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ARTICLE INFO ABSTRACT

Keywords: P-glycoprotein (Pgp) overexpressed in blood brain barrier (BBB) is hypothesized to lower brain drug concen-
Pluronic P85 trations and thus inhibit anticonvulsant effects in drug-resistant epilepsy. Pluronic P85 (P85) was proved to
Tariquidar enhance the delivery of drugs into the brain by inhibition of Pgp. To determine whether the surfactant P85
;lg;}:}c’zi?tem [versus Pgp inhibitor tariquidar (TQD)] enhance phenytoin (PHT) into the brain in drug-resistant rats with
Microdialysis chronic mesial temporal lobe epilepsy (MTLE) induced by lithium-pilocarpine, in brain of which Pgp were

overexpressed, then direct verification of PHT transport via measurement of PHT concentration in brain using
microdialysis. The drug-resistant model rats were randomly divided into three groups, which were treated with
PHT, 1%P85 + PHT, or PHT+TQD, respectively. 1%P85 + PHT treatment displayed a lower ratio of the area
under the curve (AUC) of the PHT concentration in the brain/plasma even than that of the PHT treatment in
model rats (p < 0.05), while PHT+TQD showed the highest ratio of the AUC of all treatments. However, the ratio
of the PHT concentration in the liver/plasma was similar in three model groups (p > 0.05). For the ratio of the
kidney/plasma, PHT+TQD treatment model group had the highest ratio of the other treatments in model rats.
Thus, P85 oppositely decreased PHT concentration in brain in drug-resistant model rats with Pgp overexpressed
MTLE while TQD could increase PHT distribution in brain.

1. Introduction

Drug resistance in epilepsy with uncontrolled seizures occurs in
approximately 30% of epileptic patients and remains a major clinical
problem (Kwan and Brodie, 2010; Golyala and Kwan, 2017), although
advances have been achieved in antiepileptic drugs (AEDs) treatment
over the past several decades. However, the pathogenic mechanism
underlying drug-resistant epilepsy remains unknown.

An important characteristic of drug-resistant epilepsy is that most
patients with medically refractory epilepsy are resistant to several AEDs,
even though the AEDs to which they are resistant often act by different
mechanisms (Loscher and Potschka, 2002). This phenomenon of
multidrug resistance is prone to suggest the non-specific mechanism of

multidrug transporters (MDTs), such as decreased drug uptake into the
brain by overexpression of Pgp (Sisodiya, 2003). Pgp in the capillary
endothelial cells of the BBB is thought to act as an active defense
mechanism to restrict penetration of lipophilic substances into the brain
(Loscher and Potschka, 2005a). In addition, several AEDs are lipophilic
drugs which are substrates of Pgp (Loscher and Potschka, 2002, 2005b;
Luna-Tortos et al., 2008; Schinkel and Jonker, 2003; Luna-Tortos et al.,
2009). Overexpression of Pgp in epileptogenic tissue likely reduces
penetration of AEDs into the epileptic lesion, thereby producing resis-
tance to drug treatment (Loscher and Potschka, 2002; Sisodiya, 2003),
which would be a possible explanation for multidrug resistance in
epileptic patients. Studies have proven that Pgp are overexpressed in the
BBB of epileptogenic brain tissue from drug-resistant patients with
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MTLE (Sisodiya et al., 2002; Tishler et al., 1995). In addition, reduced
penetration of AEDs into epileptogenic brain tissue as a consequence of
localized overexpression of Pgp in the BBB (Loscher and Potschka, 2002;
Sisodiya, 2003) is a potential explanation for the observed reduction in
the anticonvulsant activity of AEDs against focal seizures in kindled rats.
Hence, animal models of chronic MTLE with Pgp overexpression allow
researchers to determine whether Pgp inhibitors (surfactant P85 with
the Pgp inhibition function or TQD) could act on the overexpressed Pgp
to enhance the distribution of AEDs in brain.

PHT is ever a traditional first-line antiepileptic drug for its curative
treatment for partial seizures. In view of its unbearable side effects in
epilepsy treatment, PHT has become an alternative drug though it has
good quality of therapeutic effect in part of patients with drug-resistant
epilepsy. When faced with this dilemma, clinicians, especially those who
major in epilepsy, are searching for a feasible solution to target the PHT
into the epileptogenic lesion in the brain to control the seizures and in
the same time to decrease the drug in plasma to avoid the peripheral side
effects.

New anticonvulsants that are not susceptible to Pgp induced drug
resistance could provide rapid relief of drug-resistant epilepsy. Polox-
amer, with pluronic as its product name, is three block copolymer
[polyoxyethylene-poly propylene-oxygen polyoxyethylene (PEO-PPO-
PEO)]. Poloxamer is divided into four kinds according to its different
characteristics. Among them, poloxamer 235 (Pluronic P85), as the
second kind, can inhibit the function of Pgp with greatest extent for
depletion of ATP and decreasing the micro viscosity of cell membrane.
As to the first kind of poloxamer, poloxamer 188 (Pluronic F68) cannot
inhibit the Pgp and is weak in cell osmosis though it increases the micro
viscosity of cell membrane. In addition, poloxamer has the ability to
repair the disruption of BBB (Bao et al., 2012; Wang et al., 2015). And
P85 has been proved to enhance the delivery of digoxin across the BBB
by inhibiting Pgp-mediated efflux (Batrakova et al., 1999, 2001).
Moreover, our previous research has confirmed that P85 enhances de-
livery of PHT into the brain in normal rat (Fang et al., 2014). However,
the performance of P85 as a delivery medium for AEDs in a
drug-resistant rat model of chronic MTLE with overexpressed Pgp in
brain has not been assessed. Tariquidar (TQD) inhibits Pgp with good
selectively and high potency (Szakacs et al., 2006). A preclinical study
showed that TQD potently inhibited Pgp function at the BBB, as reflected
by markedly increased brain distribution of Pgp substrates (Bankstahl
et al., 2008; Choo et al., 2006; Cutler et al., 2006). In addition, AEDs
treatment combined with TQD has shown some promise as a method of
overcoming Pgp-mediated drug resistance (Loscher and Potschka,
2005c). Therefore, TQD was used as a positive control in the present
study, in which we assessed whether P85 plus PHT to increase drug to
the hippocampus of drug-resistant rats with Pgp overexpression.

2. Materials and methods
2.1. Drugs and chemicals

PHT and carbamazepine were purchased from Sigma-Aldrich, Inc.
(St. Louis, Missouri, USA). Tariquidar (XR9576, TQD) was obtained
from MedKoo Biosciences, Inc. The P85 block copolymer was synthe-
sized by Well Chemical Industry Co. Ltd (Nanjing, China). P85 was
prepared in assay buffer (122 mM sodium chloride, 25 mM sodium bi-
carbonate, 10 mM glucose, 10 mM HEPES, 3 mM potassium chloride,
1.2 mM magnesium sulfate, 1.4 mM calcium chloride, and 0.4 mM po-
tassium phosphate dibasic) (Batrakova et al., 1999) (Fang et al., 2016),
while other drugs were prepared in phosphate buffered solution or ul-
trapure water. All of the solutions were injected in a volume of 2 ml/kg
and were incubated at 37 °C for at least 1 h before using in the
experiments.
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2.2. Animals

Healthy Sprague-Dawley rats were purchased from the Experimental
Animal Center of Guangdong Province (SCXK2008-0002) (6-8 week,
female, weight 160-180 g) and housed under controlled environmental
conditions (ambient temperature, 24-25 °C; humidity, 50-60%; lights
on from 7:00 am to 7:00 pm) with free access to food and water. The rats
were allowed to adapt to the new conditions for at least one week before
they were used in the experiments. All procedures were performed in
accordance with the Regulations of the Experimental Animal Adminis-
tration issued by the Ministry of Science and Technology of the People’s
Republic of China (http://www.most.gov.cn).

2.3. Induction of MTLE rats and screening of PHT non-responders as
model rats

The onset of status epilepticus in normal rats were induced by li-
pilocarpine according to the procedure mentioned in our published ar-
ticles (Fang et al., 2014, 2016). The frequency of spontaneous recurrent
seizures was recorded by continuous video-EEG monitoring (Fang et al.,
2014, 2016). Then the successfully constructed MTLE rats were screened
by the PHT treatment to select out the PHT non-responders as the model
rats for this study (Fang et al., 2014, 2016), which were divided into
three groups in the later experiments. The PHT non-responders were
defined as having their seizure frequency suppressed less than 50%
during the treatment period in comparison with their seizure frequency
in the pre-drug control period.

2.4. Microdialysis procedure

The model rats were anaesthetized with chloral hydrate (380 mg/kg,
i.p.) during the entire microdialysis experiment according to the pro-
cedure mentioned in our published articles (Fang et al., 2014, 2016).
After an equilibration period of 2 h, the four groups of model rats were
intravenously injected with a bolus dose of PHT (35 mg/kg), 1%P85 +
PHT (PHT was dissolved in the 1%P85 solution), or PHT+TQD (TQD 15
mg/kg, injected 30 min before PHT administration), respectively.

2.5. High-performance liquid chromatography

High performance liquid chromatography (HPLC) with ultraviolet
detection was used to analyze the PHT concentration in the plasma and
dialysate samples based on our recently described articles (Fang et al.,
2014, 2016).

2.6. Distribution of PHT in the organs (brain, liver and kidney)

The PHT concentration for brain, and liver and kidney distribution
were conducted as the previous articles (Fang et al., 2014, 2016) in
order to observe the distribution of PHT in different organs.

2.7. Tissue preparation and immunohistochemistry

Immunohistochemical experiment was performed as previous
method (Fang et al., 2016). Co-labeling with Pgp and Glutl (mouse
monoclonal antibody against the glucose transporter, ab40084, Abcam,
USA) was performed to verify Pgp expression in the BBB.

2.8. Statistics

The data were expressed as the mean + standard deviation (SD).
Statistical analysis was performed in SPSS 20 (IBM, Armonk, NY, USA)
using one-way ANOVA, and the Kruskal-Wallis test. All tests were two-
tailed, and differences with P < 0.05 were considered to be significant.
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3. Results
3.1. PHT distribution after application of 1%P85 and TQD

The maximal PHT concentration in the plasma was determined 30
min after the administration of a bolus dose of PHT, 1%P85 + PHT, or
PHT+TQD for three model groups each, after 30 min the PHT concen-
tration decreased (Fig. 1). The maximal PHT concentration in the
extracellular fluid (ECF) of the hippocampus was achieved 60 min after
drug administration in the three model groups, after 60 min the PHT
concentration decreased (Fig. 2).

P85 concentration was only tested at 1% in model rats. Plasma PHT
level seemed slightly higher than that of the PHT treatment in model
rats, but there were no significant differences between them except at
the 60 and 120 min (p > 0.05) (Fig. 1). While the PHT level of ECF
seemed slightly lower than that of the PHT treatment in model rats.
However, there were no significant differences between them (p > 0.05)
(Fig. 2). In addition, P85 treatment obviously decreased the AUC ratio of
PHT level in ECF/plasma up to 33.3% lower than that of the PHT
treatment in model rats (p < 0.05) (Fig. 3).

TQD was tested at a dose of 15 mg/kg, which injected 30 min before
PHT administration. The plasma level of TQD treatment was similar to
the PHT treatment in model rats. The ECF concentration of PHT showed
a remarkable increase of TQD treatment when compared to that of the
PHT treatment in model rats (p < 0.05). In addition, TQD enhanced the
AUC ratio of PHT level in ECF/plasma up to almost 47.6% more than
that of the PHT treatment in model rats (p < 0.05) (Fig. 3).

To evaluate the PHT distribution in other organs, PHT concentration
in liver and kidney were detected after termination of the experiment at
300 min, and for PHT treatment in model rats, the ratio of liver/plasma
ranged between 0.95 and 1.76 (mean, 1.19 + 0.38). But for P85 treat-
ment, the ratio of liver/plasma was 0.80 + 0.16 (0.63-1.09), with no
significant differences to that of PHT treatment (p > 0.05) (Fig. 4).
There was also no obvious increase of drug accumulation in liver of TQD
pretreated animals (PHT liver/plasma ratio, 1.08 + 0.27) (0.73-1.42)
than that of PHT treatment in model rats (p > 0.05). As for PHT distri-
bution in kidney, the ratio of PHT level in kidney/plasma of PHT
treatment ranged between 0.54 and 0.91 (mean, 0.71 + 0.16). The ra-
tios of kidney/plasma were 0.50 + 0.09 (0.37-0.64) of P85 treatment,
while 2.04 £+ 0.73 (1.44-2.89) of TQD treatment in model rats (Fig. 5).
There was a remarkable increase of PHT distribution in kidney of TQD
treatment than that of PHT treatment group (p < 0.05).

IBRO Neuroscience Reports 15 (2023) 100-106
3.2. Pgp expression in the hippocampus of the rats

In the double Glutl/Pgp immunolabeled samples, high magnifica-
tion images (400 x) confirmed that the expression of Pgp corresponded
to the endothelial cells, demonstrating that Pgp was localized on the
luminal compartment of endothelial cells in model rats (Fig. 6).

4. Discussion

We described the usage of the P85 with a potential function of Pgp
inhibition in drug-resistant epileptic rats with overexpressed Pgp in
brain. In this model, the P85 treatment appeared to exhibit less brain
drug distribution when compared with the PHT treatment in model rats.
There was also a slight reduction of drug distribution in organs of the
P85 treatment in model rats. Thus, many probable explanations for the
observed activity of the P85 molecule were proposed, although most
were related to the specific biochemical properties of the molecule
relative to membrane intercalation.

In cases involving pathological membrane fluidity or permeability,
however, surfactants could restore and maintain ionic gradients by
intercalating into the plasma membrane (Lee et al., 1992; Merchant
etal., 1998; Marks et al., 2001). Besides, studies in vitro had proved that
poloxamer 188 could be directly embedded in the cell membrane lipid
layer and restore plasma membrane integrity in multiple cells (Serbest
et al., 2006; Greenebaum et al., 2004; Baars et al., 2006; Hunter et al.,
2010). By resealing plasma membranes, poloxamer 188 could prevent
necrosis that affected lipid peroxidation to reduce cell loss in an exci-
totoxicity model in vitro (Marks et al., 2001). In addition, poloxamer
188 had been demonstrated to seal electroperrmeabilized muscle tissue
when injected intravenously, as well as to reduce inflammation (Lee
et al., 1992). Hence, we could presume that poloxamers could interca-
late into the lipid bilayer of the plasma membrane, affecting the mem-
brane fluidity, making the membrane more rigid, and giving
intramembranous molecules less freedom of movement (Curry et al.,
2004). P85 was also included as the poloxamer, which was proved to
enhance the delivery of Pgp substrate drugs to the brain by inhibition of
Pgp-mediated efflux, which was associated with membrane fluidization
(inhibiting Pgp ATPase activity) and energy depletion (decreasing the
ATP pool available for Pgp) (Batrakova et al., 1999; Neudeck et al.,
2008). This ability of drug targeting through BBB was certified in normal
rat in our previous study (Fang et al., 2014).

According to our previous studies, it could be found that there was
remarkable increase of PHT concentration in ECF of PHT treatment in

PHT contration of plasma

30.00

25.00

20.00

15.00

ug/ml

10.00

5.00

0.00
30

60

120

180

—&—PHT model

——1%P85+PHT model

TAQD+PHT model

240 300

Fig. 1. Effect of P85 (n = 7) and TQD (n = 5) on PHT concentration in plasma after a bolus dose of drugs in model rats. There were no obviously differences of PHT
concentration in plasma (except at the 60 and 120 min) among PHT, 1%P85 + PHT, and TQD+PHT treatments in model rats (p > 0.05).
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Fig. 2. Effect of P85 (n = 7) and TQD (n = 5) on PHT concentration in brain dialysate after a bolus dose of drugs in model rats. The PHT concentration in TQD+PHT
model group was significant higher than that of other two model groups (PHT and 1%P85 + PHT) (p < 0.05) while there were no significant differences of PHT
concentration between PHT and 1%P85 + PHT model group.
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Fig. 3. Effect of P85 (n = 7) and TQD (n = 5) on brain PHT distribution after a bolus dose of drugs in model rats. P85 decreased the AUC ratio up to 33.3% relative to
PHT treatment (p < 0.05), while TQD increased the AUC ratio up to almost 47.6% relative to PHT treatment (p < 0.05).
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Fig. 4. Effect of P85 (n =7) and TQD (n = 5) on liver PHT distribution after a bolus dose of drugs in model rats. There were no significant differences in liver
distribution among three treatments model rats (p > 0.05). Though, P85 decreased the accumulation of PHT in liver, with a decrease rate of 32.8% relative to PHT

treatment (p > 0.05).
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Fig. 5. Effect of P85 (n = 7) and TQD (n = 5) on kidney PHT distribution after a bolus dose of drugs in model rats. P85 (29.6%) slightly decreased the accumulation
of PHT in kidney than that of PHT treatment (p > 0.05). While TQD (187.3%) evidently increased the accumulation of PHT in kidney than that of PHT treatment in

model rats (p < 0.05).

A Glut1 B

Pgp |C Merged

Fig. 6. Pgp-positive labeling in the hippocampus of the model rat is shown (800 xmagnification). A double-immunofluorescence assay for Pgp (green, B and E) and
Glutl (red, A and D) in the hippocampus confirms that Pgp is expressed in brain capillary endothelial cells (orange, C and F) because Glutl exclusively labels
capillary endothelial cells. A, B, and C are images of the normal rat, while D, E, and F are images of the model rat. The scale is 20 pm.

model rats when compared to that of PHT treatment in normal rats
(p < 0.05) (Fang et al., 2014), while the PHT concentration in plasma
was similar between PHT treatment in model and normal rats
(p > 0.05). In addition, the PHT distribution in brain was much higher
in model rats than that of PHT treatment in normal rats, which indicated
that the conventional PHT could go through the BBB easier in
drug-resistant model rats than in normal rats because there were
disruption of BBB exist. The evidence of this study was identified with
the conclusion that the AEDs, PHT could penetrate into the brain
through the disruption of BBB (Marchi et al., 2009).

Poloxamers directly acted on drugs through connecting of chemical
coupling or some functional groups, and turned out to be the micelle
mixed with the unmodified poloxamer, which was transported into the
brain mediated by carriers or receptor (Kabanov et al., 2002). In addi-
tion, the mechanism of P85 micelle targeted with drug was testified to
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increase the cell endocytosis. The poloxamers could target the drugs into
the brain across the BBB by connecting guidance molecules (Kabanov
et al., 1989; Batrakova et al., 1998). When P85 connected with the
AEDs—PHT, the PHT micelle was formatted and proved to enhance the
PHT concentration in the brain on normal rat (Fang et al., 2014).
However, obvious BBB disruption had been proved in animal models
with drug-resistant epilepsy, the conventional PHT could leakage into
the brain through the damaged BBB and the PHT distribution was
increased in these models (Marchi et al., 2009). Instead of enhancing the
drug concentration in brain, the P85 decreased the PHT level oppositely
in rat model with MTLE that had been certified with obvious BBB
disruption. Hence, that the surfactant poloxamer was proved to be
capable of restoring impaired BBB by sealing cell membrane could be
regarded as the explanation for why P85 could decrease the PHT con-
centration in drug-resistant epileptic model rats in our study. Hence, we
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hypothesized that when P85 connected with the PHT to be the micelle,
the endocytosis of capillary endothelial cell was increased as well as the
increasing leakage of PHT in damaged BBB. However, poloxamer had
the function to immediate repair the damaged BBB by inserting the
molecular into the damaged endothelial cell membranes of BBB, which
thus decreased the leakage of PHT. Therefore, the conventional PHT
plus the P85 could not increase the drug distribution in brain of rats with
damaged BBB of drug-resistant epilepsy, which was opposite to the
primary design. Hence, the nanoparticle drug delivery system was
essential to target the AEDs into the brain in drug-resistant epileptic rat
with obvious BBB disruption, the P85 could be added as the surfact
(Fang et al., 2016). As researchers demonstrated that the mechanisms of
P85 coated nanoparticles across BBB was that after intravenous injec-
tion, poloxamer adsorbed the apolipoprotein E or B in plasma to possess
the characteristics of low density lipoprotein to interact with the low
density lipoprotein receptor in vascular endothelial cell of BBB in brain
which was absorbed by endothelial cell of BBB into the brain (Liow
et al., 2016).

Poloxamers prepared as micelles were proved as an effective method
for the drug delivery system to target drugs into the central nervous
system. However, we recommended that when poloxamers were pre-
pared as micelles for brain target, limitation existed when there was the
pathological basis of disruption of BBB in the experimental objects. For
the function of resealing plasma membranes instantly, poloxamers (or
pluronic) might decrease the concentration of drugs into the brain with
the opposite intention, especially for the drugs which would be with
obvious leakage into the brain depending on the damaged BBB, such as
the lipophilic and hydrophilic compounds of AEDs (Marchi et al., 2009).
Thus, in the treatment of drug-resistant epilepsy, poloxamers simply
prepared as micelles were not suitable for targeting AEDs into the brain.
Except for the drug-resistant epilepsy with disruption of BBB, other
kinds of diseases with the damaged BBB were also avoided to take the
micelles of poloxamers for drug brain delivery.

5. Conclusions

Instead of enhancing the PHT brain distribution as proved in normal
rats, P85 decreased the PHT brain distribution which was opposite to
what we expected first. But TQD enhanced the PHT brain distribution
obviously while also increased PHT concentration in kidney in drug-
resistant rats with Pgp overexpressed MTLE.
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