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Abstract

Blood-brain barrier (BBB) efflux transporters' overexpression hinders antiepileptic drug brain entry. Breast cancer resistance
protein (BCRP) is a major BBB efflux transporter. In the present work, BCRP's role as a mechanism that might contribute
to drug-resistant epilepsy (DRE) in a mouse model of acute seizures was studied with further assessment of the effect of its
inhibition by ko143 and metformin (MET) on lamotrigine (LTG) bioavailability and efficacy. 42 male mice divided into 6
groups: G1: Normal control, G2: LTG-injected healthy mice: LTG 20 mg/kg i.p., G3: Acute seizures (A.S) mice: Pentylene-
tetrazole (PTZ) 50 mg/kg i.p., G4: LTG-treated A.S mice: LTG 20 mg/kg +PTZ 50 mg/kg i.p., G5: Ko143 +LTG treated A.S
mice: Ko143 15 mg/kg i.p. before LTG +PTZ, G6: MET +LTG treated A.S mice: MET 200 mg/kg i.p. before LTG + PTZ.
Seizures severity, serum, brain LTG, and brain BCRP were assessed. PTZ group experienced the highest seizure frequency
and brain BCRP expression. Ko143 and MET groups showed a significant decrease in brain BCRP with subsequent improve-
ment in brain LTG level and better seizure control. BCRP has a significant role in epilepsy resistance and its inhibition with
ko143 or MET adds value to DRE management.
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Introduction

Despite a better understanding of epilepsy pathogenesis
and the development of a wide range of antiepileptic drugs
(AEDs), still, one-third of epilepsy patients do not respond
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to currently available therapies. This condition is referred
to as drug-resistant epilepsy (DRE) (Lalitha et al. 2018).
DRE imposes a threat to patients’ lives by increasing risks
of injuries, psychosocial dysfunction, and even sudden death
(Loscher et al. 2020; Shlobin and Sander 2022).

Consequently, the development of more effective AEDs
is a critical therapeutic need. However, this issue is further
complicated by the diversity of epilepsy types, as well as the
puzzle of refractoriness which expands to include several
hypotheses (Loscher et al. 2020), of which, the transporter
hypothesis has received recently special attention. (Loscher
and Friedman 2020; Czornyj et al. 2022).

The transporter hypothesis refers to multidrug resistance
by efflux transporters overexpression at the blood—brain
barrier (BBB) (Loscher and Friedman 2020). Most AEDs
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passively diffuse through BBB. However, the presence
of protective transporters such as P-glycoprotein (P-gp;
ABCBI1) at BBB actively extrudes AED back into the blood
and hinders their passage to their targets (Baltes et al. 2007).
This delineates an additional pathophysiological mechanism
of DRE where efflux transporters are overexpressed at BBB
in specific epileptic brain foci (Loscher and Friedman 2020).

Studies on chemotherapy-resistant cancer were the first to
demonstrate this theory (Amawi et al. 2019). Thereafter, it
has gained much attention as a possible mechanism to explain
resistance to several AEDs, regardless of their mechanism
of action (Tang et al. 2017). Overexpressed P-gp has been
detected in resected brain tissues in both experimental and
clinical DRE studies (Pekcec et al. 2009; Koubeissi 2013).
Another important efflux transporter that plays a significant
role in drug disposition is the breast cancer-resistant protein
(BCRP) (Ghosh et al. 2013; Banerjee Dixit et al. 2017).

Breast cancer resistance protein (BCRP; ABCG2), is con-
sidered one of the major BBB efflux transporters, where it
controls brain diffusion of many lipophilic xenobiotics for
brain protection (Konig et al. 2013). Despite the evidence
of its potential role in restricting several drugs' brain entry
(Mahringer and Fricker 2016; Saunders et al. 2016), reports
related to its contribution to DRE are still scarce (Sisodiya
et al. 2003; van Vliet et al. 2005).

Lamotrigine (LTG) is an AED approved for treating pri-
mary generalized tonic—clonic epilepsy and Lennox-Gastaut
syndrome (Betchel et al. 2022).

Interestingly, LTG has been identified as a BCRP sub-
strate. Since then, it is considered the optimal AED to study
BCRP's role in epilepsy and the impact of its inhibition in
overcoming DRE (Romermann et al. 2015).

Numerous compounds have been thoroughly investi-
gated for their role in BCRP inhibition (Ahmed-Belkacem
et al. 2006; Ni et al. 2010). Among these inhibitors, is the
safe tetracyclic analogue of the fungal toxin fumitremorgin
C (FTC); Ko143 which is distinguished by being a highly
potent and selective BCRP inhibitor (Ni et al. 2010; Lustig
et al. 2022). Furthermore, several other medications have
been repurposed and have been proven to be transporter
inhibitors as well, for example, metformin (MET) (Liang
et al. 2015).

The pharmacokinetic studies of Metformin (MET), a
first-line therapy for type 2 diabetes mellitus, revealed that
it is a BCRP substrate with BBB permeability (Gong et al.
2012; Moreira 2014; Liang et al. 2015). Interestingly, there
is recent evidence that BCRP-mediated breast cancer drug
resistance is prevented and reversed by MET (Davies et al.
2017). Subsequently, MET kinetics places it as an attractive
tool for studying its effect on BBB BCRP and if it can have
a potentially beneficial role in DRE.

In this study, we focus on the role of BCRP in hindering
some AEDs e.g., LTG brain entry, and the potential benefits
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of its inhibition by ko143 and MET on the bioavailability
and efficacy of LTG.

Experimental procedures
Animals

The present study included 42 male CD1 mice weigh-
ing between 20 and 30 g. Animals were housed in the
Medical Physiology department animal house, Alex-
andria Faculty of Medicine, Egypt. They were kept in
separate cages and were maintained at a temperature
of 23 °C -27 °C, and a 12/12-h light/dark cycle with
ad libitum access to food and water. Animals were accli-
matized to housing conditions for 1 week before start-
ing the study. All methods were carried out in accord-
ance with ARRIVE guidelines and were approved by
the Alexandria Faculty of Medicine Ethics Committee
(Ethics approval number: 0305489). Mice were allocated
to different groups randomly. Seizure assessment was
conducted blindly by personnel who didn’t know the allo-
cated groups or treatments received.

Drugs and chemicals

Pentylenetetrazole (PTZ), lamotrigine (LTG), and Ko143
were purchased from (Sigma-Aldrich, Saint Louis, USA).
Acetonitrile, methanol, and KH,PO, buffer used in the chro-
matographic analysis were purchased from (Fisher Scientific
Ltd- Loughborough—UK).

Experimental grouping

Mice were separated into six equal groups (n=7/
group). GIl:Normal control (Vehicle-treated
healthy mice): phosphate buffered saline (PBS
0.1 ml/10 g B.W.) was injected intraperitoneally (i.p.)
G2:Lamotrigine-treated healthy mice (LTG): mice
received LTG (20 mg/kg) i.p., G3: Acute seizures
(A.S) mice (PTZ): mice received PTZ (50 mg/kg) i.p.,
G4: Lamotrigine-treated A.S mice (LTG + PTZ): mice
received LTG (20 mg/kg) + PTZ (50 mg/kg) i.p. (Getova
and Mihaylova 2011), G5: Ko143 + LTG treated A.S
mice (Kol43 +LTG+ PTZ): mice received Ko143
(15 mg/kg) i.p. one hour before injection of LTG + PTZ
(Wanek et al. 2011); Allen et al. 2002), G6: Met-
formin + LTG treated A.S mice (MET + LTG + PTZ):
mice received metformin (200 mg/kg) i.p. one hour
before injection of LTG + PTZ (Hussein et al. 2019).
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All drugs and chemicals were given in a single dose.
In groups 4,5 and 6, PTZ was given immediately after
LTG (Getova and Mihaylova 2011).

Seizure assessment

For 1 h after PTZ injection, mice were observed for sei-
zure assessment (Getova and Mihaylova 2011) by record-
ing seizure latency, frequency, and severity using Ferraro
scale (Table 1) (Ferraro et al. 1999). Mice with no seizures
during the post-injection observation hour are considered
to have seizure latency =60 min, frequency = 0/min, and
severity = 0. Following seizure assessment, the blood sam-
ples were collected under isoflurane inhalational anaesthe-
sia. Immediately afterward, mice were decapitated, and
brains were divided into two hemispheres, one hemisphere
for BCRP expression analysis and the other for LTG brain
level assessment. For serum separation, blood samples were
left to clot and centrifuged at 5000 xg for five minutes.
Serum and brain samples were promptly frozen at -80 °C
until analyzed by HPLC and western blot.

Measurement of serum and brain LTG by HPLC
Standard solution preparation

An external standard stock solution of LTG was prepared
by dissolving 10 mg LTG powder in 1 ml of (0.5 ml metha-
nol +0.5 ml acetonitrile) mixture; then the following con-
centrations were prepared for the standard curve: 0.1ug/ml,
lug/ml, 10ug/ml and 50ug/ml(Castel-Branco et al. 2001).

Serum and brain samples extraction

Serum sample extraction was done by adding 50 pl of
each sample to 140 pl of methanol (1% acetic acid). Five-
minute vortexing and two-minute centrifugation at 12,000
xg were carried out for protein precipitation. Thereaf-
ter, fixed volumes of supernatants were transferred into
HPLC sample vials for injection (Jin et al. 2019). For
brain tissue, each half brain was homogenized at first with
phosphate buffer and the supernatant was separated, then
sample extraction was performed by the same protein pre-
cipitation method of serum samples (Castel-Branco et al.
2001).

HPLC Condition

HPLC system was Agilent 1260 Infinity Quaternary LC
(USA) with a UV-Vis Detector (USA). Zorbax C18 column
(150x 4.6 mm i.d.) was applied as stationary phase. The
software used was Agilent Lab Advisor (USA). A mixture
of KH,PO, (50 mM) and methanol (61:39) was used for

Table 1 Ferraro scale

Stage 0 No behavioural change

Stage 1 Hypoactivity and immobility

Stage 2 > two isolated, myoclonic jerks;

Stage 3 Generalized clonic convulsions
with preservation of righting
reflex

Stage 4 Generalized clonic or tonic—clonic

convulsions with loss of righting
reflex

separation at 1.0 ml/min. The column temperature was 37 °C.
LTG was monitored at 210 nm for 10 min, and LTG retention
time was 6.10 min (Jin et al. 2019).

Western blot analysis of BCRP

Radioimmunoprecipitation assay (RIPA) lysis buffer was
used for brain homogenization. The supernatant’s protein
content was quantified by BioMed protein assay. Total pro-
tein in similar amounts was separated by sodium dodecyl
sulfate—polyacrylamide gel (SDS-PAGE) and transferred to
nitrocellulose membranes (Thermo Scientific, USA). The
target protein was probed with primary antibodies against
BCRP (#4477, Cell Signaling Technology, USA, 1:1000).
Meanwhile, B- actin (#4970, Cell Signaling Technology,
USA, 1:1000) was used as a loading control. Goat anti-
rabbit alkaline phosphatase-conjugated secondary anti-
body (#7054, Cell Signaling Technology, USA, 1:2000)
was applied, followed by protein visualization with nitro
blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate
(NBT/BCIP) solution (Thermo Scientific, USA). The blots
were analyzed with Image Studio Lite Software (LI-COR
Biotechnology, Lincoln, NE, USA). The expressed protein
was normalized to - actin and expressed as a fold change
(Kammala et al. 2022).

Statistical method

Data were analyzed using SPSS software, version 20.0.
(NY-IBM). The normality of distribution was tested by
Kolmogorov—Smirnov test. Parametric data are expressed
as mean =+ standard deviation (S.D), Analysis of variance
(ANOVA) with Tukey’s tests were used for statistical
analysis. Nonparametric data are expressed as median
and interquartile range (IQR), Kruskal Wallis test with
Dunn's for multiple comparisons test were used for statis-
tical analysis. Correlation studies were performed using
Pearson or Spearman coefficients according to variable
type and level of distribution. P value <0.05 was consid-
ered significant.
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Results
Seizure assessment
Seizure latency

No seizures were shown in both normal control and LTG
groups till the end of 60 min post-injection. In PTZ group,
the mean seizure latency was 3 min, which is significantly
lower than the other three A.S groups. Among the four A.S
groups, the highest mean seizure latency was shown in
Ko143+LTG+PTZ group and was equal to 55 min (Fig. 1).

Seizure frequency per minute

In normal control and LTG groups, all mice had no sei-
zures. The highest median value for seizure frequency

Fig. 1 Seizure latency in
minutes. Data expressed as
mean=+ SD (n=7). One-way
ANOVA was performed,
pairwise comparison bet. each
2 groups was done using Tukey
Test. Significance was denoted
by p<0.05. LTG =lamotrigine,
PTZ =Pentylenetetrazole,
MET = metformin. #: Signifi-
cant difference as compared to
PTZ group, @: Significant
difference as compared to
LTG+PTZ group, $: Signifi-
cant difference as compared to
MET +LTG +PTZ group
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Fig.2 Seizure frequency per
minute. Data expressed as
median +IQR (n=7). Kruskal
Wallis test was performed,
pairwise comparison bet. each 2
groups was done using Dunn's
for multiple comparisons test.
Significance was denoted by
p<0.05. LTG =lamotrigine,
PTZ =Pentylenetetrazole,
MET =metformin. #: Signifi-
cant difference as compared to
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was seen in PTZ group. LTG + PTZ group has a signifi-
cantly lower median seizure frequency compared to PTZ
group. In Ko143 + LTG + PTZ group, three mice had
no seizures and a significant decrease in median sei-
zure frequency compared to PTZ and LTG + PTZ, and
MET + LTG + PTZ groups. Median seizure frequency in
MET + LTG + PTZ group was equal to LTG + PTZ group
and it showed also a significant reduction compared to
PTZ group (Fig. 2).

Seizure severity score

The highest severity score was seen in PTZ group with
a median value equal to 3. Seizure severity was signifi-
cantly lower in the three other treated A.S groups with
the lowest severity in Ko143 + LTG + PTZ (Fig. 3).
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Fig.3 Seizure severity score.
Data expressed as median +IQR
(n=7). Kruskal Wallis test was
performed, pairwise com-
parison bet. each 2 groups was
done using Dunn's for multiple
comparisons test. Significance
was denoted by p<0.05.

LTG =lamotrigine, PTZ=Pen-
tylenetetrazole, MET = met-
formin. #: Significant difference
as compared to PTZ group,

Seizure severity score
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Serum and brain LTG level (ug/ml)

There was no significant difference in serum LTG among
the four LTG-treated groups. Median serum LTG level
ranged between (0.13—1.89 pg/ml). While mean brain LTG
was significantly lower in LTG + PTZ group compared
to LTG-injected healthy mice, Ko143 + LTG + PTZ and
MET +LTG + PTZ groups (Fig. 4 and Suppl. Figure 1).

Brain BCRP level

Brain BCRP level showed a significant increase in PTZ
group compared to other groups. In LTG group, BCRP was
lower than LTG + PTZ group. On the other hand, BCRP
level was significantly lower in Ko143 and MET injected
groups compared to LTG, PTZ, and LTG + PTZ groups.
MET-injected group showed the lowest BCRP level (Fig. 5
and Suppl. Figure 2).

Correlation studies

No significant correlations were observed between serum
LTG and seizure parameters or brain LTG. On the other
hand, brain LTG was inversely correlated to seizure fre-
quency. Brain BCRP was correlated positively to both
seizure frequency and severity and inversely to seizure
latency (Fig. 6).

Discussion

Resistant epilepsy is a multifactorial and drug-nonspecific
clinical problem (Sisodiya 2003). Experimental seizure
models provide opportunities to characterize mechanisms
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of drug resistance that pave the way towards an effective
solution to such a problem.

Here, we focused on BCRP's role as a possible mech-
anism that might contribute to DRE and the potential
advantage of its inhibition by Ko143 and MET on improv-
ing LTG antiepileptic effect following its acute adminis-
tration to a mouse model of PTZ-induced acute seizures.

Seizures were induced in the current study by the
gamma-aminobutyric acid (GABA)- antagonist, PTZ
(Getova and Mihaylova 2011). PTZ is widely used in
experimental studies to create a chemically- induced
seizure model by suppressing inhibitory synapses and
increasing neuronal activity. A single dose of 50 mg/kg
was successful in inducing acute generalized seizures in
mice. This present study's rationale for seizure induction
was adopted from previous several experimental studies
that showed this method's success in mice (Suzdak and
Jansen 1995; Getova and Mihaylova 2011; Erum et al.
2019).

In the present study, PTZ group compared to other
groups experienced the highest seizure frequency and
severity and showed a significant increase in brain BCRP
expression attributed to seizures. Seizures are proven to
be major efflux transporter up-regulators where high glu-
tamate levels produced during seizures activate cytosolic
phospholipase A2, resulting in BCRP overexpression
(Hartz et al. 2019). This notion is supported by several
experimental and clinical studies that discovered a sig-
nificant correlation between seizure severity and efflux
transporters level (Kwan et al. 2002; Hartz et al. 2017;
Harby et al. 2020). Interestingly, this increase in brain
BCRP expression appeared after 1 h of seizures. Although,
Alvariza et al. (Alvariza et al. 2014) study on rat brain
showed that efflux transporters expression changes over
more than 6 h after AEDs administration, there is strong

@ Springer



2632

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:2627-2636

Fig.4 Brain levels of LTG

in pg/ml. Data expressed as
mean + SD (n=7). One-way
ANOVA was performed,
pairwise comparison bet. each
2 groups was done using Tukey
Test. Significance was denoted
at p<0.05. LTG =lamotrigine,
PTZ =Pentylenetetrazole,
MET =metformin. @: Signifi-
cant difference as compared to
LTG+PTZ group
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Mean Brain LTG (ug/mL)
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evidence that some proteins, including efflux transport-
ers, do increase even earlier after exposure to seizures or
traumatic brain injury (Bauer et al. 2008; Lin et al. 2012).

There was no significant change in serum LTG among
LTG-treated groups. This finding agrees with Clinckers
et al. (Clinckers et al. 2008), who reported a lack of sig-
nificant change in AED serum level by the effect of neither
efflux transporters nor their inhibition despite the presence
of significant change in AED brain level.

Focusing on LTG + PTZ group, despite the sig-
nificantly lower brain LTG compared to other groups,

Fig.5 BCRP level in mice >
brain. Data expressed as Q‘é
median +IQR (n=3). Kruskal \c?
Wallis test was performed, (6@

Lo . % A
pairwise comparison bet. each 2 & Q

groups was done using Dunn's
for multiple comparisons test.
Significance was denoted at
p<0.05. PTZ=Pentylene-
tetrazole, LTG =lamotrigine,
MET =metformin. #: Signifi-

LTG+PTZ Ko143+LTG+PTZ MET+LTG+PTZ

seizures were significantly more controlled than in PTZ
group. Additionally, the decrease in BCRP expression
compared to PTZ group can be explained by the lower
seizure severity (Kwan et al. 2002). Besides the role of
seizures in inducing BCRP transporter expression, it
should be emphasized that the transporter hypothesis
of DRE does not only include seizures as a trigger. A
growing body of literature suggests that in addition to
seizures, AEDs may themselves induce efflux transport-
ers expression (Vazquez and Fagiolino 2022). This evi-
dence appears in the present study through the increased
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Fig.6 Correlation studies: Scatter diagram showing an inverse correlation between brain LTG and seizure frequency in (A) and between brain
BCRP and seizure latency in (B). A positive correlation between brain BCRP and seizure frequency in (C) and seizure severity in (D)

brain BCRP level in LTG group compared to the normal
control group.

In the current study administration of Ko143 before
LTG +PTZ succeeded in totally aborting seizures in 3 mice
out of 7 while in the remaining 4 mice, it increased seizure
latency and decreased seizure frequency and severity in
comparison to LTG 4+ PTZ group. This evident seizure sever-
ity mitigating effect of Ko143 is due to its role in the inhibi-
tion of BCRP transporters which was confirmed in our study
by the increased brain LTG concentration in Ko143-injected
group compared to LTG +PTZ group. Brain BCRP level was
lower compared to both PTZ and LTG + PTZ groups. This
can be attributable to the evidently better seizure control in
Ko143 group. This is consistent with previous studies that
have recognized the role of ko143 in increasing the cellular
availability of drugs identified as BCRP substrates, hence
overcoming their resistance (Yuan et al. 2009; Wanek et al.
2012).

With respect to MET administration before LTG, to our
knowledge, this study is considered the first to test the pos-
sible chemo-sensitizing effect of MET as an add-on to LTG.
MET-injected mice showed significantly better seizure con-
trol compared to PTZ group. However, MET seizure mitigat-
ing effect was not as much as ko143. This can be attributed
to the higher brain LTG level in ko143 group compared to
MET group. Ko143's high potency and affinity to BCRP
can explain this result where despite the lower amount of
BCRP in MET group, the rapid inhibitory effect of ko143

succeeded to elevate brain LTG level more rapidly (Allen
et al. 2002; Ni et al. 2010).

Although MET administration did not achieve signifi-
cantly higher seizure control compared to LTG + PTZ group
this cannot rule out MET potential benefit where using dif-
ferent dosing regimens can give a clearer image. MET might
require a different dose or a more frequent intake e.g., in
chronic epilepsy where daily doses are given (Yang et al.
2017).

Regarding brain LTG level, MET-injected group showed
a significant improvement compared to LTG +PTZ group.
These results go in line with Hacker et al. (Hacker et al.
2015). and Davies et al. (Davies et al. 2017) who discov-
ered the MET transporter inhibitory effect and its value
in the re-sensitization of treatment-resistant breast cancer.
Brain BCRP level in MET-injected group showed an inter-
estingly lowest level compared to other groups although it
does not have the lowest seizure severity. This interesting
finding needs further explanation as it raises the question of
whether MET influences BCRP beyond its inhibition. Davies
et al. (Davies et al. 2017) answered this question where they
found that pretreatment with metformin effectively inhibits
the expression of MDR-associated proteins. Besides efflux
transporters downregulation, MET has been recently shown
to have a neuroprotective and anti-seizure effect with regular
intake (Hussein et al. 2019; Sanz et al. 2021).

The significant inverse correlation between brain LTG
and seizure frequency in the current study signifies the
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evidence that seizures through upregulating BCRP hinder
LTG brain entry while successful seizure control and BCRP
inhibition restore BBB LTG permeability. Additionally, the
significant inverse correlation between brain BCRP and sei-
zure latency plus its positive correlation with seizure fre-
quency and severity emphasize that upregulated brain BCRP
plays a role in DRE pathogenesis where its higher level can
be reflected clinically as more frequent and severe seizures.

The present study results can pave the way for further
investigations regarding the clinical targeting of BCRP and
the potential usefulness of MET in DRE management.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-023-02485-7.

Acknowledgements The authors are grateful to Mr. Mohamed Aref
for his technical assistance in high-performance liquid chromatography
(HPLC) analysis and to all staff members of the Experimental animal
house at the Medical Physiology department.

Author contributions S.H. conceived and designed the experiment.
S.H., M.F,, N.E, and E.T. performed the experiment. M.F., S.S., and
N.K. performed Lab. work. S.H. analyzed the data. All authors shared
in writing and revising the manuscript. The authors declare that all data
were generated in-house and that no paper mill was used.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability All data is available upon request to the correspond-
ing author.

Declarations

Ethical Approval All the study procedures were approved by the Fac-
ulty of Medicine, Alexandria University institutional animal ethics
committee with: (IRB code: 00012098, FWA: No.: 00018699; Inter-
national Council of Laboratory Animal Science organization (ICLAS)
membership. The serial number for registration was 0305489.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmed-Belkacem A, Pozza A, Macalou S, Pérez-Victoria JM, Bou-
mendjel A, Di Pietro A (2006) Inhibitors of cancer cell multidrug
resistance mediated by breast cancer resistance protein (BCRP/

@ Springer

ABCG2). Anticancer Drugs 17:239-243. https://doi.org/10.1097/
00001813-200603000-00001

Allen JD, van Loevezijn A, Lakhai JM, van der Valk M, van Tellingen
0, Reid G, Schellens JH, Koomen GJ, Schinkel AH (2002) Potent
and specific inhibition of the breast cancer resistance protein mul-
tidrug transporter in vitro and in mouse intestine by a novel ana-
logue of fumitremorgin C. Mol Cancer Ther 1:417-425

Alvariza S, Fagiolino P, Vazquez M, Feria-Romero I, Orozco-Suarez S
(2014) Chronic administration of phenytoin induces efflux trans-
porter overexpression in rats. Pharmacol Rep 66:946-951. https://
doi.org/10.1016/j.pharep.2014.06.007

Amawi H, Sim HM, Tiwari AK, Ambudkar SV, Shukla S (2019) ABC
Transporter-Mediated Multidrug-Resistant Cancer. Adv Exp Med
Biol 1141:549-580. https://doi.org/10.1007/978-981-13-7647-4_12

Baltes S, Gastens AM, Fedrowitz M, Potschka H, Kaever V, Loscher
W (2007) Differences in the transport of the antiepileptic drugs
phenytoin, levetiracetam and carbamazepine by human and mouse
P-glycoprotein. Neuropharmacology 52:333-346. https://doi.org/
10.1016/j.neuropharm.2006.07.038

Banerjee Dixit A, Sharma D, Srivastava A, Banerjee J, Tripathi M,
Prakash D, Sarat Chandra P (2017) Upregulation of breast cancer
resistance protein and major vault protein in drug resistant epilepsy.
Seizure 47:9-12. https://doi.org/10.1016/j.seizure.2017.02.014

Bauer B, Hartz AM, Pekcec A, Toellner K, Miller DS, Potschka H (2008)
Seizure-induced up-regulation of P-glycoprotein at the blood-brain
barrier through glutamate and cyclooxygenase-2 signaling. Mol
Pharmacol 73:1444-1453. https://doi.org/10.1124/mol.107.041210

Betchel NT, Fariba KA, Saadabadi A (2022) Lamotrigine. StatPearls
Publishing, Treasure Island, FL

Castel-Branco MM, Almeida AM, Falcio AC, Macedo TA, Caramona
MM, Lopez FG (2001) Lamotrigine analysis in blood and brain by
high-performance liquid chromatography. J Chromatogr B Biomed Sci
Appl 755:119-127. https://doi.org/10.1016/s0378-4347(01)00044-5

Clinckers R, Smolders I, Michotte Y, Ebinger G, Danhof M, Voskuyl
RA, Della Pasqua O (2008) Impact of efflux transporters and of
seizures on the pharmacokinetics of oxcarbazepine metabolite in
the rat brain. Br J Pharmacol 155:1127-1138. https://doi.org/10.
1038/bjp.2008.366

Czornyj L, Auzmendi J, Lazarowski A (2022) Transporter hypothesis
in pharmacoresistant epilepsies. Is it at the central or peripheral
level? Epilepsia Open 7(Suppl 1):S34-s46. https://doi.org/10.
1002/epi4.12537

Davies G, Lobanova L, Dawicki W, Groot G, Gordon JR, Bowen M,
Harkness T, Arnason T (2017) Metformin inhibits the develop-
ment, and promotes the resensitization, of treatment-resistant
breast cancer. PLoS One 12:e0187191. https://doi.org/10.1371/
journal.pone.0187191

Ferraro TN, Golden GT, Smith GG, St Jean P, Schork NJ, Mulholland
N, Ballas C, Schill J, Buono RJ, Berrettini WH (1999) Mapping
loci for pentylenetetrazol-induced seizure susceptibility in mice.
J Neurosci 19:6733-6739. https://doi.org/10.1523/jneurosci.19-
16-06733.1999

Getova DP, Mihaylova AS (2011) A study of the effects of lamotrigine
on mice using two convulsive tests. Folia Med (plovdiv) 53:57-
62. https://doi.org/10.2478/v10153-010-0038-6

Ghosh C, Hossain M, Puvenna V, Martinez-Gonzalez J, Alexopolous A,
Janigro D, Marchi N (2013) Expression and functional relevance
of UGT1A4 in a cohort of human drug-resistant epileptic brains.
Epilepsia 54:1562-1570. https://doi.org/10.1111/epi.12318

Gong L, Goswami S, Giacomini KM, Altman RB, Klein TE (2012)
Metformin pathways: pharmacokinetics and pharmacodynamics.
Pharmacogenet Genomics 22:820-827. https://doi.org/10.1097/
FPC.0b013e3283559b22

Hacker K, Maas R, Kornhuber J, Fromm MF, Zolk O (2015)
Substrate-Dependent Inhibition of the Human Organic Cat-
ion Transporter OCT2: A Comparison of Metformin with


https://doi.org/10.1007/s00210-023-02485-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1097/00001813-200603000-00001
https://doi.org/10.1097/00001813-200603000-00001
https://doi.org/10.1016/j.pharep.2014.06.007
https://doi.org/10.1016/j.pharep.2014.06.007
https://doi.org/10.1007/978-981-13-7647-4_12
https://doi.org/10.1016/j.neuropharm.2006.07.038
https://doi.org/10.1016/j.neuropharm.2006.07.038
https://doi.org/10.1016/j.seizure.2017.02.014
https://doi.org/10.1124/mol.107.041210
https://doi.org/10.1016/s0378-4347(01)00044-5
https://doi.org/10.1038/bjp.2008.366
https://doi.org/10.1038/bjp.2008.366
https://doi.org/10.1002/epi4.12537
https://doi.org/10.1002/epi4.12537
https://doi.org/10.1371/journal.pone.0187191
https://doi.org/10.1371/journal.pone.0187191
https://doi.org/10.1523/jneurosci.19-16-06733.1999
https://doi.org/10.1523/jneurosci.19-16-06733.1999
https://doi.org/10.2478/v10153-010-0038-6
https://doi.org/10.1111/epi.12318
https://doi.org/10.1097/FPC.0b013e3283559b22
https://doi.org/10.1097/FPC.0b013e3283559b22

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:2627-2636

2635

Experimental Substrates. PLoS One 10:e0136451. https://doi.
org/10.1371/journal.pone.0136451

Harby SA, Nassra RA, Mekky JF, Ali SM, Ismail CA (2020) Cor-
relation of levetiracetam concentration in peripheral blood
mononuclear cells with clinical efficacy: A sensitive monitoring
biomarker in patients with epilepsy. Seizure 78:71-77. https://
doi.org/10.1016/j.seizure.2020.03.009

Hartz AM, Pekcec A, Soldner EL, Zhong Y, Schlichtiger J, Bauer B
(2017) P-gp Protein Expression and Transport Activity in Rodent
Seizure Models and Human Epilepsy. Mol Pharm 14:999-1011.
https://doi.org/10.1021/acs.molpharmaceut.6b00770

Hartz AMS, Rempe RG, Soldner ELB, Pekcec A, Schlichtiger J,
Kryscio R, Bauer B (2019) Cytosolic phospholipase A2 is a key
regulator of blood-brain barrier function in epilepsy. Faseb J
33:14281-14295. https://doi.org/10.1096/1j.201901369RR

Hussein AM, Eldosoky M, El-Shafey M, El-Mesery M, Ali AN, Abbas
KM, Abulseoud OA (2019) Effects of metformin on apoptosis
and a-synuclein in a rat model of pentylenetetrazole-induced epi-
lepsy. Can J Physiol Pharmacol 97:37—46. https://doi.org/10.1139/
cjpp-2018-0266

Jin S, Zhao Q, Zhang D, Zhao Z, Mei S (2019) Development and
validation of an improved HPLC-UV method for simultaneous
determination of lamotrigine and oxcarbazepine and its active
metabolite 10,11-dihydro-10-hydroxycarbazepine in human blood
plasma and comparison with an UHPLC-MS/MS method. J Anal
Sci Technol 10:36. https://doi.org/10.1186/s40543-019-0198-9

Kammala A, Benson M, Ganguly E, Radnaa E, Kechichian T, Rich-
ardson L, Menon R (2022) Fetal Membranes Contribute to Drug
Transport across the Feto-Maternal Interface Utilizing the Breast
Cancer Resistance Protein (BCRP). Life (Basel) 12:166. https://
doi.org/10.3390/1ife12020166

Konig J, Miiller F, Fromm MF (2013) Transporters and drug-drug inter-
actions: important determinants of drug disposition and effects.
Pharmacol Rev 65:944-966. https://doi.org/10.1124/pr.113.007518

Koubeissi M (2013) Neuropathology of the blood-brain barrier in epilepsy:
support to the transport hypothesis of pharmacoresistance. Epilepsy
Curr 13:169-171. https://doi.org/10.5698/1535-7597-13.4.169

Kwan P, Sills GJ, Butler E, Gant TW, Meldrum BS, Brodie MJ (2002)
Regional expression of multidrug resistance genes in genetically
epilepsy-prone rat brain after a single audiogenic seizure. Epilepsia
43:1318-1323. https://doi.org/10.1046/j.1528-1157.2002.156702.x

Lalitha S, Minz RW, Medhi B (2018) Understanding the controversial
drug targets in epilepsy and pharmacoresistant epilepsy. Rev Neu-
rosci 29:333-345. https://doi.org/10.1515/revneuro-2017-0043

Liang X, Chien HC, Yee SW, Giacomini MM, Chen EC, Piao M, Hao
J, Twelves J, Lepist EL, Ray AS, Giacomini KM (2015) Metformin
Is a Substrate and Inhibitor of the Human Thiamine Transporter,
THTR-2 (SLC19A3). Mol Pharm 12:4301-4310. https://doi.org/
10.1021/acs.molpharmaceut.5b00501

Lin X, Li M, Shang A, Hu Y, Yang X, Ye L, Bian S, Wang Z, Zhou D
(2012) Neuroglobin expression in rats after traumatic brain injury.
Neural Regen Res 7:1960-1966. https://doi.org/10.3969/j.issn.
1673-5374.2012.25.006

Loscher W, Friedman A (2020) Structural, Molecular, and Functional
Alterations of the Blood-Brain Barrier during Epileptogenesis and
Epilepsy: A Cause, Consequence, or Both? Int ] Mol Sci 21:591.
https://doi.org/10.3390/ijms21020591

Loscher W, Potschka H, Sisodiya SM, Vezzani A (2020) Drug Resist-
ance in Epilepsy: Clinical Impact, Potential Mechanisms, and
New Innovative Treatment Options. Pharmacol Rev 72:606-638.
https://doi.org/10.1124/pr.120.019539

Lustig SD, Kodali SK, Longo SL, Kundu S, Viapiano MS (2022) Ko143
Reverses MDR in Glioblastoma via Deactivating P-Glycoprotein,
Sensitizing a Resistant Phenotype to TMZ Treatment. Anticancer
Res 42:723-730. https://doi.org/10.21873/anticanres.15530

Mabhringer A, Fricker G (2016) ABC transporters at the blood-brain
barrier. Expert Opin Drug Metab Toxicol 12:499-508. https://doi.
org/10.1517/17425255.2016.1168804

Moreira PI (2014) Metformin in the diabetic brain: friend or foe? Ann
Transl Med 2:54. https://doi.org/10.3978/j.issn.2305-5839.2014.06.10

Ni Z, Bikadi Z, Rosenberg MF, Mao Q (2010) Structure and function
of the human breast cancer resistance protein (BCRP/ABCG2).
Curr Drug Metab 11:603-617. https://doi.org/10.2174/13892
0010792927325

Pekcec A, Unkriier B, Schlichtiger J, Soerensen J, Hartz AM, Bauer B,
van Vliet EA, Gorter JA, Potschka H (2009) Targeting prostaglan-
din E2 EP1 receptors prevents seizure-associated P-glycoprotein
up-regulation. J Pharmacol Exp Ther 330:939-947. https://doi.
org/10.1124/jpet.109.152520

Romermann K, Helmer R, Loscher W (2015) The antiepileptic drug
lamotrigine is a substrate of mouse and human breast cancer
resistance protein (ABCG2). Neuropharmacology 93:7-14.
https://doi.org/10.1016/j.neuropharm.2015.01.015

Sanz P, Serratosa JM, Sanchez MP (2021) Beneficial Effects of Met-
formin on the Central Nervous System, with a Focus on Epilepsy
and Lafora Disease. Int J Mol Sci 22:5351. https://doi.org/10.
3390/ijms22105351

Saunders NR, Habgood MD, Mgllgard K, Dziegielewska KM (2016)
The biological significance of brain barrier mechanisms: help
or hindrance in drug delivery to the central nervous system?
F1000Res. 5, F1000. https://doi.org/10.12688/f1000research.7378.1

Shlobin NA, Sander JW (2022) Current Principles in the Management
of Drug-Resistant Epilepsy. CNS Drugs 36:555-568. https://doi.
org/10.1007/s40263-022-00922-4

Sisodiya SM (2003) Mechanisms of antiepileptic drug resistance. Curr
Opin Neurol 16:197-201. https://doi.org/10.1097/01.wco.00000
63771.81810.6c

Sisodiya SM, Martinian L, Scheffer GL, van der Valk P, Cross JH,
Scheper RJ, Harding BN, Thom M (2003) Major vault protein, a
marker of drug resistance, is upregulated in refractory epilepsy.
Epilepsia 44:1388-1396. https://doi.org/10.1046/j.1528-1157.
2003.21803.x

Suzdak PD, Jansen JA (1995) A review of the preclinical pharmacology
of tiagabine: a potent and selective anticonvulsant GABA uptake
inhibitor. Epilepsia 36(6):612-626

Tang F, Hartz AMS, Bauer B (2017) Drug-Resistant Epilepsy: Multiple
Hypotheses. Few Answers Front Neurol 8:301. https://doi.org/10.
3389/fneur.2017.00301

Van Erum J, Van Dam D, De Deyn PP (2019) PTZ-induced seizures
in mice require a revised Racine scale. Epilepsy Behav 95:51-55.
https://doi.org/10.1016/j.yebeh.2019.02.029

van Vliet EA, Redeker S, Aronica E, Edelbroek PM, Gorter JA (2005)
Expression of multidrug transporters MRP1, MRP2, and BCRP
shortly after status epilepticus, during the latent period, and in
chronic epileptic rats. Epilepsia 46:1569-1580. https://doi.org/
10.1111/5.1528-1167.2005.00250.x

Vazquez M, Fagiolino P (2022) The role of efflux transporters and
metabolizing enzymes in brain and peripheral organs to explain
drug-resistant epilepsy. Epilepsia Open 7(Suppl 1):S47-s58.
https://doi.org/10.1002/epi4.12542

Wanek T, Kuntner C, Bankstahl JP, Mairinger S, Bankstahl M, Stanek
J, Sauberer M, Filip T, Erker T, Miiller M, Loscher W, Langer
O (2012) A novel PET protocol for visualization of breast can-
cer resistance protein function at the blood-brain barrier. J Cereb
Blood Flow Metab 32:2002-2011. https://doi.org/10.1038/jcbfm.
2012.112

Wanek T, Kuntner C, Bankstahl JP, Bankstahl M, Stanek J, Sauberer
M, Miiller M, Loscher W, Langer O (2011) Inhibition of breast
cancer resistance protein at the murine blood-brain barrier by
Ko143 studied with [(11)C]tariquidar and PET. BMC Pharma-
col. 11, A48

@ Springer


https://doi.org/10.1371/journal.pone.0136451
https://doi.org/10.1371/journal.pone.0136451
https://doi.org/10.1016/j.seizure.2020.03.009
https://doi.org/10.1016/j.seizure.2020.03.009
https://doi.org/10.1021/acs.molpharmaceut.6b00770
https://doi.org/10.1096/fj.201901369RR
https://doi.org/10.1139/cjpp-2018-0266
https://doi.org/10.1139/cjpp-2018-0266
https://doi.org/10.1186/s40543-019-0198-9
https://doi.org/10.3390/life12020166
https://doi.org/10.3390/life12020166
https://doi.org/10.1124/pr.113.007518
https://doi.org/10.5698/1535-7597-13.4.169
https://doi.org/10.1046/j.1528-1157.2002.156702.x
https://doi.org/10.1515/revneuro-2017-0043
https://doi.org/10.1021/acs.molpharmaceut.5b00501
https://doi.org/10.1021/acs.molpharmaceut.5b00501
https://doi.org/10.3969/j.issn.1673-5374.2012.25.006
https://doi.org/10.3969/j.issn.1673-5374.2012.25.006
https://doi.org/10.3390/ijms21020591
https://doi.org/10.1124/pr.120.019539
https://doi.org/10.21873/anticanres.15530
https://doi.org/10.1517/17425255.2016.1168804
https://doi.org/10.1517/17425255.2016.1168804
https://doi.org/10.3978/j.issn.2305-5839.2014.06.10
https://doi.org/10.2174/138920010792927325
https://doi.org/10.2174/138920010792927325
https://doi.org/10.1124/jpet.109.152520
https://doi.org/10.1124/jpet.109.152520
https://doi.org/10.1016/j.neuropharm.2015.01.015
https://doi.org/10.3390/ijms22105351
https://doi.org/10.3390/ijms22105351
https://doi.org/10.12688/f1000research.7378.1
https://doi.org/10.1007/s40263-022-00922-4
https://doi.org/10.1007/s40263-022-00922-4
https://doi.org/10.1097/01.wco.0000063771.81810.6c
https://doi.org/10.1097/01.wco.0000063771.81810.6c
https://doi.org/10.1046/j.1528-1157.2003.21803.x
https://doi.org/10.1046/j.1528-1157.2003.21803.x
https://doi.org/10.3389/fneur.2017.00301
https://doi.org/10.3389/fneur.2017.00301
https://doi.org/10.1016/j.yebeh.2019.02.029
https://doi.org/10.1111/j.1528-1167.2005.00250.x
https://doi.org/10.1111/j.1528-1167.2005.00250.x
https://doi.org/10.1002/epi4.12542
https://doi.org/10.1038/jcbfm.2012.112
https://doi.org/10.1038/jcbfm.2012.112

2636 Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:2627-2636

Yang Y, Zhu B, Zheng F, Li Y, Zhang Y, Hu Y, Wang X (2017) Chronic Publisher's note Springer Nature remains neutral with regard to
metformin treatment facilitates seizure termination. Biochem Bio- jurisdictional claims in published maps and institutional affiliations.
phys Res Commun 484:450-455. https://doi.org/10.1016/j.bbrc.

2017.01.157

Yuan J, Lv H, Peng B, Wang C, Yu Y, He Z (2009) Role of BCRP as
a biomarker for predicting resistance to 5-fluorouracil in breast
cancer. Cancer Chemother Pharmacol 63:1103-1110. https://doi.
org/10.1007/s00280-008-0838-z

@ Springer


https://doi.org/10.1016/j.bbrc.2017.01.157
https://doi.org/10.1016/j.bbrc.2017.01.157
https://doi.org/10.1007/s00280-008-0838-z
https://doi.org/10.1007/s00280-008-0838-z

	Implications of BCRP modulation on PTZ-induced seizures in mice: Role of ko143 and metformin as adjuvants to lamotrigine
	Abstract
	Introduction
	Experimental procedures
	Animals
	Drugs and chemicals
	Experimental grouping
	Seizure assessment
	Measurement of serum and brain LTG by HPLC
	Standard solution preparation
	Serum and brain samples extraction
	HPLC Condition
	Western blot analysis of BCRP
	Statistical method


	Results
	Seizure assessment
	Seizure latency
	Seizure frequency per minute
	Seizure severity score

	Serum and brain LTG level (µgml)
	Brain BCRP level 
	Correlation studies

	Discussion
	Anchor 24
	Acknowledgements 
	References


