the permeability of a drug candidate, such as MF, which is expected
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to use carrier-mediated transport (as it has been shown to be a substrate of Octs in other
organs) to gain access to the brain during normal and pathophysiological situations.

Besides uptake transporters, efflux transporters such as plasma glycoproteins (P-GP)
are one of the major efflux transporters at the BBB that restrict brain entry [38–40]. P-
GP restricts solutes or toxins from entering the brain parenchyma from blood circulation
and their interaction with MF at the BBB is currently unknown. In the present study, for
the first time, we examined the permeability of MF during normal physiological condi-
tions or normoxia and oxygen glucose-deprived (OGD) conditions. We determined that
MF uses a saturable mechanism for its transport across an in vitro co-culture model of
BBB using a co-culture of bEnd.3 cells (immortalized mouse brain endothelial cells) and
mouse primary astrocytes. In addition, we show an alteration in the expression of Oct1
in bEnd.3 cells during OGD time points and enhanced MF permeation into the brain,
during which carrier-mediated transport plays a crucial role in the drug’s transport. Lastly,
we found that MF does not interact with one of the major efflux proteins, P-GP, in P-GP
overexpressing cells.

2. Materials and Methods
2.1. Cell Culture and bEnd.3/Astrocyte Co-Culture

bEnd.3 cells passages 21–24 (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s medium (Sigma, St. Louis, MO, USA) supplemented by 10% FBS (At-
lanta Biologicals, Minneapolis, MN, USA) and 1% each of non-essential amino acid and
penicillin/streptomycin (PS) solution (Sigma Aldrich). Cells were then maintained in a
humidified cell culture incubator at 37 ◦C and with 5% CO2/95% air. Mouse primary
astrocytes were obtained from the cerebral cortices of one-day-old CD-1 mouse pups
(Charles Rivers Laboratory) according to the previously published methods [41]. After
isolating the brain, cerebral cortices were isolated, meninges were removed, and cortices
free from meninges were placed in Hanks’ balanced salt solution (HBSS) without calcium
and magnesium, supplemented with gentamycin (10 µg/mL). Then, cortices were digested
with 0.25% trypsin for 10–15 min at 37 ◦C, followed by neutralizing with FBS containing
Dulbecco’s modified Eagle’s medium containing 10% FBS and 1% PS solution. The cells
were then seeded into a cell culture T75 flask and the medium was refreshed every 3 days
until reaching confluency.

For bEnd.3 and astrocyte co-culture, the transwell inserts (0.4–1 µm pore size, 12-well;
Corning, Lowell, MA, USA) were inverted and astrocytes at a density of 150,000 cells per
insert were seeded onto the basolateral side of the insert membrane and were allowed to
adhere for 4 h. The transwell inserts were then inverted back and astrocytes were allowed
to grow for 2 more days in the astrocyte medium. Then, bEnd.3 cells with a density of
50,000 cells per insert were seeded onto the apical side of the inserts. The co-culture of
primary astrocytes and bEnd.3 cells was grown for 8 more days by changing the media for
both cells every other day. Permeability experiments were completed on days 8–10 from
day 1 of the co-culture establishment.

2.2. Barrier Integrity Measurements

The integrity of the co-culture setup was carried out using two techniques: (1) Through
measurement of trans-endothelial cell resistance (TEER) of the transwell inserts and (2) by
permeability assessment (apical to basolateral) of sodium fluorescein (NaF) (Sigma Aldrich),
a low molecular weight BBB marker, according to previously published method [42]. All
permeability experiments were conducted with the co-cultured transwell inserts that had
TEER value measurements of >70 Ω·cm2. The TEER was measured by EVOM resistance
meter (World Precision Instruments, Sarasota, FL, USA) using the STX-2 electrodes. For NaF
permeability experiments, the media was removed from both of the compartments (apical
and basolateral) and rinsed with HBSS buffer and incubated at 37 ◦C for 30 min. Then,
500 µL of 10 µg/mL of NaF in HBSS was added to the apical chamber of the inserts
and 100 µL was collected from the basolateral compartment of the wells in duplicates
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for concentration determination. The collected volumes were replaced with 200 µL of
HBSS buffer to avoid the back diffusion of NaF. The collection was performed at time
points 30, 60, and 120 min. The amount of NaF was measured at an absorbance using
a fluorescent microplate reader (PerkinElmer, Waltham, MA, USA) with excitation and
emission wavelengths of 485 and 520 nm. Then, the permeability coefficient (PC, in cm/min)
was determined using the following equation:

PC =
dQ
dT
× 1

C0 ×A
(1)

where dQ/dt is the diffusion rate of NaF across the membrane, A is the area of the transwell
insert, and C0 is the initial concentration of the NaF added in the donor compartment.
The blank transwell insert (without cells) was added to the experimental study group
to negate its PC value because blank inserts themselves provide resistance to the buffer
and compound:

1
PCcells

=
1

PCtotal
− 1

PCblank
(2)

The PC value of NaF (MW 376 Da) was compared with another low molecular weight
BBB marker, [14C] sucrose (MW 342 Da), used previously in our lab. We found no statisti-
cally significant difference between them (Figure S1).

2.3. [14C] MF Permeability a Using Self-Inhibition Study

Permeability experiments for [14C] MF (Moravek Biochemicals, Brea, CA, USA) were
conducted similarly to as explained above for NaF. 0.15 µCi/mL or 10 µM of [14C] MF
was chosen as a pharmacologically relevant concentration because of the observed steady-
state concentration of 1.8 µg/mL or 13 µM in human subjects. Then, MF was diluted in
HEPES (in mM 120 NaCl, 1 CaCl2, 25 HEPES, 1 KH2PO4, 2 KCl, 1 MgSO4, 10 D-glucose)
buffer and added to the apical chamber of the transwell inserts containing pre-incubated
concentrations of unlabeled MF (Sigma Aldrich) at 1 mM, 10 mM, and 20 mM. 100 µL of
samples of [14C] MF were collected from the basolateral chamber at time points 5, 15, 30,
60, and 120 min. The radioactivity of the collected samples was evaluated using a liquid
scintillation counter (Beckman Coulter, Brea, CA, USA), and the permeability value for
[14C] MF in the presence and absence of self-inhibitory concentrations was determined
using Equations (1) and (2).

2.4. MF Permeability Using Transporter-Specific Inhibitors

Mitoxantrone (Sigma Aldrich), a known Oct1 inhibitor at 25 µM, and corticosterone
(Sigma Aldrich), a known Oct1, 2, and 3 inhibitors at 150 µM, were preincubated for 30 min
at the apical and basolateral chambers of transwell inserts prior to and during the transport
experiments for 120 min. The transport experiment was initiated by adding 500 µL of
10 µM MF at the apical chambers and samples were collected from each group at 5, 15,
30, 60, and 120 min time points. Quantification was conducted through a highly sensitive
LC-MS/MS method. After quantification, the permeability value for MF in the presence
and absence of transporter-specific inhibitors was determined.

2.5. MTS Cell Viability Assay

Cell viability was measured by MTS (dimethylthiazol carboxymethoxyphenyl sul-
fophenyl tetrazolium) assay using the CellTiter 96 kit Aqueous assay (Promega) according
to the provided manufacturer’s instructions. The assay was conducted to ensure that the
concentration of MF and inhibitors used in permeability studies is not toxic to the cells.
bEnd.3 cells and primary astrocytes were seeded in separate 96 wells plates. After conflu-
ency, plates were incubated with different concentrations of unlabeled metformin (100 µM,
1 mM, 10 mM and 20 mM) and Octs inhibitors for 3 h. After incubation, the absorbance
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wavelength of formazan was read at 490 nm using fluorescent microplate reader. The
values were calculated as a percentage of the control value.

2.6. LC-MS/MS Method Development, Sample Preparation and Analysis

HBSS buffer was spiked with MF to form the stock solution to achieve a calibration
curve range of 3.9 ng/mL to 2000 ng/mL. In addition, two separate blank control solutions,
one of them spiked with internal standard, were considered for the study. Fifty µL of the un-
known samples obtained from transporter-specific inhibition, oxygen–glucose deprivation
(explained below in Section 2.6), and p-GP efflux (explained below in Section 2.8) studies
were spiked with 20 µL of 500 ng/mL of internal standard Metformin-D6 hydrochloride
(Cayman Chemical Company). Then, the mixture was vortexed for 5 min, after which
930 µL of 2 mM of Ammonium Acetate (Sigma Aldrich) solution was added to the mixture.
The solution was further vortexed for 5 min and was centrifuged at 10,000× g rpm for
5 min at 4 ◦C. Then, 500 µL of the supernatant was inserted in deep well plates (Waters Cor-
poration, Milford, MA, USA) and analyzed using the LC-MS/MS method. The ultra-high
performance liquid chromatography (UHPLC) system (Shimazdu Corporation, Columbia,
MD, USA) equipped with AB SCIEX QTRAP 5500 triple quadrupole mass spectrometer
(Foster City, CA, USA) was used. The data acquisition and analysis were performed using
Analyst software 1.7.0.

Chromatographic separations were performed using an XBridge BEH C18 sorbent
(50 × 3.0 mm, 3.5 µm, Waters Corporation, Milford, MA, USA). The mobile phase A was
used as 2 mM ammonium acetate in 5% Acetonitrile (Fisher Scientific, Waltham, MA, USA)
in LCMS water and the mobile phase B was used as 100% Acetonitrile. LCMS grade water
(Fisher Scientific) was used as rinsing solution. The gradients separation was set up as 100%
of A for 0 to 1 min, 90% of B at 1.2 min, and held until 2.5 min. At 2.6 min, the percentage of
gradient was brought back to initial concentration of 100% of A and held until 4 min of total
runtime. The flow rate was set at 0.35 mL/min, the column temperature was maintained
at 45 ◦C, and injection volume was set at 2 µL. The retention time of MF and its internal
standard were ~0.9 min. Multiple reaction monitoring was conducted in negative mode and
the transitions for MF and internal standard were 130.1→ 60.1 m/z and 136.1→ 60.1 m/z,
respectively. The collision energy for MF and IS was 20 and 20 volts, respectively.

2.7. In Vitro Hypoxia Modelling: Oxygen Glucose Deprivation (OGD)

The cells were exposed to in vitro hypoxia model by OGD, according to previously
explained protocol [43,44]. In brief, the co-cultured transwell inserts were exposed to
OGD for 2, 4, and 6 h for permeability experiments. In another set of study, bEnd.3 cells
and primary astrocytes grown on petri dishes (Corning, Lowell, MA, USA) were exposed
to OGD for 2, 4 and 6 h to check the expression of Oct1, 2, and 3. For the experiment,
media was removed and replaced with media bubbled with 95% N2/5% CO2. Dulbecco’s
phosphate buffered saline solution and glucose-free Earle’s balanced salt solution (in mM
140 NaCl, 0.83 MgSO4, 5.36 KCl, 1.02 NaH2PO4, 1.18 CaCl, 26.19 NaHCO3, adjusted pH
7.4) to achieve an aglycemic condition. Then, the cells were transferred to custom-made
hypoxic chamber (Coy Laboraties, Grasslake, MI, USA) with 95% N2 and 5% CO2 at 37 ◦C
to induce hypoxia (1% oxygen).

2.8. Western Blot for Octs Expression

Caco-2 cells (ATCC, Manassas, VA, USA) was used as a positive control because they
have shown to express Octs [21]. After OGD time points, the bEnd.3 cells and primary
astrocytes were lysed using radioimmunoprecipitation assay buffer (RIPA) supplemented
with proteinase and phosphatase inhibitor cocktails and then collected for estimation
of protein concentration using a BCA assay. After solubilizing samples using Laemmli
buffer, 30 µg of protein was loaded per well separated by 10% Tris–glycine polyacrylamide
precast gel (Bio-Rad Laboratories, Hercules, CA, USA) and then transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Thermo Fisher, Waltham, MA, USA) for 2 h at 90 V.
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Then, the membrane was incubated in blocking solution containing 5% bovine serum
albumin to block nonspecific binding for 2 h at room temperature. Then, the membranes
were immunoblotted with the appropriate primary antibodies overnight at 4 ◦C with the
following dilutions: rabbit monoclonal anti-Oct-1 (1:1000) antibody (Cell Signaling Tech-
nology, Danvers, MA, USA), rabbit monoclonal anti-Oct-2 (1:1000) (Abcam) and rabbit
polyclonal anti-Oct-3 (1:500) and mouse monoclonal anti-beta actin antibody (1: 10,000)
(Sigma Aldrich) in TBST with 5% bovine serum albumin. After 3 times washing with TBST
for 10 min each, membranes were incubated with anti-rabbit (Sigma Aldrich) or anti-mouse
(Sigma Aldrich) IgG-horseradish peroxidase secondary antibody (1:10,000) in TBST with
5% bovine serum albumin for 2 h at room temperature. After 3 times of 10 min wash
with TBST, the protein signals were detected using enhanced chemiluminescence substrate
(Westernsure chemiluminescent substrate) and visualized in LI-COR; C-Digit blot scanner.
The protein bands were quantified relative to beta-actin in Image J 1.53t software and are
reported as ratios of the control group.

2.9. P-Glycoprotein Efflux Transporter Substrate Assay

For P-GP efflux assay, MDR1-MDCK 12-well transport assay (MB Biosciences LLC,
Natick, MA, USA) was used. The cells were maintained in high glucose DMEM media
supplied with 10% FBS, non-essential amino acid, penicillin/streptomycin, L-glutamine,
and colchicine as recommended by the supplier. After the shipping medium was changed
to a fresh MDR1-MDCK cell culture medium, the plate was kept in the incubator for
24 h before performing the experiment. 10 µM of MF in HBSS was added to the apical
compartment of the transwell inserts in presence and absence of a potent p-GP inhibitor,
Cyclosporine A (CsA) at 10 µM concentration (Sigma, St. Louis, MO, USA). The inhibitor
was present on both sides of the compartments during pre-incubation of 30 min and during
the transport experiment. After 120 min of incubation at 37 ◦C, samples were collected
from the basolateral chamber and quantified by LC-MS/MS method. For groups in which
MF was added in the basolateral compartment, samples were collected from the apical
chamber after 120 min. The permeability coefficient (PC, cm/s) was calculated using the
published literature method. The PC value from apical (A) to basolateral (B) compartment
in the presence and absence of CsA was used to calculate the unidirectional flux ratio (UFR),
which is defined by the following equation:

UFR =
PC, A− to− B(+CsA)

PC, A− to− B(−CsA)
(3)

In a parallel study, MF was added to the basolateral compartment and samples were
collected from the apical chamber to evaluate the B-to-A PC value, which allows calculating
the efflux ratio (ER), defined by the following equation:

ER =
PC, B− to− A
PC, A− to− B

(4)

2.10. Data Analysis

All values are presented as mean± SD. Unpaired student’s t-test was used to compare
two groups. The comparison of three or more than three groups was conducted by one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc multiple comparison test
(Prism, version 9.0; GraphPad Software Inc., San Diego, CA, USA). p values of <0.05 were
considered to be statistically significant.

3. Results and Discussion
3.1. MF Is Highly Permeable and Uses Saturable Transport for Its Movement across In Vitro
Co-Culture Model of BBB

A desirable PC value for a compound is one of the major prerequisites in vitro ADME
properties for a potential CNS drug [45,46]. According to published studies, an in vitro
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PC value of >6 × 10−4 cm/min is considered a highly permeable drug across the BBB.
Our study found MF’s PC value to be 24.5 ± 3.14 × 10−4 cm/min, which is ~four fold
greater than the high PC value threshold (Figure 1C). Additionally, we compared the PC
value of MF with compound 11a, a neurolysin activator with improved BBB permeability
(11.4 × 10−4 cm/min), as shown previously by our lab and collaborators [47]. We found a
two fold increase in permeability for MF (Figure 1B). Notably, the permeability experiments
for MF and compound 11a were conducted on a similar co-culture setup in our lab.
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Figure 1. (A) Chemical structure of MF. (B) Permeability of MF across an in vitro co-culture setup
of BBB. The permeability coefficient (PC) of MF compared to Compound 11a [47], a neurolysin
activator, experiments of which were performed under a similar setup of co-culture model of brain
endothelial cells and astrocytes. Unpaired student’s t-test (* p < 0.05); n = 3 biological replicates;
mean ± SD. (C) Saturable transport of tracer [14C] MF as shown by decrease in transport at self-
inhibitory concentration of 10 mM, with no further significant decrease at 20 mM concentration.
One-way ANOVA, followed by Tukey’s multiple comparisons test (** p < 0.01); ns = non-significant;
n = 3 biological replicates; mean ± SD.

Next, to explore whether the mechanism behind MF’s transport across the in vitro
BBB model is saturable, we measured the PC value of [14C] MF as a tracer in the pres-
ence of an increasing concentration of cold MF at 1 mM, 10 mM, and 20 mM. We also
performed MTS cell viability assay to show that these concentrations are not toxic to
both bEnd.3 cells and primary astrocytes (Figure S2). As shown in Figure 1C, with a
self-inhibitory concentration of 1 mM, there is no significant decrease in the permeability of
[14C] MF (21.17± 2.96× 10−4 cm/min). However, with a higher inhibitory concentration of
10 mM, there was a significant decrease in [14C] MF transport (9.4 ± 3.98 × 10−4 cm/min,
p < 0.01), with no further reduction at 20 mM (9.9 ± 3.76 × 10−4 cm/min), indicating the
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saturation of transporters. Previously, it was reported that the apparent IC50 value of MF for
uptake of tracer [14C] MF was around ~2 mM [48]. Consistent with this previously reported
value, we found the saturation concentration was above 1 mM in our study. Furthermore,
it can be extrapolated from Figure 1C that ~35% of MF’s transport is active transporter-
mediated (the inhibition component of the transport from 28.15 ± 7.70 × 10−4 cm/min to
9.9 ± 3.76 × 10−4 cm/min is active transport). In comparison, the rest, ~65%, is suggested
to be due to paracellular passive diffusion of the molecule across the in vitro BBB co-
culture model.

3.2. Role of Organic Cation Transporters (Octs) for MF Permeability across the BBB

Studies have shown that brain endothelial cells and brain microvessels have protein
and mRNA expressions of Octs [16]. Studies reported the expression of Oct1 and Oct2 in
cultured brain endothelial murine and human cell lines [49,50]. MF has been shown to be a
substrate for Oct1 in the liver and Oct2 in the kidneys [51,52]. Additionally, studies have
shown that MF undergoes saturable uptake in single transporter-expressing cell lines for
Oct1, Oct2, and Oct3 with apparent Km values of 3.1, 0.6, and 2.6 mM, respectively [53–55].
Moreover, the 10 µm MF concentration used in our transport assays is within the reported
Km values of the Oct1, Oct2, and Oct3, suggesting that these transporters are not saturated
at this concentration [53]. A recently published study showed targeting Oct1 and Oct2
provided efficient pharmacotherapy for ischemic stroke treatment using the cationic drug
memantine [36]. Thus, we assume exploring Octs for MF will give new insight into MF’s
therapeutic utility as a potential treatment during ischemic stroke.

We needed to choose highly specific inhibitors for the transporter-specific inhibition
study for the respective Oct transporters. Previous studies have shown that cationic sub-
strate affinities for Octs often have overlapping inhibition curves, with less likely cationic
compounds having affinities for either of the transporters [56,57]. However, a study showed
that mitoxantrone is highly selective for the inhibition of Oct1 transporter because its es-
timated IC50 value for Oct1 is 40–60 fold lower than for Oct2 and Oct3 [53]. Thus, for
our study, the inhibitory concentration for mitoxantrone was chosen at 25 µM, which is
at least four fold greater than its IC50 value for Oct1. In this concentration, the respective
transporter is inhibited by >80% (Table 1). Next, at 150 µM, corticosterone was selected for
overall inhibition of Oct1, 2, and 3 because its IC50 value for either Octs was closely valued
(Table 1). We further confirmed that the concentration of inhibitors was not toxic to bEnd.3
cells (Figure S3A) and astrocytes (Figure S3B). The permeability experiment for MF involved
30 min pre-incubation and incubation throughout 120 min with the inhibitors. The TEER
values were obtained to ensure intact BBB after incubation with the inhibitors to corroborate
with the cell viability study (Figure S3C). With mitoxantrone, MF transport was significantly
inhibited compared to the control (14.68 ± 0.9 × 10−4 cm/min, p < 0.05), which suggests
that MF uses Oct1 for its transport (Figure 2. Additionally, with corticosterone, the inhibition
was also significant compared to the control (12.86 ± 1.27 × 10−4 cm/min, p < 0.01), but
not significantly different from the mitoxantrone treatment, which suggests that Oct1 is the
primary transporter involved in MF’s transport across the BBB co-culture of bEnd.3 cells
and astrocytes.

Table 1. Cited values from a literature for IC50 inhibition of MF uptake by organic cationic transporters
(Octs) [53].

Inhibitors/Substrates
Specificity Based on IC50 Values for 10 µM Metformin Uptake

Oct-1 Oct-2 Oct-3

Mitoxantrone 3.0 135.0 174.0

Corticosterone 3.2 1.3 0.2



Pharmaceutics 2023, 15, 1357 9 of 20Pharmaceutics 2023, 15, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 2. Permeability of MF using Octs specific transporter inhibitors. PC of MF significantly re-
duced with mitoxantrone (Oct1) and corticosterone (Oct1, 2 and 3) inhibitor. One-way ANOVA, 
followed by Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01); ns = non-significant; n = 3 
biological replicates; mean ± SD. 

3.3. Permeability of MF during Oxygen Glucose Deprivation (OGD) 
It is well documented that the paracellular permeability of molecules across BBB in-

creases after 3–4 h of an ischemic stroke episode [61]. In fact, under hypoxia, brain endo-
thelial cells have decreased protein expression of tight junctional proteins claudin-5, oc-
cludin, and ZO-1, which cause paracellular leak [62,63]. In addition to the paracellular 
leak, changes in transporters expression occur at the BBB following in vitro hypoxia or in 
vivo stroke modeling [34,36]. Such a change can drastically affect drug uptake during 
post-stroke recovery. To address this, we first exposed the co-culture model of BBB to 2, 
4, and 6 h of OGD, examined the TEER values for the groups to have an idea of the integ-
rity and viability of the barrier after hypoxia, and then evaluated the PC value of MF after 
quantification using the LC-MS/MS method.  

As shown in Figure 3A, compared to normoxia, there is no decrease in TEER follow-
ing 2 h of OGD. However, with increased exposure of 4 h, we found a significant reduction 
in the TEER of the co-cultured barrier (p < 0.001), suggesting compromised integrity and, 
thus, a paracellular leak. Additionally, with 6 h of OGD, there is a further reduction in the 
barrier integrity compared to 4 h of OGD exposure (p < 0.01). These changes suggest that 
the barrier integrity is compromised with longer exposure time periods of 4 h and 6 h of 
hypoxia to the cells. Next, we determined the PC of MF during hypoxia and compared it 
with the normoxic control. Similar to TEER values, we found no significant difference with 
2 h of OGD exposure in MF’s PC value (21.5 ± 2.2 × 10−4 cm/min). However, MF’s PC value 
significantly increased with either 4 or 6 h of OGD exposure (32.98 ± 2.27 × 10−4 cm/min 
and 33.82 ± 1.25 × 10−4 cm/min, p < 0.01) (Figure 3B). It is also worth noting that there isn’t 
a significant difference between 4 and 6 h of OGD exposure. However, our 6 h of TEER 
data showed a significant difference in barrier integrity loss compared to 4 h (Figure 3A). 
This made us further examine protein expression changes during the different OGD time 
points, as previous studies have shown differences in the regulation of transporters dur-
ing such situations. 

Figure 2. Permeability of MF using Octs specific transporter inhibitors. PC of MF significantly
reduced with mitoxantrone (Oct1) and corticosterone (Oct1, 2 and 3) inhibitor. One-way ANOVA,
followed by Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01); ns = non-significant; n = 3
biological replicates; mean ± SD.

Cationic transporters other than Oct1, 2 and 3, such as PMAT, MATE-1, MATE-2,
and SERT, which have been shown to have affinities for MF [53,58] and expressed by the
brain microvascular endothelial cells [58–60], were not explored for permeability studies.
This was because concentration needed for all-cationic-mediated transporter inhibition
(MPP+ at 5 mM) and PMAT inhibition (desipramine at 200 µM) were toxic to the bEnd.3
cells (Figure S4). Additionally, the use of non-toxic and highly selective inhibitors (based
on their IC50 values) of PMAT, MATE-1, MATE-2, and SERT could be employed in future
studies to identify their role in BBB transport of MF.

We further explore MF’s transport during hypoxia using OGD conditions, as dis-
cussed below.

3.3. Permeability of MF during Oxygen Glucose Deprivation (OGD)

It is well documented that the paracellular permeability of molecules across BBB
increases after 3–4 h of an ischemic stroke episode [61]. In fact, under hypoxia, brain
endothelial cells have decreased protein expression of tight junctional proteins claudin-5,
occludin, and ZO-1, which cause paracellular leak [62,63]. In addition to the paracellular
leak, changes in transporters expression occur at the BBB following in vitro hypoxia or
in vivo stroke modeling [34,36]. Such a change can drastically affect drug uptake during
post-stroke recovery. To address this, we first exposed the co-culture model of BBB to 2, 4,
and 6 h of OGD, examined the TEER values for the groups to have an idea of the integrity
and viability of the barrier after hypoxia, and then evaluated the PC value of MF after
quantification using the LC-MS/MS method.

As shown in Figure 3A, compared to normoxia, there is no decrease in TEER following
2 h of OGD. However, with increased exposure of 4 h, we found a significant reduction in
the TEER of the co-cultured barrier (p < 0.001), suggesting compromised integrity and, thus,
a paracellular leak. Additionally, with 6 h of OGD, there is a further reduction in the barrier
integrity compared to 4 h of OGD exposure (p < 0.01). These changes suggest that the barrier
integrity is compromised with longer exposure time periods of 4 h and 6 h of hypoxia to
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the cells. Next, we determined the PC of MF during hypoxia and compared it with the
normoxic control. Similar to TEER values, we found no significant difference with 2 h of
OGD exposure in MF’s PC value (21.5 ± 2.2 × 10−4 cm/min). However, MF’s PC value
significantly increased with either 4 or 6 h of OGD exposure (32.98 ± 2.27 × 10−4 cm/min
and 33.82 ± 1.25 × 10−4 cm/min, p < 0.01) (Figure 3B). It is also worth noting that there
isn’t a significant difference between 4 and 6 h of OGD exposure. However, our 6 h of TEER
data showed a significant difference in barrier integrity loss compared to 4 h (Figure 3A).
This made us further examine protein expression changes during the different OGD time
points, as previous studies have shown differences in the regulation of transporters during
such situations.
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Oct1, 2, and 3 in bEnd.3 cells during normoxia. Consistent with previously reported stud-
ies that showed luminal expression of mainly Oct1 and Oct2 in human and rat brain en-
dothelial cells, we found that our bEnd.3 cells stably expressed Oct1 and Oct2, however, 
with almost undetectable expression of Oct3 (Figure 4) [50,65,66]. This is also in alignment 
with our permeability data that showed Oct1 inhibition with mitoxantrone for MF’s per-
meability, thus further supporting Oct1’s involvement in MF’s transport. Additionally, as 
depicted in Figure 4, our protein expression experiment showed a stable Oct1 and Oct2 

Figure 3. (A) OGD negatively impacts the BBB integrity, as demonstrated by TEER measurement.
OGD exposure to the in vitro BBB model for 4 h significantly reduced the TEER compared to normoxia,
and with 6 h exposure showed further reduction in TEER compared to 4 h exposure. One-way
ANOVA, followed by Tukey’s multiple comparisons test (** p < 0.01) (*** p < 0.001) (**** p < 0.0001);
n = 3 biological replicates; mean ± SD. (B) Permeability of MF during hypoxia. The PC of MF
showed no change with 2 h exposure, however, with 4 h and 6 h exposure, there was a similar
increase in permeability, compared to normoxia. No significant difference between 4 h and 6 h
exposure with OGD. One-way ANOVA, followed by Tukey’s multiple comparisons test (** p < 0.01);
ns = non-significant; n = 3 biological replicates; mean ± SD.

3.4. Protein Expression of Organic Cationic Transporters (Octs) in bEnd.3 Cells during Normoxia
and Hypoxia

Previous studies have shown that participation of endogenous transporters is crucial
in transport of anionic and cationic drugs across the BBB [14,34,36,64]. It is thus important
to understand the functional protein expression of transporters during disease conditions.
Understanding this aspect will further accelerate or maximize neuroprotection by optimiz-
ing timing and dosage during ischemic stroke. A previous study from our lab showed that
hypoxia caused increased expression of the OATP1 transporter, which resulted in increased
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permeability of biphalin [34]. However, limited studies have examined expression of Octs
during ischemia. So, to determine that, first, we checked the expression of Oct1, 2, and 3 in
bEnd.3 cells during normoxia. Consistent with previously reported studies that showed
luminal expression of mainly Oct1 and Oct2 in human and rat brain endothelial cells,
we found that our bEnd.3 cells stably expressed Oct1 and Oct2, however, with almost
undetectable expression of Oct3 (Figure 4) [50,65,66]. This is also in alignment with our
permeability data that showed Oct1 inhibition with mitoxantrone for MF’s permeability,
thus further supporting Oct1’s involvement in MF’s transport. Additionally, as depicted in
Figure 4, our protein expression experiment showed a stable Oct1 and Oct2 expression, but
not Oct3 expression; thus, we conclude that Oct1 is the primary transporter responsible for
MF’s transport across the in vitro co-culture BBB model.
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Figure 4. Densitometric analysis of organic cationic transporters (Octs) in bEnd.3 cells (immor-
talized mouse brain endothelial cells) during normoxia and hypoxia for 2, 4 and 6 h time points.
(A) Expression of Oct1 in control cells (normoxia) and cells exposed for 2, 4 and, 6 h OGD (hypoxia),
with evolving expression patterns seen among groups. (B) Stable Oct2 expression between the
control and treatment groups, without significant differences in expression during OGD time-points.
(C) Undetectable expression of Oct3 in control and treatment groups. The protein bands were
quantified relative to beta-actin using Image J software and are reported as ratios of the control
group. One-way ANOVA, followed by Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01);
ns = non-significant; n = 3 biological replicates; mean ± SD.

Next, we checked the expression of Octs during hypoxic time points of 2, 4, and
6 h. As depicted in Figure 4A, for Oct1 transporter, compared to the control, we did not
find any change in expression with 2 h of OGD exposure. However, we found significant
increase in expression at 4 h of OGD exposure compared to 2 h (p < 0.05). Interestingly, the
expression was renormalized with 6 h of OGD exposure, similar to the control (Figure 4A).
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The significantly increased expression for 4 h OGD is consistent with our increased MF
permeability result, indicating that the increased permeability during hypoxic conditions
could be due to the enhanced Oct1 transporter expression. Although without significantly
increased Oct1 expression for 6 h of exposure (compared to control), we found that the
increases in the permeability of MF during ODG 4 h and 6 h were not dissimilar (Figure 3B).
This could be due to a slight increase in Oct1 expression, but not significant, as shown
by densitometric analysis (Figure 4A). It is also notable that the comparison in Oct1 ex-
pression for 4 h of OGD to 6 h of OGD had no significant difference (Figure 4A). Thus,
carrier-mediated transport could play an important role in enhanced permeation of MF
during longer 4 and 6 h of OGD exposure. Further experiments involving Octs inhibitors
during longer OGD time-points exposure to the co-cultured cells were required to prove
this assumption.

Next, for Oct2 transporter, we found no change in expression among the OGD time
points and normoxic control (Figure 4B). Lastly, Oct3 transporter was almost undetectable
in the tested cells during the OGD time points (Figure 4C).

3.5. Oct1 Involvement in MF Permeability during different Hypoxic Time Points Using OGD

We wanted to confirm if the increased permeability of MF during 4 h of OGD exposure
is due to an increase in Oct1 transporter expression. Thus, we performed permeability
studies involving cells exposure to 4 h OGD in both mitoxantrone and corticosterone
presence and absence. As shown in Figure 5A, the PC value of MF is reduced in the presence
of inhibitors during the 4 h OGD exposure time point (from 27.58 ± 4.53 × 10−4 cm/min
to 17.62 ± 1.35 × 10−4 cm/min using mitoxantrone and to 19.55 ± 2.96 × 10−4 cm/min
using corticosterone, p < 0.05). This further suggests that Oct1 is a key determinant for MF
transport during OGD and, thus, responsible for increased permeability of MF. It is also
notable that there are no significant differences between inhibition while using mitoxantrone
(Oct1 inhibitor) and corticosterone (Oct1, 2, and 3 inhibitor). It can also be extrapolated
from Figure 5 that ~36% of MF transport during OGD is carrier-mediated (the inhibition
component of transport during OGD is active transport), while the remaining ~64% is
due to paracellular leakage. This result is almost similar compared to normoxia, where
transport accounted for ~35% carrier-mediated and ~65% paracellular transport. Next, we
performed permeability studies using inhibitors for 6 h of OGD exposure. As shown in
Figure 5B, we found that the PC value of metformin significantly reduced in the presence of
both inhibitors (from 30.71 ± 4.65 × 10−4 cm/min to 20.16 ± 0.11 × 10−4 cm/min using
mitoxantrone and to 18.86 ± 0.85 × 10−4 cm/min using corticosterone, p < 0.05). This
suggests that carrier-mediated transport is still a key determinant of MF transport during a
longer exposure of 6 h OGD to the cells.

The altered transporter expression (nutrients, ions, or drugs) at the BBB has been
shown to be either beneficial or detrimental during ischemic stroke. A previous study
reported that elevated expression of nutrient transporter GLUT1, which regulates glucose
levels in the brain, served a beneficial role in reducing focal ischemia [67]. However,
another nutrient transporter, SGLT, responsible for cell depolarization and glucose balance,
causes increased edema formation when its expression is increased during ischemia [68].
Additionally, increased expression of ion transporter Na+-K+-Cl-cotransporter caused brain
edema formation, while decreased expression of NA+/K+ ATPase caused accumulation
of Na+, leading to endothelial swelling and cytotoxic edema [69,70]. Previously, our lab
showed that functional expression of OATP1 is required for BBB transport of biphalin,
during in vitro ischemia and reperfusion conditions [34]. Furthermore, we found that the
expression of the transporter is increased, requiring consideration of the dosage and time
window. Another study showed that the transport effect of Oct1 and Oct2 is critical to
achieving therapeutic outcomes during in vivo ischemic stroke despite the paracellular
leak [36].
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Figure 5. Permeability of MF after 4 h (A) and 6 h (B) of OGD exposure using mitoxantrone and
corticosterone. The PC value of MF significantly reduces both with mitoxantrone and corticosterone
in comparison to 4 and 6 h OGD exposure in absence of inhibitors. There is no significant difference
in PC between both groups involving inhibitors after 4 and 6 h of OGD exposure. One-way ANOVA,
followed by Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01); ns = non-significant; n = 3
biological replicates; mean ± SD.

Few scientific studies have examined the regulation of Octs. Hepatic nuclear factor 4α
(HNF-4α) has been shown to regulate the gene expression of Octs, where they bind to the
gene promotor regions of the transporters to modulate the mRNA expression [71]. Enhanc-
ing the cellular expression of HNF-4α has been shown to, in fact, increase Oct1 expression
in human hepatocytes. Meanwhile, it is worth noting that HNF-4α has been shown to be
identified as a transcription factor in brain tissues. Therefore, in future studies, checking
the expression of HNF-4α along with Octs expression during various OGD time points
will give us an idea of whether this transcription factor is responsible for the alteration in
transporter expression during hypoxia in brain endothelial cells. Furthermore, our data
suggest evolving expression of Oct1 transporter with a difference in ischemic exposure
periods. Therefore, it is important to determine whether increased transporter expression
is needed to reach MF’s therapeutic potential for ischemic stroke treatment. Future studies
that involve inhibition of Octs and examining alteration in activation pathways such as
NF-κB and mTOR, through which MF has been shown to mediate its neurotherapeutic
actions, are warranted. Moreover, since we found increased MF permeability during hy-
poxia and that ~36% was mediated through active transport and the rest ~64% paracellular
(Figure 5A), thus, it is warranted to check if this increase is critical to the activation of certain
pathways involved in post-stroke recovery. In vivo behavioral ischemic stroke recovery
studies routinely utilized in our lab could achieve this.

3.6. Protein Expression of Octs in Primary Astrocytes during Normoxia and Hypoxia

Astrocytes play a key role in the maintenance and inductance of the BBB. Our lab
previously showed that co-cultured in vitro BBB model of bEnd.3 cells and mouse primary
astrocytes promoted barrier tightness compared to a monolayer BBB model of bEnD.3
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cells [43]. Besides supporting barrier integrity, astrocytes have been shown to express
and regulate various ions and drug transporters in the brain [72]. A previous study has
reported immunoreactivity to Oct2, Oct3, and PMAT in some regions of mouse and rat
brains [73]. Another study reported expression of Oct3 in primary human astrocytes [74].
Thus, we further wanted to check protein expression of Octs in mouse primary astrocytes
(situated in our co-cultured model) during normoxia and different hypoxic time points. As
seen in Figure 6, we found stable expression of Oct2 in the primary astrocytes without any
statistically significant changes between normoxia and hypoxic OGD time points. We found
no detectable expressions for Oct1 and Oct3 in our cultured mouse primary astrocytes,
during both normoxia and hypoxia.
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gate whether MF interacts with the P-GP transporter and thus predict the level of its P-GP 
transport potential. The unidirectional PC (from A > B and B > A) of MF, along with its 
UFR and ER are summarized in Table 1. We found the UFR and ER values for metformin 
to be 1.24 ± 0.08 and 0.63 ± 0.04, respectively (Table 2). The UFR of a compound increases 
depending upon the potential of being a P-GP substrate (compounds with UFR < 2 are 
considered as less potential substrates) and compounds that have an ER of >1.99 are 

Figure 6. Densitometric analysis of organic cationic transporters (Octs) in mouse primary astrocytes
during normoxia and hypoxia for 2, 4, and 6 h time points. Stable expression of Oct2 in control cells
(normoxia) and cells exposed for 2, 4, and 6 h OGD (hypoxia), with no changes in expression patterns
seen among groups. No detectable expression of Oct1 and Oct3 in control and treatment groups.
The protein bands were quantified relative to beta-actin using Image J software and are reported
as ratios of the control group. One-way ANOVA, followed by Tukey’s multiple comparisons test;
ns = non-significant; n = 2 biological replicates; mean ± SD.

In addition to the role of Oct1 transporter in bEnd.3 cells, the expression of Oct2 in
astrocytes suggests that Oct2 might play a possible significant role in the transport/uptake
of MF. Future studies involving MF uptake studies by primary astrocytes could be im-
plemented to understand any significant uptake by the astrocytes. Additionally, uptake
studies could be performed in the presence and absence of Oct inhibitors to explore their
role in MF uptake in primary astrocytes. This will also help in determining if our reported
high permeability value for MF is underestimated due to the amount of drug possibly being
taken up by astrocytes, while getting transported from the apical to basolateral chamber of
the in vitro co-culture BBB model.

3.7. Interaction of Metformin with Plasma Glycoprotein (P-GP) Using P-GP Overexpressing
Cell Line

P-GP is an ATP dependent efflux protein expressed in the apical compartment of the
BBB, which restricts the movement of relatively large molecules (>400 Da) into the brain, by
actively transporting the molecules back to the blood [75]. The assessment of UFR and ER
using transwell assays with P-GP overexpressing MDR1-MDCK cell lines is commonly used
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to assess bidirectional movement of molecules through the cell monolayer [76]. This assay
gives an idea of whether drug molecules have limitations in gaining access to the brain.
Furthermore, studies have shown that permeability studies in MDR1-MDCK cell lines
accurately reflect in vivo BBB transport [77,78]. For our study, we sought to investigate
whether MF interacts with the P-GP transporter and thus predict the level of its P-GP
transport potential. The unidirectional PC (from A > B and B > A) of MF, along with its
UFR and ER are summarized in Table 1. We found the UFR and ER values for metformin
to be 1.24 ± 0.08 and 0.63 ± 0.04, respectively (Table 2). The UFR of a compound increases
depending upon the potential of being a P-GP substrate (compounds with UFR < 2 are
considered as less potential substrates) and compounds that have an ER of >1.99 are
considered as strong P-GP substrates [79–81]. Thus, with our findings, we conclude that
MF does not interact with the efflux transporter P-GP in a P-GP overexpressing cell line.
This result further bolsters our conclusion from transport experiments that MF should have
access to the brain as it is highly permeable across the BBB during normoxia and hypoxia.

Table 2. MF’s PC in a P-GP overexpressing MDR1-MDCK cell line in presence and absence of a
potent P-GP inhibitor, Cyclosporin A (CsA) at 10 µm to calculate the unidirectional flux ratio (UFR)
and efflux ratio (ER). Mean ± SD of 4–5 replicates from 2 independent biological samples.

Metformin PC, A > B; 1 × 10−7 cm/s Metformin PC, B > A;
1 × 10−7 cm/s

UFR (Unidirectional
Flux Ratio) ER (Efflux Ratio)

−CsA +CsA

2.58 ± 0.18 3.28 ± 0.06 1.63 ± 0.06 1.24 ± 0.08 0.63 ± 0.04

4. Conclusions and Future Studies

We conclude that MF is a highly permeable molecule across an in vitro co-culture BBB
model. A key portion of its brain entry utilizes carrier-mediated active transport through
Octs, while the remaining part involves passive paracellular diffusion. We found evolving
expression patterns for Oct1 transport between hypoxic time periods and increased per-
meability for MF. Future studies should be conducted to decipher the exact mechanism
causing the altered pattern of Oct1 transporter expression. In the future, MF brain phar-
macokinetic studies will be completed for MF using an in vivo ischemic stroke model in
our lab to determine the drug’s brain uptake clearance value (Kin) and correlate with our
in vitro findings from this study. Octs inhibitors could be further used in vivo to decipher
whether carrier-mediated transport is necessary to achieve therapeutic efficacy during
ischemic stroke.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15051357/s1. Figure S1. Permeability Coefficient
(PC) of low molecular weight BBB markers, NaF (MW 376 Da), and [14C] sucrose (MW 342 Da),
across an in vitro co-culture setup of BBB. The PC of NaF compared to [14C] sucrose was statistically
non-significant. The experiments were performed under a similar setup of a co-culture model of
brain endothelial cells and astrocytes. Unpaired student’s t-test (* p < 0.05); n= 3 biological replicates;
mean ± SD. Figure S2. MTS cell viability assay in bEnd.3 cells (A) and mouse primary astrocytes (B).
The values are expressed as a percentage of the control value. No statistically significant differences
were found among the groups. One-way ANOVA, followed by Tukey’s multiple comparis ons
tests; n = 3 biological replicates; mean ± SD. Figure S3. MTS cell viability assay in bEnd.3 cells
(A) and mouse primary astrocytes (B), and TEER measurement of co-cultured cells after incubation
with inhibitors (C). The values are expressed as a percentage of the control value. No statistically
significant differences were found among the groups. One-way ANOVA, followed by Tukey’s
multiple comparisons tests; n = 2–3 biological replicates; mean ± SD. Figure S4. MTS cell viability
assay in bEnd.3 cells using during 4 h of incubation with substrates/ inhibitors. The values are
expressed as a percentage of the control value. The cell viability was significantly affected with MPP+
at 5 mM concentration, and desipramine at 100 µm and 200 µm concentrations respectively. One-way
ANOVA, followed by Tukey’s multiple comparisons tests; n = 3; mean ± SD.
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tPA tissue plasminogen activator
US-FDA The United States food and drug administration
AMPK AMP-activated protein kinase
Nrf2 Nuclear factor erythroid 2-related factor
BBB blood-brain barrier
SLCs solute carriers
Octs organic cation transporters
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OGD oxygen-glucose deprivation
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5. Markowicz-Piasecka, M.; Sikora, J.; Szydłowska, A.; Skupień, A.; Mikiciuk-Olasik, E.; Huttunen, K.M. Metformin–A future

therapy for neurodegenerative diseases: Theme: Drug discovery, development and delivery in Alzheimer’s disease Guest Editor:
Davide Brambilla. Pharm. Res. 2017, 34, 2614–2627.

6. Saewanee, N.; Praputpittaya, T.; Malaiwong, N.; Chalorak, P.; Meemon, K. Neuroprotective effect of metformin on dopaminergic
neurodegeneration and α-synuclein aggregation in C. elegans model of Parkinson’s disease. Neurosci. Res. 2021, 162, 13–21.
[CrossRef]

7. Sharma, S.; Nozohouri, S.; Vaidya, B.; Abbruscato, T. Repurposing metformin to treat age-related neurodegenerative disorders
and ischemic stroke. Life Sci. 2021, 274, 119343. [CrossRef]

8. Kaisar, M.A.; Villalba, H.; Prasad, S.; Liles, T.; Sifat, A.E.; Sajja, R.K.; Abbruscato, T.J.; Cucullo, L. Offsetting the impact of smoking
and e-cigarette vaping on the cerebrovascular system and stroke injury: Is Metformin a viable countermeasure? Redox Biol. 2017,
13, 353–362. [CrossRef]

9. Kadry, H.; Noorani, B.; Bickel, U.; Abbruscato, T.J.; Cucullo, L. Comparative assessment of in vitro BBB tight junction integrity
following exposure to cigarette smoke and e-cigarette vapor: A quantitative evaluation of the protective effects of metformin
using small-molecular-weight paracellular markers. Fluids Barriers CNS 2021, 18, 28. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/23415113
https://doi.org/10.5603/EP.2017.0050
https://www.ncbi.nlm.nih.gov/pubmed/28819951
https://doi.org/10.1016/j.neures.2019.12.017
https://doi.org/10.1016/j.lfs.2021.119343
https://doi.org/10.1016/j.redox.2017.06.006
https://doi.org/10.1186/s12987-021-00261-4


Pharmaceutics 2023, 15, 1357 17 of 20

10. Nozohouri, S.; Sifat, A.E.; Vaidya, B.; Abbruscato, T.J. Novel approaches for the delivery of therapeutics in ischemic stroke. Drug
Discov. Today 2020, 25, 535–551.

11. Sifat, A.E.; Vaidya, B.; Villalba, H.; AlBekairi, T.H.; Abbruscato, T.J. Neurovascular unit transport responses to ischemia and
common coexisting conditions: Smoking and diabetes. Am. J. Physiol. Physiol. 2019, 316, C2–C15. [CrossRef] [PubMed]

12. Johnston, K.; Chapman, S.; Mehndiratta, P.; Johansen, M.C.; Southerland, A.; McMurry, T. Current perspectives on the use of
intravenous recombinant tissue plasminogen activator (tPA) for treatment of acute ischemic stroke. Vasc. Health Risk Manag. 2014,
10, 75–87. [CrossRef] [PubMed]

13. Mistry, E.A.; Mistry, A.M.; Fusco, M.R. Response by mistry et al to letter regarding article, “mechanical thrombectomy outcomes
with and without intravenous thrombolysis in stroke patients: A meta-analysis”. Stroke 2017, 48, e334. [CrossRef]

14. Nilles, K.L.; Williams, E.I.; Betterton, R.D.; Davis, T.P.; Ronaldson, P.T. Blood–Brain Barrier Transporters: Opportunities for
Therapeutic Development in Ischemic Stroke. Int. J. Mol. Sci. 2022, 23, 1898.

15. Shukla, R.; Henkel, N.D.; Alganem, K.; Hamoud, A.-R.; Reigle, J.; Alnafisah, R.S.; Eby, H.M.; Imami, A.S.; Creeden, J.; Miruzzi,
S.A.; et al. Signature-based approaches for informed drug repurposing: Targeting CNS disorders. Neuropsychopharmacology 2020,
46, 116–130. [CrossRef] [PubMed]

16. Bourget, C.; Adams, K.V.; Morshead, C.M. Reduced microglia activation following metformin administration or microglia
ablation is sufficient to prevent functional deficits in a mouse model of neonatal stroke. J. Neuroinflamm. 2022, 19, 146. [CrossRef]
[PubMed]

17. Zemgulyte, G.; Tanaka, S.; Hide, I.; Sakai, N.; Pampuscenko, K.; Borutaite, V.; Rastenyte, D. Evaluation of the effectiveness
of post-stroke metformin treatment using permanent middle cerebral artery occlusion in rats. Pharmaceuticals 2021, 14, 312.
[CrossRef]

18. Hou, K.; Xu, D.; Li, F.; Chen, S.; Li, Y. The progress of neuronal autophagy in cerebral ischemia stroke: Mechanisms, roles and
research methods. J. Neurol. Sci. 2019, 400, 72–82. [CrossRef]

19. Prasad, S.; Sajja, R.K.; Kaisar, M.A.; Park, J.H.; Villalba, H.; Liles, T.; Abbruscato, T.; Cucullo, L. Role of Nrf2 and protective effects
of Metformin against tobacco smoke-induced cerebrovascular toxicity. Redox Biol. 2017, 12, 58–69. [CrossRef]

20. Saitoh, R.; Sugano, K.; Takata, N.; Tachibana, T.; Higashida, A.; Nabuchi, Y.; Aso, Y. Correction of permeability with pore radius
of tight junctions in Caco-2 monolayers improves the prediction of the dose fraction of hydrophilic drugs absorbed by humans.
Pharm. Res. 2004, 21, 749–755. [CrossRef]

21. Horie, A.; Sakata, J.; Nishimura, M.; Ishida, K.; Taguchi, M.; Hashimoto, Y. Mechanisms for membrane transport of metformin in
human intestinal epithelial Caco-2 cells. Biopharm. Drug Dispos. 2011, 32, 253–260. [CrossRef] [PubMed]

22. Archie, S.R.; Sharma, S.; Burks, E.; Abbruscato, T. Biological determinants impact the neurovascular toxicity of nicotine and
tobacco smoke: A pharmacokinetic and pharmacodynamics perspective. Neurotoxicology 2022, 89, 140–160. [PubMed]

23. Barthels, D.; Prateeksha, P.; Nozohouri, S.; Villalba, H.; Zhang, Y.; Sharma, S.; Anderson, S.; Howlader, S.I.; Nambiar, A.;
Abbruscato, T.J.; et al. Dental Pulp-Derived Stem Cells Preserve Astrocyte Health during Induced Gliosis by Modulating
Mitochondrial Activity and Functions. Cell. Mol. Neurobiol. 2022, 1–23. [CrossRef] [PubMed]

24. Zhang, Y.; Archie, S.R.; Ghanwatkar, Y.; Sharma, S.; Nozohouri, S.; Burks, E.; Mdzinarishvili, A.; Liu, Z.; Abbruscato, T.J. Potential
role of astrocyte angiotensin converting enzyme 2 in the neural transmission of COVID-19 and a neuroinflammatory state induced
by smoking and vaping. Fluids Barriers CNS 2022, 19, 46. [CrossRef] [PubMed]

25. Sifat, A.E.; Archie, S.R.; Nozohouri, S.; Villalba, H.; Zhang, Y.; Sharma, S.; Ghanwatkar, Y.; Vaidya, B.; Mara, D.; Cucullo, L.;
et al. Short-term exposure to JUUL electronic cigarettes can worsen ischemic stroke outcome. Fluids Barriers CNS 2022, 19, 1–15.
[CrossRef] [PubMed]

26. Sharma, S.; Archie, S.R.; Kanchanwala, V.; Mimun, K.; Rahman, A.; Zhang, Y.; Abbruscato, T. Effects of Nicotine Exposure From
Tobacco Products and Electronic Cigarettes on the Pathogenesis of Neurological Diseases: Impact on CNS Drug Delivery. Front.
Drug Deliv. 2022, 2, 886099. [CrossRef]

27. Shi, L.; Rocha, M.; Leak, R.K.; Zhao, J.; Bhatia, T.; Mu, H.; Wei, Z.; Yu, F.; Weiner, S.L.; Ma, F.; et al. A new era for stroke therapy:
Integrating neurovascular protection with optimal reperfusion. J. Cereb. Blood Flow Metab. 2018, 38, 2073–2091. [CrossRef]
[PubMed]

28. Hacker, K.; Maas, R.; Kornhuber, J.; Fromm, M.F.; Zolk, O. Substrate-dependent inhibition of the human organic cation transporter
OCT2: A comparison of metformin with experimental substrates. PLoS ONE 2015, 10, e0136451. [CrossRef]

29. Akanuma, S.-I.; Han, M.; Murayama, Y.; Kubo, Y.; Hosoya, K.-I. Differences in Cerebral Distribution between Imipramine and
Paroxetine via Membrane Transporters at the Rat Blood-Brain Barrier. Pharm. Res. 2022, 39, 223–237. [CrossRef]

30. Gebauer, L.; Rafehi, M.; Brockmöller, J. Stereoselectivity in the Membrane Transport of Phenylethylamine Derivatives by Human
Monoamine Transporters and Organic Cation Transporters 1, 2, and 3. Biomolecules 2022, 12, 1507. [CrossRef]

31. Khanppnavar, B.; Maier, J.; Herborg, F.; Gradisch, R.; Lazzarin, E.; Luethi, D.; Yang, J.-W.; Qi, C.; Holy, M.; Jäntsch, K.; et al.
Structural basis of organic cation transporter-3 inhibition. Nat. Commun. 2022, 13, 6714. [CrossRef]

32. Green, R.M.; Lo, K.; Sterritt, C.; Beier, D.R. Cloning and functional expression of a mouse liver organic cation transporter.
Hepatology 1999, 29, 1556–1562. [CrossRef] [PubMed]

https://doi.org/10.1152/ajpcell.00187.2018
https://www.ncbi.nlm.nih.gov/pubmed/30207783
https://doi.org/10.2147/VHRM.S39213
https://www.ncbi.nlm.nih.gov/pubmed/24591838
https://doi.org/10.1161/STROKEAHA.117.019116
https://doi.org/10.1038/s41386-020-0752-6
https://www.ncbi.nlm.nih.gov/pubmed/32604402
https://doi.org/10.1186/s12974-022-02487-x
https://www.ncbi.nlm.nih.gov/pubmed/35705953
https://doi.org/10.3390/ph14040312
https://doi.org/10.1016/j.jns.2019.03.015
https://doi.org/10.1016/j.redox.2017.02.007
https://doi.org/10.1023/B:PHAM.0000026423.48583.e2
https://doi.org/10.1002/bdd.755
https://www.ncbi.nlm.nih.gov/pubmed/21567399
https://www.ncbi.nlm.nih.gov/pubmed/35150755
https://doi.org/10.1007/s10571-022-01291-8
https://www.ncbi.nlm.nih.gov/pubmed/36201091
https://doi.org/10.1186/s12987-022-00339-7
https://www.ncbi.nlm.nih.gov/pubmed/35672716
https://doi.org/10.1186/s12987-022-00371-7
https://www.ncbi.nlm.nih.gov/pubmed/36085043
https://doi.org/10.3389/fddev.2022.886099
https://doi.org/10.1177/0271678X18798162
https://www.ncbi.nlm.nih.gov/pubmed/30191760
https://doi.org/10.1371/journal.pone.0136451
https://doi.org/10.1007/s11095-022-03179-0
https://doi.org/10.3390/biom12101507
https://doi.org/10.1038/s41467-022-34284-8
https://doi.org/10.1002/hep.510290530
https://www.ncbi.nlm.nih.gov/pubmed/10216142


Pharmaceutics 2023, 15, 1357 18 of 20

33. Zaïr, Z.M.; Eloranta, J.J.; Stieger, B.; Kullak-Ublick, G.A. Pharmacogenetics of OATP (SLC21/SLCO), OAT and OCT (SLC22) and PEPT
(SLC15) Transporters in the Intestine, Liver and Kidney; Future Medicine Ltd.: London, UK, 2008.

34. Albekairi, T.H.; Vaidya, B.; Patel, R.; Nozohouri, S.; Villalba, H.; Zhang, Y.; Lee, Y.S.; Al-Ahmad, A.; Abbruscato, T.J. Brain delivery
of a potent opioid receptor agonist, biphalin during ischemic stroke: Role of organic anion transporting polypeptide (OATP).
Pharmaceutics 2019, 11, 467. [CrossRef] [PubMed]

35. Ronaldson, P.T.; Brzica, H.; Abdullahi, W.; Reilly, B.G.; Davis, T.P. Transport Properties of Statins by OATP1A2 and Regulation by
Transforming Growth Factor-β (TGF-β) Signaling in Human Endothelial Cells. J. Pharmacol. Exp. Ther. 2020. [CrossRef]

36. Stanton, J.A.; Williams, E.I.; Betterton, R.D.; Davis, T.P.; Ronaldson, P.T. Targeting organic cation transporters at the blood-brain
barrier to treat ischemic stroke in rats. Exp. Neurol. 2022, 357, 114181. [CrossRef] [PubMed]

37. Inano, A.; Sai, Y.; Nikaido, H.; Hasimoto, N.; Asano, M.; Tsuji, A.; Tamai, I. Acetyl-L-carnitine permeability across the blood-brain
barrier and involvement of carnitine transporter OCTN2. Biopharm. Drug Dispos. 2003, 24, 357–365. [CrossRef] [PubMed]

38. Di, L.; Kerns, E.H.; Carter, G.T. Strategies to assess blood–brain barrier penetration. Expert Opin. Drug Discov. 2008, 3, 677–687.
[CrossRef]

39. Van Assema, D.M.; Lubberink, M.; Boellaard, R.; Schuit, R.C.; Windhorst, A.D.; Scheltens, P.; Lammertsma, A.A.; Van Berckel,
B.N. P-glycoprotein function at the blood–brain barrier: Effects of age and gender. Mol. Imaging Biol. 2012, 14, 771–776. [CrossRef]

40. Begley, D.J. ABC Transporters and the blood-brain barrier. Curr. Pharm. Des. 2004, 10, 1295–1312. [CrossRef]
41. Du, F.; Qian, Z.M.; Zhu, L.; Wu, X.M.; Qian, C.; Chan, R.; Ke, Y. Purity, cell viability, expression of GFAP and bystin in astrocytes

cultured by different procedures. J. Cell. Biochem. 2009, 109, 30–37. [CrossRef]
42. Nozohouri, S.; Noorani, B.; Al-Ahmad, A.; Abbruscato, T.J. Estimating Brain permeability using in vitro blood-brain barrier

models. In Permeability Barrier: Methods and Protocols; Methods in Molecular Biology; 2020; pp. 47–72. Available online:
https://link.springer.com/protocol/10.1007/7651_2020_311 (accessed on 25 April 2023).

43. Nozohouri, S.; Zhang, Y.; Albekairi, T.H.; Vaidya, B.; Abbruscato, T.J. Glutamate buffering capacity and blood-brain barrier
protection of opioid receptor agonists biphalin and nociceptin. J. Pharmacol. Exp. Ther. 2021, 379, 260–269. [CrossRef]

44. Yang, L.; Islam, M.R.; Karamyan, V.T.; Abbruscato, T.J. In vitro and in vivo efficacy of a potent opioid receptor agonist, biphalin,
compared to subtype-selective opioid receptor agonists for stroke treatment. Brain Res. 2015, 1609, 1–11. [CrossRef] [PubMed]

45. Nia, S.S.; Hossain, M.A.; Ji, G.; Jonnalagadda, S.K.; Obeng, S.; Rahman, A.; Sifat, A.E.; Nozohouri, S.; Blackwell, C.; Patel, D.; et al.
Studies on diketopiperazine and dipeptide analogs as opioid receptor ligands. Eur. J. Med. Chem. 2023, 254, 115309.

46. 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]

47. Rahman, M.S.; Kumari, S.; Esfahani, S.H.; Nozohouri, S.; Jayaraman, S.; Kinarivala, N.; Kocot, J.; Baez, A.; Farris, D.; Abbruscato,
T.J.; et al. Discovery of first-in-class peptidomimetic neurolysin activators possessing enhanced brain penetration and stability. J.
Med. Chem. 2021, 64, 12705–12722. [CrossRef] [PubMed]

48. Kimura, N.; Okuda, M.; Inui, K.-I. Metformin transport by renal basolateral organic cation transporter hOCT2. Pharm. Res. 2005,
22, 255–259. [CrossRef]

49. Sung, J.-H.; Yu, K.-H.; Park, J.-S.; Tsuruo, T.; Kim, D.-D.; Shim, C.-K.; Chung, S.-J. Saturable distribution of tacrine into the striatal
extracellular fluid of the rat: Evidence of involvement of multiple organic cation transporters in the transport. Drug Metab. Dispos.
2004, 33, 440–448. [CrossRef]

50. Sekhar, G.N.; Georgian, A.R.; Sanderson, L.; Vizcay-Barrena, G.; Brown, R.C.; Muresan, P.; Fleck, R.A.; Thomas, S.A. Organic
cation transporter 1 (OCT1) is involved in pentamidine transport at the human and mouse blood-brain barrier (BBB). PLoS ONE
2017, 12, e0173474. [CrossRef] [PubMed]

51. Nies, A.T.; Koepsell, H.; Winter, S.; Burk, O.; Klein, K.; Kerb, R.; Zanger, U.M.; Keppler, D.; Schwab, M.; Schaeffeler, E. Expression
of organic cation transporters OCT1 (SLC22A1) and OCT3 (SLC22A3) is affected by genetic factors and cholestasis in human liver.
Hepatology 2009, 50, 1227–1240. [CrossRef]

52. Kimura, N.; Masuda, S.; Tanihara, Y.; Ueo, H.; Okuda, M.; Katsura, T.; Inui, K.-I. Metformin is a superior substrate for renal
organic cation transporter OCT2 rather than hepatic OCT1. Drug Metab. Pharmacokinet. 2005, 20, 379–386. [CrossRef]

53. Han, T.K.; Proctor, W.R.; Costales, C.L.; Cai, H.; Everett, R.S.; Thakker, D.R. Four cation-selective transporters contribute to
apical uptake and accumulation of metformin in Caco-2 cell monolayers. J. Pharmacol. Exp. Ther. 2015, 352, 519–528. [CrossRef]
[PubMed]

54. Koepsell, H.; Lips, K.; Volk, C. Polyspecific organic cation transporters: Structure, function, physiological roles, and biopharma-
ceutical implications. Pharm. Res. 2007, 24, 1227–1251. [PubMed]

55. Meyer, M.J.; Tuerkova, A.; Römer, S.; Wenzel, C.; Seitz, T.; Gaedcke, J.; Oswald, S.; Brockmöller, J.; Zdrazil, B.; Tzvetkov, M.V.
Differences in metformin and thiamine uptake between human and mouse organic cation transporter 1: Structural determinants
and potential consequences for intrahepatic concentrations. Drug Metab. Dispos. 2020, 48, 1380–1392. [CrossRef] [PubMed]

56. Koepsell, H. Update on drug-drug interaction at organic cation transporters: Mechanisms, clinical impact, and proposal for
advanced in vitro testing. Expert Opin. Drug Metab. Toxicol. 2021, 17, 635–653. [CrossRef]

https://doi.org/10.3390/pharmaceutics11090467
https://www.ncbi.nlm.nih.gov/pubmed/31509975
https://doi.org/10.1124/jpet.120.000267
https://doi.org/10.1016/j.expneurol.2022.114181
https://www.ncbi.nlm.nih.gov/pubmed/35905840
https://doi.org/10.1002/bdd.371
https://www.ncbi.nlm.nih.gov/pubmed/14595704
https://doi.org/10.1517/17460441.3.6.677
https://doi.org/10.1007/s11307-012-0556-0
https://doi.org/10.2174/1381612043384844
https://doi.org/10.1002/jcb.22375
https://link.springer.com/protocol/10.1007/7651_2020_311
https://doi.org/10.1124/jpet.121.000831
https://doi.org/10.1016/j.brainres.2015.03.022
https://www.ncbi.nlm.nih.gov/pubmed/25801116
https://doi.org/10.1021/acschemneuro.6b00029
https://doi.org/10.1021/acs.jmedchem.1c00759
https://www.ncbi.nlm.nih.gov/pubmed/34436882
https://doi.org/10.1007/s11095-004-1193-3
https://doi.org/10.1124/dmd.104.002220
https://doi.org/10.1371/journal.pone.0173474
https://www.ncbi.nlm.nih.gov/pubmed/28362799
https://doi.org/10.1002/hep.23103
https://doi.org/10.2133/dmpk.20.379
https://doi.org/10.1124/jpet.114.220350
https://www.ncbi.nlm.nih.gov/pubmed/25563903
https://www.ncbi.nlm.nih.gov/pubmed/17473959
https://doi.org/10.1124/dmd.120.000170
https://www.ncbi.nlm.nih.gov/pubmed/33037045
https://doi.org/10.1080/17425255.2021.1915284


Pharmaceutics 2023, 15, 1357 19 of 20

57. Liu, H.C.; Goldenberg, A.; Chen, Y.; Lun, C.; Wu, W.; Bush, K.T.; Balac, N.; Rodriguez, P.; Abagyan, R.; Nigam, S.K. Molecular
properties of drugs interacting with SLC22 transporters OAT1, OAT3, OCT1, and OCT2: A machine-learning approach. J.
Pharmacol. Exp. Ther. 2016, 359, 215–229. [CrossRef]

58. Wakayama, K.; Ohtsuki, S.; Takanaga, H.; Hosoya, K.-I.; Terasaki, T. Localization of norepinephrine and serotonin transporter in
mouse brain capillary endothelial cells. Neurosci. Res. 2002, 44, 173–180. [CrossRef]

59. Wu, K.-C.; Lu, Y.-H.; Peng, Y.-H.; Hsu, L.-C.; Lin, C.-J. Effects of lipopolysaccharide on the expression of plasma membrane
monoamine transporter (PMAT) at the blood-brain barrier and its implications to the transport of neurotoxins. J. Neurochem. 2015,
135, 1178–1188. [CrossRef]

60. Sekhar, G.N.; Fleckney, A.L.; Boyanova, S.T.; Rupawala, H.; Lo, R.; Wang, H.; Farag, D.B.; Rahman, K.M.; Broadstock, M.; Reeves,
S.; et al. Region-specific blood–brain barrier transporter changes leads to increased sensitivity to amisulpride in Alzheimer’s
disease. Fluids Barriers CNS 2019, 16, 1–19. [CrossRef]

61. Sifat, A.E.; Vaidya, B.; Abbruscato, T.J. Blood-brain barrier protection as a therapeutic strategy for acute ischemic stroke. AAPS J.
2017, 19, 957–972.

62. Zhu, H.; Wang, Z.; Xing, Y.; Gao, Y.; Ma, T.; Lou, L.; Lou, J.; Gao, Y.; Wang, S.; Wang, Y. Baicalin reduces the permeability of
the blood–brain barrier during hypoxia in vitro by increasing the expression of tight junction proteins in brain microvascular
endothelial cells. J. Ethnopharmacol. 2012, 141, 714–720. [CrossRef]

63. Koto, T.; Takubo, K.; Ishida, S.; Shinoda, H.; Inoue, M.; Tsubota, K.; Okada, Y.; Ikeda, E. Hypoxia disrupts the barrier function
of neural blood vessels through changes in the expression of claudin-5 in endothelial cells. Am. J. Pathol. 2007, 170, 1389–1397.
[CrossRef] [PubMed]

64. Williams, E.I.; Betterton, R.D.; Davis, T.P.; Ronaldson, P.T. Transporter-mediated delivery of small molecule drugs to the brain: A
critical mechanism that can advance therapeutic development for ischemic stroke. Pharmaceutics 2020, 12, 154. [PubMed]

65. Kurosawa, T.; Higuchi, K.; Okura, T.; Kobayashi, K.; Kusuhara, H.; Deguchi, Y. Involvement of proton-coupled organic cation
antiporter in varenicline transport at blood-brain barrier of rats and in human brain capillary endothelial cells. J. Pharm. Sci. 2017,
106, 2576–2582.

66. Lin, C.J.; Tai, Y.; Huang, M.T.; Tsai, Y.F.; Hsu, H.J.; Tzen, K.Y.; Liou, H.H. Cellular localization of the organic cation transporters,
OCT1 and OCT2, in brain microvessel endothelial cells and its implication for MPTP transport across the blood-brain barrier and
MPTP-induced dopaminergic toxicity in rodents. J. Neurochem. 2010, 114, 717–727. [CrossRef]

67. Li, X.; Han, H.; Hou, R.; Wei, L.; Wang, G.; Li, C.; Li, D. Progesterone treatment before experimental hypoxia-ischemia enhances
the expression of glucose transporter proteins GLUT1 and GLUT3 in neonatal rats. Neurosci. Bull. 2013, 29, 287–294. [CrossRef]

68. Nian, K.; Harding, I.C.; Herman, I.M.; Ebong, E.E. Blood-brain barrier damage in ischemic stroke and its regulation by endothelial
mechanotransduction. Front. Physiol. 2020, 11, 605398. [CrossRef] [PubMed]

69. Hladky, S.B.; Barrand, M.A. Fluid and ion transfer across the blood–brain and blood–cerebrospinal fluid barriers; a comparative
account of mechanisms and roles. Fluids Barriers CNS 2016, 13, 1–69. [CrossRef]

70. Jayakumar, A.R.; Norenberg, M.D. The Na–K–Cl co-transporter in astrocyte swelling. Metab. Brain Dis. 2010, 25, 31–38. [CrossRef]
71. Maher, J.M.; Slitt, A.L.; Callaghan, T.N.; Cheng, X.; Cheung, C.; Gonzalez, F.J.; Klaassen, C.D. Alterations in transporter expression

in liver, kidney, and duodenum after targeted disruption of the transcription factor HNF1α. Biochem. Pharmacol. 2006, 72, 512–522.
[CrossRef]

72. McNeill, J.; Rudyk, C.; Hildebrand, M.E.; Salmaso, N. Ion channels and electrophysiological properties of astrocytes: Implications
for emergent stimulation technologies. Front. Cell. Neurosci. 2021, 15, 644126.

73. Koepsell, H. General overview of organic cation transporters in brain. In Organic Cation Transporters in the Central Nervous System;
Handbook of Experimental Pharmacology; 2021; pp. 1–39. Available online: https://link.springer.com/chapter/10.1007/164_20
21_449 (accessed on 14 March 2023).

74. Yoshikawa, T.; Naganuma, F.; Iida, T.; Nakamura, T.; Harada, R.; Mohsen, A.S.; Kasajima, A.; Sasano, H.; Yanai, K. Molecular
mechanism of histamine clearance by primary human astrocytes. Glia 2013, 61, 905–916. [CrossRef]

75. Schinkel, A.H. P-Glycoprotein, a gatekeeper in the blood–brain barrier. Adv. Drug Deliv. Rev. 1999, 36, 179–194. [CrossRef]
76. Brouwer, K.L.R.; Keppler, D.; Hoffmaster, K.A.; Bow, D.A.J.; Cheng, Y.; Lai, Y.; Palm, J.E.; Stieger, B.; Evers, R. In vitro methods to

support transporter evaluation in drug discovery and development. Clin. Pharmacol. Ther. 2013, 94, 95–112. [CrossRef] [PubMed]
77. Doan, K.M.M.; Humphreys, J.E.; Webster, L.O.; Wring, S.A.; Shampine, L.J.; Serabjit-Singh, C.J.; Adkison, K.K.; Polli, J. Passive

permeability and p-glycoprotein-mediated efflux differentiate central nervous system (CNS) and non-CNS marketed drugs. J.
Pharmacol. Exp. Ther. 2002, 303, 1029–1037. [CrossRef] [PubMed]

78. Wang, Q.; Rager, J.D.; Weinstein, K.; Kardos, P.S.; Dobson, G.L.; Li, J.; Hidalgo, I.J. Evaluation of the MDR-MDCK cell line as a
permeability screen for the blood–brain barrier. Int. J. Pharm. 2005, 288, 349–359. [CrossRef]

79. Summerfield, S.G.; Stevens, A.J.; Cutler, L.; Osuna, M.D.C.; Hammond, B.; Tang, S.-P.; Hersey, A.; Spalding, D.J.; Jeffrey, P.
Improving the in vitro prediction of in vivo central nervous system penetration: Integrating permeability, p-glycoprotein efflux,
and free fractions in blood and brain. J. Pharmacol. Exp. Ther. 2005, 316, 1282–1290. [CrossRef]

https://doi.org/10.1124/jpet.116.232660
https://doi.org/10.1016/S0168-0102(02)00120-7
https://doi.org/10.1111/jnc.13363
https://doi.org/10.1186/s12987-019-0158-1
https://doi.org/10.1016/j.jep.2011.08.063
https://doi.org/10.2353/ajpath.2007.060693
https://www.ncbi.nlm.nih.gov/pubmed/17392177
https://www.ncbi.nlm.nih.gov/pubmed/32075088
https://doi.org/10.1111/j.1471-4159.2010.06801.x
https://doi.org/10.1007/s12264-013-1298-y
https://doi.org/10.3389/fphys.2020.605398
https://www.ncbi.nlm.nih.gov/pubmed/33424628
https://doi.org/10.1186/s12987-016-0040-3
https://doi.org/10.1007/s11011-010-9180-3
https://doi.org/10.1016/j.bcp.2006.03.016
https://link.springer.com/chapter/10.1007/164_2021_449
https://link.springer.com/chapter/10.1007/164_2021_449
https://doi.org/10.1002/glia.22484
https://doi.org/10.1016/S0169-409X(98)00085-4
https://doi.org/10.1038/clpt.2013.81
https://www.ncbi.nlm.nih.gov/pubmed/23588315
https://doi.org/10.1124/jpet.102.039255
https://www.ncbi.nlm.nih.gov/pubmed/12438524
https://doi.org/10.1016/j.ijpharm.2004.10.007
https://doi.org/10.1124/jpet.105.092916


Pharmaceutics 2023, 15, 1357 20 of 20

80. Ohashi, R.; Watanabe, R.; Esaki, T.; Taniguchi, T.; Torimoto-Katori, N.; Watanabe, T.; Ogasawara, Y.; Takahashi, T.; Tsukimoto,
M.; Mizuguchi, K. Development of simplified in vitro P-glycoprotein substrate assay and in silico prediction models to evaluate
transport potential of P-glycoprotein. Mol. Pharm. 2019, 16, 1851–1863. [CrossRef] [PubMed]

81. Nozohouri, S.; Esfahani, S.H.; Noorani, B.; Patel, D.; Villalba, H.; Ghanwatkar, Y.; Rahman, S.; Zhang, Y.; Bickel, U.; Trippier, P.C.;
et al. In-Vivo and ex-vivo brain uptake studies of peptidomimetic neurolysin activators in healthy and stroke animals. Pharm.
Res. 2022, 39, 1587–1598. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.molpharmaceut.8b01143
https://www.ncbi.nlm.nih.gov/pubmed/30933526
https://doi.org/10.1007/s11095-022-03218-w
https://www.ncbi.nlm.nih.gov/pubmed/35239135

	Introduction 
	Materials and Methods 
	Cell Culture and bEnd.3/Astrocyte Co-Culture 
	Barrier Integrity Measurements 
	[14C] MF Permeability a Using Self-Inhibition Study 
	MF Permeability Using Transporter-Specific Inhibitors 
	MTS Cell Viability Assay 
	LC-MS/MS Method Development, Sample Preparation and Analysis 
	In Vitro Hypoxia Modelling: Oxygen Glucose Deprivation (OGD) 
	Western Blot for Octs Expression 
	P-Glycoprotein Efflux Transporter Substrate Assay 
	Data Analysis 

	Results and Discussion 
	MF Is Highly Permeable and Uses Saturable Transport for Its Movement across In Vitro Co-Culture Model of BBB 
	Role of Organic Cation Transporters (Octs) for MF Permeability across the BBB 
	Permeability of MF during Oxygen Glucose Deprivation (OGD) 
	Protein Expression of Organic Cationic Transporters (Octs) in bEnd.3 Cells during Normoxia and Hypoxia 
	Oct1 Involvement in MF Permeability during different Hypoxic Time Points Using OGD 
	Protein Expression of Octs in Primary Astrocytes during Normoxia and Hypoxia 
	Interaction of Metformin with Plasma Glycoprotein (P-GP) Using P-GP OverexpressingCell Line 

	Conclusions and Future Studies 
	References

