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Abstract

The breast cancer resistance protein (BCRP) transporter is a second member of an ATP binding
cassette (ABC) transporter subfamily G. It is an ATP driven efflux transporter that pushes its substrates
to the secretory direction regardless of the concentration gradient. BCRP is highly expressed in the
apical membrane of intestinal epithelial cells and was reported to be a significant factor that can reduce
the intestinal absorption of its substrates. Presently, hundreds of drugs were identified as BCRP
substrates and the number is still increasing. This low intestinal absorption of BCRP substrates should
be overcome for the drug development in the pharmaceutical industries. For instance, US Food and
Drug Administration (FDA) is currently recommending that all new drugs in the development pipelines
should be evaluated by in vitro transport studies if their drug candidate is a potential substrate of BCRP.
Meanwhile, several inhibitors have been developed to reduce the function of BCRP. Among these
inhibitors, pharmaceutical excipients are considered to be promising candidates to inhibit the function
of BCRP. In this study, sulfasalazine and topotecan were used as model substrates of BCRP and the
effects of pharmaceutical excipients on the transport and absorption of these substrates were evaluated
by in vitro and in situ experiments. Moreover, possible mechanisms of BCRP inhibition by these
pharmaceutical excipients were elucidated by evaluating their interactions to the biomembranes. Lastly,

the toxicity of these pharmaceutical excipients was studied.

Chapter I: Effects of various pharmaceutical excipients on the intestinal transport and absorption

of sulfasalazine, a model substrate of BCRP transporter

Sulfasalazine, which is actively effluxed by BCRP and has less than 15% oral bioavailability, was
used as a typical model for BCRP transporter studies. Our experiment showed that sulfasalazine was
preferentially transported into a secretory direction (serosal to mucosal side of a membrane) by an in
vitro diffusion chamber method using the isolated rat small intestinal membranes. Later, Ko143, a
selective BCRP inhibitor, was used as a positive control. Results showed that the directional transport
of sulfasalazine was completely neutralized in the presence of Kol143 (Efflux ratio (ER)=1.17),
suggesting that sulfasalazine is a substrate of Berpl and Ko143 can be used as a typical inhibitor of
rodent Berpl. Next, the effects of several pharmaceutical excipients on the intestinal absorption of
sulfasalazine were examined. These pharmaceutical excipients including BL-9EX, Brij97, Labrasol,
and Tween 20 significantly decreased the secretory transport of sulfasalazine, suggesting that Berpl
might be inhibited by these excipients. Because these pharmaceutical excipients were reported to open
the tight junction and increase the transport of drugs via a paracellular route, the transport of 5(6)-
carboxyfluorescein (CF), a non-BCRP substrate paracellular transport marker, was measured. CF was
equally transported in both direction (ER=1.14). Ko143 as well as other pharmaceutical excipients did
not affect the transport parameters of CF, suggesting that the decrease in sulfasalazine secretory

transport might be due to the inhibition of Berpl-mediated efflux transport by these pharmaceutical



excipients, while the paracellular permeation was not altered. Next, the qualified pharmaceutical
excipients were further examined using an in situ closed loop intestinal absorption method. BL-9EX at
0.1% increased AUC o4n) value of sulfasalazine by over 2-fold without any significant alteration of CF
absorption. Brij97 at the same concentration also increased AUC o4n) value of sulfasalazine by 1.79-
fold, but the author observed that Brij97 also increased CF absorption, suggesting that Brij97 might
increase the transport of sulfasalazine via a paracellular pathway. These results suggested that BL-9EX

could be used as a BCRP inhibitor in an oral drug formulation.

Chapter II: Effects of various pharmaceutical excipients on the intestinal transport and

absorption of topotecan, an orally active BCRP substrate

In this chapter, the author examined the effects of pharmaceutical excipients on the intestinal
transport and absorption of topotecan, an orally active anticancer drug with low bioavailability (30%-
40%). It was also reported to be a substrate of BCRP. The author first evaluated the transport of
topotecan across Caco-2 cell monolayers. Topotecan was preferentially transported into a secretory
direction (ER=16). This directional transport of topotecan was neutralized in the presence of 1 uM
Ko143 but not with 50 uM verapamil, a P-gp inhibitor. These findings suggested that topotecan was
mainly transported by BCRP. Results also showed that most pharmaceutical excipients significantly
decreased the efflux transport of topotecan but had no effect on the transport of CF, suggesting that the
decrease in the transport of topotecan might be caused by the inhibition of BCRP by the pharmaceutical
excipients. Next, the intestinal absorption of topotecan was examined by the in situ closed loop method.
Tween 20 and Cremophor EL at 0.05% significantly increased the AUC .41 values of topotecan by over
2-fold. Labrasol and Pluronic F68 also increased the absorption of topotecan, although the increased
absorption was not statistically significant. Therefore, their inhibitory effect against rodent Berp1 might
be weaker than with human BCRP. Lastly, none of our tested excipient significantly increased the CF
absorption across rat small intestine, suggesting that the pharmaceutical excipients might inhibit the

function of Berpl and increase the permeation of topotecan via a transcellular pathway.

Chapter III: Possible inhibitory mechanisms of BCRP transporters by the pharmaceutical

excipients and their safety

All tested pharmaceutical excipients in this study have amphipathic characteristics. They tend to
form a micelle at the concentration above their critical micellar concentration (CMC). The author found
that at <0.1% concentration, interactions between sulfasalazine and pharmaceutical excipients were
minimal (micellar ratio <10%). Therefore, this finding indicates that the highest applicable
concentration is up to 0.1% for all tested pharmaceutical excipients. Additionally, since each drug was
entrapped into the micelle in a different degree, the author suggest that it should be evaluated for the
micellar interaction to avoid the excessive micellar entrapment which could interfere with the

absorption of the drug.



In general, changes in membrane fluidity are one of the most important mechanisms to inhibit the
function of ABC transporters by pharmaceutical excipients. Therefore, the effects of pharmaceutical
excipients on the membrane fluidity of Caco-2 cells were evaluated. In this study, tma-DPH and DPH
were used as fluorescence probes to measure the changes in membrane fluidity. Interestingly, most
pharmaceutical excipients increased the membrane fluidity in the inner lipid bilayers, while only
Pluronic F68 decreased the membrane fluidity in the outer lipid bilayers. These changes are in an
accordance with the changes in topotecan permeation across Caco-2 cell monolayers, suggesting that
the key mechanism of these pharmaceutical excipients was to modify the membrane microenvironment
which could subsequently disrupt the efflux ability of BCRP transporters.

Lastly, the membrane toxicity of these pharmaceutical excipients after their administration to the
intestine was examined. The author did not observe any elevation in LDH activities or protein amount
after the exposure to the pharmaceutical excipients in our in sifu closed loop experiments, suggesting
that these pharmaceutical excipients are safe and did not cause any significant damage to the small

intestinal membrane.
Summary

In conclusion, the author demonstrated that several pharmaceutical excipients could inhibit the
BCRP transporter and improve the intestinal absorption of its substrates. Especially, BL-9EX, Tween
20, and Cremophor EL, increased the intestinal absorption of BCRP substrates and did not cause any
significant damage to the small intestine. These findings suggested that these pharmaceutical excipients

could be used to improve the intestinal absorption of BCRP substrates.



Introduction

In 1998, Doyle et al. published their discovery of a new multidrug resistance (MDR) transporter.
This new transporter was found to be highly expressed in a specially resistance strain of breast cancer
cell." According to its origin, they called it a breast cancer resistance protein (BCRP) transporter. This
transporter was registered as a second member of an ATP Binding Cassette (ABC) subfamily G and
was encoded by the ABCG2 gene.! BCRP is an efflux pump which uses the energy from ATP hydrolysis
to push its substrates into a secretory direction regardless of the concentration gradients.” This multidrug

transporter is capable of transporting the virtually structurally-unrelated compounds'-**

Several models of BCRP were proposed in the past decade. At the time of writing, a newest
ribbon model of ABCG2 is shown in Fig.1 (a). It is generally understood that unlike ABCB1/P-gp
transporter, BCRP is a half-transporter which is comprised of 655 amino acids.** As shown in Fig.1 (b),
BCRP has single nucleotide binding domain (NBD) and single transmembrane domain (TMD) with 6
o-helices.®” It also carries a distinctive domain organization where NBD precedes TMD.” The
functional form of BCRP is a homodimer with a total molecular weight of approx. 144 kDa.*** BCRP
resides on a biomembranes in an “inward-facing” configuration with opening cavity facing-in. This
cavity represents a substrate binding site and open to the cytoplasm and to the inner leaflet of the lipid
bilayer.® It was believed that the substrate binds to the BCRP at its substrate binding site from within
the lipid bilayer.” After that, ATP binding to NBD triggers a closure of NBD and a subsequent
conversion of substrate-bound inward-facing conformation to an outward-facing state which the
substrate could be released to the outside by a means of hydrophobic mismatch. This release mechanism
is similar to the substrate release mechanism of P-gp and MRP1.'"!" The transporter then returns to its
inward-facing conformation after the hydrolysis of ATPs.®!' It was also believed that BCRP has
multiple substrate binding sites which explained its broad substrate selectivity and suggested that the

use of the specific BCRP inhibitors could be in substrate dependent manner.'?

The BCRP was also reported to express on various physiological barriers across the body
including the blood brain barrier, mammary glands, placenta, kidney, testis and intestinal mucosa.>"*~
71t is responsible for the regulation of endogenic substances as well as exogenic compounds. BCRP is
regarded as a self-defense mechanism for the hematopoietic stem cells.'*"” Most importantly, BCRP is
highly expressed on the intestinal epithelial membrane and is a major obstacle for the absorption of its
substrates.'*?*?? Up to date, hundreds of virtually structure-unrelated substrates such atorvastatin,
rosuvastatin, lamivudine, zidovudine, norfloxacin, ciprofloxacin, SN-38, mitoxantrone, topotecan,
doxorubicin, and several flavonoids were reported to be a substrate of BCRP.'”*** BCRP, P-gp and
MRP2 are all expressed on the apical side of the small intestinal epithelial cells. Their presence is a
serious concern for the pharmaceutical industries as well as other regulation agencies. For example, the

U.S. Food and Drug Administration (USFDA) and European Medicines Agency (EMA) are currently



recommending that all new drugs in the development pipelines should be evaluate in vitro transport
studies if their drug candidate is a potential substrate of these transporters which could heavily affect

its bioavailability.?

Figure 1. Ribbon structure and membrane topology of ABCG2. (a) Ribbon structure of ABCG2 with
one monomer colored in pink. Motifs and residues associated with single nucleotide polymorphisms
are colored blue and labelled. The other ABCG2 monomer is colored as a rainbow spectrum ranging
from blue to red. (b) Topology of the ABCG2 TMD colored as in (a) . The image was derived from
Taylor et. al., Nature, 2017, 546.°

Since the discovery of ABC transporters, multiple strategies have been developed to diminish
their effects. Especially, in the MDR cancers, ABCB1 or P-gp transporter gained massive attention after
its discovery because P-gp is an important factor in MDR cancers due to its ability to recognize and
transport various types of drugs that are differ in structure and pharmacological action.””*® The first-
generation P-gp modulators are generally the pharmacologically active drugs. For example, calcium
channel blocker verapamil was first reported to restore the sensitivity of MDR cancer to vincristine.*’
Immunosuppressant cyclosporin A was frequently used as a model P-gp inhibitor in the laboratories. It
was also reported to undergo several phase I/II clinical studies as a modulator in MDR cancers.*"!
However, these first-generation P-gp modulators were not suitable to be used as clinical P-gp inhibitors
because of their pharmacological effects. The second-generation modulators such as dexverapamil and
PSC-833 were reported to have higher P-gp specificity, lower pharmacological activity, but their
interactions with cytochrome P450 enzymes and other transporters still persisted. The third-generation
modulators were developed using structure-activity relationships to target against specific MDR
mechanisms. These modulators are the high-potency, P-gp selective inhibitors including elacridar
(GF120918), tariquidar, and laniquidar.’***> These third-generation inhibitors did not have several
limitations like the first or second generation. Unfortunately, none of them was ever approved to be

used as P-gp inhibitors in humans.



BCRP modulators were less studies than P-gp modulators in comparison. The first BCRP
inhibitor, fumitremorgin C (FTC), was isolated from Aspergillus fumigatus and was reported to reverse
drug resistance in human carcinoma cell line that do not express P-gp or MRP.** FTC is a highly BCRP-
specific inhibitor and the half maximum inhibitory concentration (ICso) of FTC against BCRP was
reported to be approximately 1 pM.* Unfortunately, FTC is not suitable for in vivo applications because
it induces tremors or convulsions in mice and other animals through toxicity to the central nervous
system, similar to many other members of the fumitremorgin/verruculogen/tryprostatin class of
alkaloids.***" Later, non-neurotoxic FTC derivatives Ko132, Ko134, and Ko143 were developed. In
Berpl-mediated topotecan resistant MEF3.8/Berp1 cells (ICso=1,750 + 50 nM), Ko143 showed highest
potency with effective concentration of inhibitor that reduces topotecan resistance by 90% (ECo) at
26+5 nM.* Therefore, Ko143 is intensively used as a positive BCRP inhibitor. However, like FTC,
Ko143 is also unsuitable for in vivo applications because it is unstable in plasma and is rapidly
metabolized by liver enzymes.” The dose required to achieve in vivo inhibition is too high and in that
circumstance, Ko143 is likely to lose its BCRP selectivity.*’ Additional classes of BCRP inhibitors such
as tyrosine kinase inhibitors (TKIs) imatinib, erlotinib, nilotinib as well as pyridines, and
dihydropyridines such as nicardipine were also reported to effectively inhibit BCRP in vitro and in

vivo.*! However, none of them was approved to be used as a BCRP inhibitor in humans.

The pharmaceutical excipient is substance which is incorporated into a pharmaceutical product
to improve the performance of a drug (e.g., physicochemical stability, dissolution rate, bioavailability)
to make the manufacturing process more efficient and to prolong the product shelf life.> These
pharmaceutical excipients were initially categorized as “Generally Recognized as Safe” by USFDA
because they were regarded as inert substances and did not have any pharmacological activity.’ In 1972,
Tween 80 was the first pharmaceutical excipient which was reported to resensitize the resistant in
Chinese Hamster cells to actinomycin D and daunomycin.** After the discovery of P-gp in 1976, the
mechanism behind this phenomena was later identified as P-gp inhibition caused by Tween 80.274*
Since then, several pharmaceutical excipients were reported to modulate P-gp/BCRP transporters and
reverse P-gp/BCRP-mediated MDR cancers, suggesting that they could be used as potential MDR
modulators.* 2 However, the effects of these pharmaceutical excipients on BCRP transporter,

especially the intestinal BCRP transporter was far less documented.

In this study, the author examined several pharmaceutical excipients for their ability to
modulate intestinal BCRP transporter in order to improve the intestinal absorption of its substrates.
Several pharmaceutical excipients which were reported to modulate P-gp, BCRP or MRP2 transporters
were chosen for the study. The physicochemical properties and their interactions with transporters are

summarized in Table 1.



Table 1. Physicochemical properties of various pharmaceutical excipients and their interaction with transporters

Transporters inhibition

Excipients Generic or chemical name MW HLB CMC References
(average) (Yow/v) Pgp BCRP MRP2
Brij92 Polyoxyethylene 2 oleyl ether 312.53 4.9 0.0071 ° 53
Brij97 Polyoxyethylene 10 oleyl ether 700 12.4 0.029 ° 53,54
BL-9EX Polyoxyethylene 9 lauryl ether 1,200 14.5 0.08 ° ° 53,54
Cremophor EL  Polyoxyethylene 35 castor oil 2,500 12-14 0.02 ° ° ° 49,55,56
Labrasol Caprylocaproyl macrogol-8 glycerides 425-1,160 12 0.01 ° 51,57
Tween 20 Polyoxyethylene sorbitan monolaurate 1,200 16.7 0.03 ° ° 49,58
Pluronic F68 PEOs0-PPO7-PEOs 7,680-9,510 >24 0.77-0.95 ) ° ° 50,56,57
Pluronic F127 PEO101-PPOss-PEO101 12,600 18-23 0.004 o o 56,59
Vitamin E acetate Tocopheryl acetate 472.74 N.A. 0.02

CMC, critical micelle concentration; HLB, hydrophilic lipophilic balance; MW, molecular weight; N.A., not applicable; PEO, polyethylene oxide;
PPO, polypropylene oxide
Data are summarized from J. Pharm. Sci., 107, 2946-2956 (2018); Table 1 and J. Pharm. Sci., 108, 1315-1325 (2019); Table 1.



Two model BCRP substrates (sulfasalazine and topotecan) were selected to this study. The
pharmaceutical excipients were initially screened for their in vitro BCRP inhibitory activity using a
diffusion chambers with rat intestinal membrane or a Caco-2 permeation method. Any excipient which
showed its ability to modulate BCRP transporter was subjected for an in situ closed loop intestinal
absorption experiment in rats. Because the pharmaceutical excipients were known to open the intercellular
tight junctions, they might increase the paracellular permeation of the drugs.®®%? Therefore, all transport
parameters of model compounds were compared with the transport parameters of 5(6)-carboxyfluorescein
(CF), a non-BCRP substrate and a paracellular transport marker using the identical experiment
configurations. The inhibitory mechanisms of these pharmaceutical excipients were studied by measuring
the membrane fluidity and the BCRP mRNA expression. In addition, the micellar interactions between
pharmaceutical excipients and the model drugs were also evaluated. Lastly, the toxicity of these
pharmaceutical excipients on the intestinal epithelial cells was also evaluated after the in situ closed loop

experiments.

-10 -



Chapter I: Effects of various pharmaceutical excipients on the intestinal
transport and absorption of sulfasalazine, a model substrate of BCRP
transporter

Sulfasalazine, a drug used for the treatment of inflammatory bowel diseases such as ulcerative
colitis and Crohn’s disease, was chosen as a model substrate of BCRP transporter in this chapter. The
chemical structures of sulfasalazine and its metabolites are shown in Fig. 2. Despite of its calculated log P
value of 3.88, which indicates a high permeability compound, sulfasalazine has less than 15% oral
bioavailability as it remains unabsorbed until reaching a large intestine where it is broken down by an
intestinal flora into its active metabolite S-aminosalicylic acid (5-ASA or mesalazine) and a byproduct
sulfapyridine.?!®®* The pathway of sulfasalazine after oral administration is summarized in Fig. 3.
Sulfasalazine is reported to be a high-affinity substrate of BCRP transporter but not metabolized by
CYP3A4.% These properties make sulfasalazine a perfect model for BCRP transporter studies.

NH,
~ "N
| 2. HO
AN -
N O OH
H N/,N S-aminosalicylic acid (Mesalazine)
MW =153.14 yZ
Sulfasalazine O\\ //O |
MW =398.39 OH S. N
N N
HO™ ~O H
H2N Sulfapyridine
MW =249.29

Figure 2. Chemical structures of sulfasalazine and its metabolites

Stomach Small intestine Colon and cecum 5-aminosalicylic
Sulfasalazi acid
S ‘ (active metabolite)
Oral
administration
BCRP bid O bid O Bacterial Sulfapyridine
transporters azoreductases (byproduct)
Blood stream

Figure 3. Pathway of sulfasalazine after its oral administration in humans
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Researchers had examined and discussed about the effects of pharmaceutical excipients on the
BCRP transporter. For example, Yamagata et al. reported that Cremophor EL and Tween 20 significantly
increased the uptake of [*H]mitoxantrone in BCRP expressing MDCK-II cells.*” Therefore, both
pharmaceutical excipients were included in this study. However, the information on how other
pharmaceutical excipients modulate BCRP transporter was limited. In contrast, several pharmaceutical
excipients were reported to inhibit P-gp transporters. For example, several polyoxyethylene alkyl ether
derivatives (Brij92, Brij97, and BL-9EX) were reported to effectively inhibit P-gp transporter in rats.’>%*
Their main mechanisms involved the increase of membrane fluidity as well as the inhibition of P-gp ATPase
enzymes.>* These findings suggested that they might be also effective against BCRP transporters. Other
pharmaceutical excipients including Labrasol and Pluronic F127 were included because they were reported
to inhibit P-gp transporters.>’* Vitamin E (tocopheryl acetate) was included, because its derivative (D-a-
tocopheryl polyethylene glycol 1000 succinate, vitamin E TPGS) was reported to inhibit P-gp via the
similar mechanism as the polyoxyethylene alkyl ether derivatives.*’*® Its result might be useful to identify
crucial part of this excipient for its inhibitory activity. Furthermore, Ko143 and pantoprazole, BCRP
inhibitors, were used as positive inhibitors of BCRP transporters. Additionally, the effect of these
pharmaceutical excipients on the metabolism of sulfasalazine in the small intestine was also evaluated by

measuring the plasma level of 5-ASA, an active metabolite of sulfasalazine.

The goal of this chapter is to identify the BCRP modulating potential from 8 different types of
pharmaceutical excipients. The pharmaceutical excipients were initially screened using the diffusion
chamber method. Small intestinal membranes were isolated from rats and were used as a permeation barrier.

Further examinations were conducted using an in situ closed loop method.

1.1 Materials and methods
1.1.1 Materials

Brij92, Brij97, BL-9EX, and vitamin E acetate were obtained from Nikko Chemical Co., Ltd.
(Tokyo, Japan). Tween 20, piroxicam, and sulfapyridine were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). CF, sulfasalazine, Cremophor EL, and Pluronic F127 were purchased from
Sigma Aldrich Chemical Co., Ltd. (St. Louis, MO). Labrasol was kindly gifted from Gattefossé (Cedex,
France). Pantoprazole sodium was purchased from LKT Laboratories, Inc. (St. Paul, MN., USA) Ko143
was purchased from Abcam Plc. (Cambridge, UK). LDH from chicken heart was purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). HPLC-grade acetonitrile and methanol were purchased from Kanto

Chemical Co., Inc. (Tokyo, Japan). All other reagents were of laboratory grade.
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1.1.2 Animals

Male Wistar rats weighing 240-260 g were purchased from Japan SLC Inc. (Shizuoka, Japan) and
were maintained in a climate-controlled breeding facility equipped with 12-h automatic ambient light cycle
control. Rats were fed with regular lab chow and given free access to tap water. The handling of animals
and all experiments involving them were carried out in accordance with the “Regulations on Performing
Animal Experiments 2™ Edition” and approved by the Animal Care and Use Committee at Kyoto

Pharmaceutical University.

1.1.3 In vitro bi-directional transport assay of sulfasalazine and CF across rat intestinal membrane

by a diffusion chamber method

Rats were fasted at least 16 h prior to the experiment. Tap water was given ad libitum during this
fasting period. The author measured the bi-directional transport of model compounds by the method as
described previously,>** with minor modifications. The detailed procedure is described as follows. After
rat was sedated with intraperitoneal injection of sodium pentobarbital (40 mg/kg), the whole abdomen
section was exposed through the midline incision. The small intestinal section was exposed at
approximately 1.5 cm below the pyloric sphincter and the 2.5 cm polyethylene tube (inner diameter 3 mm)
was inserted and locked in place by using surgical suture. The other end of the small intestine was exposed
at approximately 1.5 cm above the iliocecal junction. Pre-warmed pH 7.4 phosphate buffer saline (PBS)
37°C was used to flush this section to remove any remaining residue in the small intestine. After that, the
rat was sacrificed, the small intestinal section was quickly removed and submerged in the PBS which was
constantly supplied with carbogen (95% O, and 5% CQO). The small intestinal section was cut into 2-cm
pieces with the Peyer’s patches intentionally excluded. Then, these 2-cm pieces of the small intestine were
cut-open through the mesenteric line and the muscle layer was gently removed from the serosal side by
using sharp-edge forceps. The intestinal membrane was immersed in a carbogen-saturated, ice-cold blank

transport medium (Hank’s balanced salt solution (HBSS) pH 7.4) before mounting on the diffusion chamber.

The transport of sulfasalazine or CF was initiated by filling the donor side of the chamber with 7
ml pre-warmed drug solution (100 uM or 10 uM for sulfasalazine or CF, respectively) and the same volume
of pre-warmed blank transport medium to the receiver chamber. The chambers were maintained at 37°C
and constantly supplied with carbogen. The samples were taken from the receiver side at a predetermined
interval and the equal volume of blank transport medium was immediately replenished. The samples were

kept at -20°C until analysis. The schematic of the experiment is illustrated in Fig. 4.

-13 -



Serosal to mucosal Mucosal to serosal
(S to M) or secretory (M to S) or absorptive
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intestinal membrane
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HBSS pH 7.4
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Receiver side Donor side Donor side Receiver side
(mucosal side) (serosal side) (mucosal side) (serosal side)
Sampling from Filled with Filled with Sampling from
this side drug solution drug solution this side

Figure 4. Schematic illustration of a diffusion chamber experiment. Blue arrows indicating the directions

of the transport.
1.1.4 Intestinal absorption of sulfasalazine and CF by an in situ closed loop method in rats

Male Wistar rats weighing 240-260 g. were treated and anesthetized using the same procedure as
described in the previous section. The small intestinal section was exposed at the same locations and was
rinsed with pre-warmed PBS. Instead of only one polyethylene tube at below the pyloric sphincter, another
tube was inserted at the other end of the small intestine above the iliocecal junction. Both tubes were tied
with surgical suture to form a closed loop. Sulfasalazine solution (0.1 mg/mL in PBS) was administered to
this small intestinal loop at 1 mg/kg. The blood samples were taken from the jugular vein at the
predetermined-time intervals and were centrifuged at 13,000 rpm for 5 min. to separate a plasma. The
plasma samples were kept frozen at -20°C until analysis. After 4 h absorption period, the small intestinal
loop was flushed with ice-cold PBS and the rats were sacrificed. The intestinal content obtained during this

last period was collected for further toxicity analysis.

For CF absorption experiment, CF solution (0.05 mg/mL in PBS) was administered to the small
intestinal loop at 0.5 mg/kg. Blood samples were collected, centrifuged to separate the plasma and were
kept in the light-protected ice-box. The plasma samples of CF were analyzed within 1 h. The schematic of

this in situ closed loop experiment is illustrated in Fig. 5.
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Male Wistar rat
240-260 g.
Fasted >16 h.

Blood samples were
collected from jugular vein.

Drug solution
e Sulfasalazine 1 mg/mL
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tied to form a closed loop.

Luminal content was flushed
with ice-cold PBS and was
collected for toxicity analysis

Figure 5. Schematic illustration of an in situ closed loop intestinal absorption experiment
1.1.5 Determination of sulfasalazine and 5-ASA by HPLC

Samples were thawed at room temperature if frozen. Protein was removed from the samples by
adding three-volume (i.e. 300 pL for 100 pL sample) of ice-cold methanol containing 300 ng/mL piroxicam
as internal standard. The samples were vortexed for 30 s. and centrifuged at 13,000 rpm 5°C for 10 min.
The clear supernatant was injected into HPLC system consisting of DGU-20A on-line degassing unit, LC-
20AD parallel-type double plunger pumps, SIL-20A autosampler, CTO-10A column oven, and SPD-20A
UV/VIS detector (Shimadzu Co., Kyoto, Japan). Data collection and integration were carried out by
Chromato-PRO version 5.0 (Runtime Instrument Co., Ltd., Japan).

For the analysis of sulfasalazine, isocratic delivery of mobile phase (30 mM pH 3 KH,POu:
acetonitrile, 67:33) was used at a flow rate of 1 mL/min. The analytical columns used for plasma and non-
plasma sample were Cosmosil 5C18-MS-1I 4.6x250 mm and Cosmosil 5C18-MS-II 4.6x150 mm (Nacalai
Tesque Inc., Kyoto, Japan), respectively. The absorbance of sulfasalazine and internal standard was
observed at 360 nm. Typical runtime of each sample was 10 min for non-plasma sample and 18 min for
plasma sample. The lower limit of detection was 15 ng/mL, and the linearity was achieved throughout the
analytical range with 1> 0.99. The concentration of sulfasalazine was calculated from the peak area ratios

of sulfasalazine to the internal standard.
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For the analysis of 5-ASA in plasma sample, the mobile phase was changed to 10 mM pH 6.5
K>HPOjs containing 10 mM tetrabutylammonium hydroxide:acetonitrile, 85:15, flow rate = 1 mL/min. The
analytical column was 5C18-MS-I14.6x250 mm. 5-ASA was monitored using the RF-10AXL fluorescence
detector at the excitation and emission wavelength at 360 nm and 465 nm, respectively. The typical runtime
of each sample was 15 min. The lower limits of detection and quantification from 100 pL plasma sample

were 4.57 and 15.23 ng/mL, respectively.
1.1.6 Determination of CF

For measuring the concentration of CF in non-plasma sample, 100 uL of non-plasma sample was
directly transferred to 96-well dark plate. The concentration of CF was determined by a Synergy® HT multi-
detection microplate reader (Biotek Instrument Inc., Winooski, VT, USA) with the excitation and emission
wavelengths of 485 and 528 nm, respectively. For plasma sample, 100 uL of ice-cold acetonitrile was added
and the sample was vortexed for 30 s to precipitate the protein. After centrifugation at 13,000 rpm for 10
min, 100 pL of clear supernatant was transferred to 96-well dark plate and analyzed by microplate reader

as described previously.
1.1.7 Calculation and statistical analysis

The apparent permeability coefficient (Papp) was calculated from the diffusion chamber experiments

by using the following equation.

b Flux
WP Area - Cy - 60

P.pp 1s the apparent permeability coefficient (cm/s). Flux is the appearance rate of sulfasalazine or
CF in the receiver chamber, which was calculated from the linear portion of the cumulative permeated
amount versus time curve. Area is the surface area of the permeation membrane (1.78 cm?) and Cy is the
initial concentration of sulfasalazine and CF (100 pM and 10 uM, respectively). Additionally, the ratio of
secretory transport to absorptive transport was illustrated as the efflux ratio (ER). It was calculated by the

following equation.

Papp s—
Ef flux ratio (ER) = _app SoM

app M-S

Papp s—m refers to the apparent permeability coefficient of the secretory (i.e. serosal to mucosal side
of the chamber) permeation. P, m—s refers to the apparent permeability coefficient of the absorptive (i.e.

mucosal to serosal) permeation.
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For the in situ closed loop experiment, the area under concentration versus time curves (AUCo.4 1)
values were calculated using the linear trapezoidal rule. The enhancement ratios were calculated by dividing

the average value of AUCy.41, from each experiment with the average AUCy.41 of the non-treatment control.

All experiments were performed at least in triplicates. The concentrations of pharmaceutical
excipients are stated as percent weight by volume (% w/v). Data are presented as mean + standard error
(S.E.) unless stated otherwise. Statistical differences were evaluated by SPSS™ Statistic version 17.0 using
independent-samples #-test or 1-way ANOVA followed by Dunnett’s t-test. P < (.05 is considered as a

minimal level of significance.

1.2 Results and discussions

1.2.1 Bi-directional transport of sulfasalazine across rat intestinal membrane determined by a

diffusion chamber method.

The transport of sulfasalazine, a model BCRP substrate was examined by using rat intestinal
membrane as the permeation barrier. The cumulative permeated and secreted amounts of sulfasalazine in
the presence or absence of various types of pharmaceutical excipients are shown in Fig. 6. The transport

parameters of sulfasalazine across rat small intestinal membrane are summarized in Table 2.
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Fig. 6(b)
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Figure. 6 Time courses of (a, b) absorptive (M—S) and (c, d) secretory (S—M) transport of sulfasalazine
in the presence or absence of pharmaceutical excipients across the rat intestinal membrane. Data are
expressed as the mean &= S.E. of at least 3 experiments. (J. Pharm. Sci., 107, 2946-2956 (2018); Figure 1)
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Table 2. Intestinal transport of sulfasalazine in the presence of various types of pharmaceutical excipients
by an in vitro diffusion chamber method

Group Concentrations P (107 el Efflux ratios
(%o wiv) M-S S—M
Control 3.20+£0.22 16.95 + 0.95 5.30
BL-9EX 0.01 226 £0.24 14.63 £1.27 6.47
0.05 4.47+0.27" 8.32+1.05™ 1.86
0.075 5.19 £ 0.44™ 7.89 +0.45™ 1.52
Brij92 0.05 2.84 £0.59 15.38+3.39 5.42
Brij97 0.01 1.88 +£0.20 1211+ 1.18" 6.44
0.05 2.28+£0.27 13.01 £1.03" 5.70
Cremophor EL 0.05 3.08+0.51 16.32 £0.32 5.30
0.1 2.39+£0.49 15.61 £3.67 6.53
Pluronic F-127 0.05 2.20+£0.32 16.50 £0.70 7.50
0.1 2.75+£0.36 14.97 £ 0.65 5.44
Labrasol 0.01 2.57+0.39 17.13+£0.83 6.67
0.075 3.72+£0.78 10.95+1.70" 2.84
0.1 3.14+£0.61 16.90 £3.10 5.38
Tween 20 0.01 2.63£0.26 20.31+1.98 8.61
0.05 3.26+0.52 12.23 £1.53" 3.75
0.1 2.33+£0.33 11.68+1.27" 5.01
Vitamin E acetate 300 uM 2.77+£0.36 18.43+1.53 6.65
Ko143 1 uM 5.49+£0.57" 6.43+0.76" 1.17
Pantoprazole 100 pM 5.68 +£0.74™ 7.58 +0.78" 1.33

Results are expressed as mean + S.E. of at least 3 experiments. (**) p<0.01, (*) p<0.05, compared with
the control. (J. Pharm. Sci., 107, 2946-2956 (2018); Table 2)

As shown in Fig. 6 (a), 6 (c), and Table 2. The secretory transport of sulfasalazine was much greater
than its absorptive transport. The Py, for the secretory (S—M) and absorptive (M—S) of sulfasalazine alone
was 16.95+0.95 and 3.20+0.22 (x10° cm/s), respectively. The efflux ratio was 5.30, indicating that the
secretory transport of sulfasalazine across rat intestinal membrane was approximately 5.30-time faster than
its absorptive transport. These results are in an accordance to the previous reports.?'** After the addition of
Ko143, a highly potent and specific BCRP inhibitor, the secretory transport of sulfasalazine was
significantly reduced to 6.43+£0.76x10°° cm/s, (p<0.01). The absorptive transport of sulfasalazine was also
significantly increased to 5.49 +0.57x10° cm/s, (p<0.01). The efflux ratio was reduced to 1.17 in the
presence of 1 uM Ko143. These results suggest that the directional transport was completely neutralized

and rodent Bcrpl is the main mechanism for the efflux transport of sulfasalazine. Additionally,

-19 -



pantoprazole was used as an alternative BCRP inhibitor. Pantoprazole was recognized as
BCRP substrate and was used as a BCRP modulator in several in vivo studies.®** % Results showed that
pantoprazole also inhibited Berpl but at much lower potency than Ko143. 100 pM pantoprazole reduced
the secretory Payp to 7.58 £0.78x10° cm/s, increased the absorptive Papp to 5.68 +0.74x10° cm/s, and the
efflux ratio was reduced to 1.33. These results suggested that pantoprazole might inhibit the Berpl-
mediated sulfasalazine transport by competitively binding to Bcrpl, resulting in the saturation of the

transporters and the subsequent reduced binding to sulfasalazine.

Several pharmaceutical excipients demonstrated their ability to reduce the Berpl-mediated
secretory transport of sulfasalazine. The most promising result was observed in the presence of the
polyoxyethylene alkyl ether derivative, BL-9EX. Especially at 0.075%, BL-9EX significantly decreased
the secretory Py of sulfasalazine to 7.89+0.45 and increased the absorptive Pap, to 5.19+0.44 (x10° cm/s),
p<0.01. The efflux ratio was reduced to 1.52 which also suggested that BL-9EX can neutralize the
directional transport of sulfasalazine. After decreasing the concentration to 0.05%, BL-9EX still improved
the transport of sulfasalazine by significantly decreasing the secretory P.p, and increasing the absorptive
Papp. The other pharmaceutical excipients including Brij97, Labrasol, and Tween 20 demonstrated the
ability to modulate Berpl transporter by significantly decreasing the secretory transport of sulfasalazine.
However, none of them was able to increase the absorptive Py, of sulfasalazine. Interestingly, dose-
independent responses were observed in the presence of Labrasol. At 0.01% and 0.1%, Labrasol did not
affect the secretory transport of sulfasalazine. However, at 0.075%, the secretory transport of sulfasalazine
was significantly reduced. This observation suggested that 0.1% Labrasol might inhibit Berpl but their

ability was hindered by some other factors.

Other polyethylene glycol (PEG) containing pharmaceutical excipients including Cremophor EL
and Pluronic F127 did not affect the transport of sulfasalazine in this experiment. Cremophor EL was
reported to modulate P-gp and BCRP in other in vitro experiments.** However, its potency was weak and
might be able to interfere the transport of sulfasalazine, which is the high-affinity substrate of BCRP.

Moreover, the difference in the model used in this study might be the other contributing factor.

Pluronic is a long-chain block copolymer consisted of hydrophilic polyethylene oxide (PEO) and
hydrophobic polypropylene oxide (PPO) moieties which are arranging in PEO-PPO-PEO fashion. They
were well documented that lipophilic Pluronics with immediate length of PPO block from 30-60 units and
the hydrophilic lipophilic balance (HLB) value < 20 such as Pluronic P85 (PEO2-PPO4o-PEQOy) are the
most effective for inhibiting P-gp efflux.® These lipophilic Pluronics are able to penetrate the cell
membrane and reach the mitochondria, where they caused an ATP depletion and a subsequent decrease in

P-gp ATPase activities.*>*-’° Unlike Pluronic P85, Pluronic F127 is hydrophilic because it has much longer
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PEO chains. This could prevent Pluronic F127 to penetrate the cell membrane because of this hydrophilic
property. Therefore, its ability to modulate Berpl-mediated sulfasalazine transport was greatly limited, as
observed in this chapter. Additionally, there is a report that Pluronic F127 improved the absorption of
rhodamine123 in rat everted gut sacs.” However, its effect was minimal and required a relatively higher

concentration (1% w/v) to achieve a preferable result.

Vitamin E TPGS is a water-soluble form of vitamin E derivative. It contains a hydrophilic PEG
chain and the hydrophobic a-tocopherol head. Vitamin E TPGS was reported to inhibit P-gp by the
mechanism affecting the membrane fluidity, conformational flexibility and intracellular ATP levels.*”*® In
this chapter, vitamin E alone did not affect sulfasalazine transport across rat small intestine likely because
it lacks the hydrophilic PEG chain. This finding suggested that the PEG moieties are the crucial elements

for the pharmaceutical excipients to achieve their inhibitory effects on P-gp or BCRP transporters.

1.2.2 Bi-directional transport of CF across rat intestinal membrane determined by a diffusion

chamber method.

The author examined the transport of CF across rat intestinal membrane using the same diffusion
chamber method to ensure that the improvement in sulfasalazine permeation was indeed via the transporter
inhibition in the transcellular transport but not by the increase in paracellular permeation caused by the
leaky tight junctions. The transport parameters of CF across rat small intestinal membrane are summarized

in Table 3.

Table 3. Intestinal transport of 5(6)-carboxyfluorescein in the presence of various types of pharmaceutical
excipients by an in vitro diffusion chamber method

Concentrations Papp (X107 cm/s) Efflux ratios
Group
(% wiv) M-S S—M
Control 5.29+0.43 6.05+0.79 1.14
Ko143 1 uM 5.13 £0.58N5 5.46 £ 0.26N5 1.06
BL-9EX 0.05 6.04 £ 0.40N5 5.58 £0.53N5 0.92
0.075 6.56 £0.17N5 6.17 £ 0.34N5 0.94
Brij97 0.01 5.04 £ 0.89NS: 4.55 £ 0.20N5 0.90
0.05 5.93 £0.43N: 6.88 £ 0.45N5 1.16
Labrasol 0.075 5.13 £0.75N5 6.42 £ 0.49N5 1.25
Tween 20 0.05 5.31 £ 0.79N5 7.21 £0.53N5 1.36
0.10 5.33 £0.33N% 5.23 £ 0.49N5 0.98

Results are expressed as mean + S.E. of at least 3 experiments. (N.S.) not significantly different,
compared with the control. (J. Pharm. Sci., 107, 2946-2956 (2018); Table 3)
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The transport parameters of CF across rat small intestinal membrane showed that the transport of
CF was evenly distributed into both directions. The absorptive and secretory Payp values of CF were 5.29+
0.43, and 6.05+0.79x10¢ cm/s, respectively. The efflux ratio was 1.14, suggesting that there was no
directional transport. Interestingly, the transport parameters of CF are similar to those of sulfasalazine with
the presence of 1 uM Ko143, a positive inhibitor of BCRP transporter. These findings suggested that in the
presence of BCRP inhibitor, sulfasalazine slowly diffuses across rat intestinal membrane in the same rate
as CF.”! Additionally, the transport parameters of CF were not changed after the addition of 1 uM Ko143,
suggesting that CF is not a substrate of BCRP transporter.

PEG-containing pharmaceutical excipients are known to open the tight-junctions, causing the
leakage of intercellular barriers and subsequent increase the paracellular permeation. This mechanism could
be applied to improve the paracellular permeation of poorly soluble or poorly absorbable drugs such as
curcumin, alendronate, etc.®®%>7? In general, the concentration needed to open the tight-junctions is
significantly higher than that needed to effectively inhibit P-gp or BCRP transporters. BL-9EX, Brij97,
Labrasol, and Tween 20 at the concentrations which could improve the permeation of sulfasalazine only
slightly changed the permeation parameters of CF. However, the differences are within the margin of errors
and none of them was significantly different compared the untreated control. These findings suggested that
the pharmaceutical excipients at the evaluated concentrations did not affect the paracellular transport of CF
as well as sulfasalazine. The improvement in sulfasalazine permeation as seen in this chapter is likely

caused by the inhibition of Berp1 transporters by these pharmaceutical excipients.
1.2.3 Intestinal absorption of sulfasalazine determined by an in situ closed loop method

BL-9EX, Brij97, Labrasol, and Tween 20 were further examined for their ability to modulate
intestinal Berpl transporters using an in situ closed loop method in rats. The plasma concentration time
curves and pharmacokinetic parameters of sulfasalazine in the presence and absence of various

pharmaceutical excipients are shown in Fig. 7 and Table 4.

As seen in Fig. 7 and Table 4, plasma concentration of sulfasalazine after its intestinal
administration (1 mg/kg) slowly increased and achieved its maximum concentration (Cmax) at 393 £33
ng/mL. Time to maximum plasma concentration (Tmax) of sulfasalazine was 120 + 30 min, and the area
under concentration time curve (AUCo.4n) was 73.1 £5.5 ug-min/mL, suggesting that sulfasalazine was

slowly absorbed from the small intestine.

-22 -



.y -y s>
o) Plasma sulfasalazine concentration @& Plasma sulfasalazine concentration da

Plasma sulfasalazine concentration

Figure 7. Plasma concentration time curves of sulfasalazine after the intestinal administration of 1 mg/kg
sulfasalazine with pantoprazole, Tween 20, or Labrasol (a), BL-9EX (b), and Brij 97 (c¢). Data are expressed
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as the mean £ S.E. of at least 3 animals. (J. Pharm. Sci., 107, 2946-2956 (2018); Figure 2)
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Table 4. Pharmacokinetics parameters of sulfasalazine after the intestinal administration in the presence or
absence of various types of pharmaceutical excipients measured by an in-situ closed loop method.

Pharmacokinetic parameters

Experiment Crnax T nax AUCy.4n Enhff;;eoment
(ng/ml) (min) (ug-min/ml)

Control 393 £33 120+ 30 73.1+5.5 -
Pantoprazole (40 mg/kg) 3,517 £ 174%** 85+£5 676.3 £ 50.7%* 9.25
Tween 20 0.1% (W/v) 370 + 56 125+30 69.8+10.3 0.95
Tween 20 0.5% (W/v) 451+ 70 130 +27 80.7+12.2 1.10
Labrasol 0.075% (w/v) 395+ 54 180 £35 745+11.2 1.02
BL-9EX 0.05% (w/v) 553 £ 58%* 145 +£35 1059 +9.1* 1.45
BL-9EX 0.1% (w/v) 843 + 136* 65+ 18 159.2 £ 19.6%* 2.18
Brij 97 0.05% (w/v) 478 £ 108 130+18 86.4+19.1 1.18
Brij 97 0.1% (w/v) 888 + 94** 80+5 131.1 £ 10.0%* 1.79

Results are expressed as mean = S.E. of at least 3 animals. (**) p <0.01, (*) p<0.05, compared with the
control. (J. Pharm. Sci., 107, 2946-2956 (2018); Table 5)

Pantoprazole was used as a positive inhibitor of Berpl transporter in this experiment. The inhibitory
potency of pantoprazole toward BCRP was low and the dose required to ensure the adequate inhibition of
Berpl is significantly greater than its therapeutic dose. The dose of 40 mg/kg was chosen because it was
reported to completely inhibit Berpl in rats by other researchers.®® Results showed that co-administration
with pantoprazole greatly increased the plasma concentration of sulfasalazine. The Cmax of sulfasalazine
was significantly increased to 3,517 + 174 ng/mL, almost 9-fold compared to control. Tmax Was shortened
to 85 + 5 min and over 9-fold increase in AUCo4 1 of sulfasalazine was observed during the co-
administration with 40 mg/kg pantoprazole (676.3 + 50.7 pg:min/mL). These results illustrated that
pantoprazole could be used as a positive BCRP inhibitor for in vivo experiments, suggested that the

absorption of sulfasalazine was limited by the presence of Berpl transporters in rats. %’

The concentrations of pharmaceutical excipients in this experiment were adjusted to be slightly
higher than those in the diffusion chamber experiments because the intestinal membrane in the diffusion
chamber experiment was more fragile due to more invasive operation during the preparation procedure.
Similar to the diffusion chamber experiments, BL-9EX significantly improved the absorption of

sulfasalazine. Both Cpax and AUCy.4 1, were significantly increased to 843 &+ 136 ng/mL (p<0.05) and 159.2
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+19.6 pg'min/mL (p<0.01), respectively in the presence of 0.1% BL-9EX. This improvement was still
observed after reducing BL-9EX. The Ciax and AUCo.4 1 were significantly increased to 553 + 58 ng/mL
(»<0.05) and 105.9 £ 9.1 pg-min/mL (p<0.05), respectively in the presence of 0.05% BL-9EX. These
results suggested that BL-9EX is a potent inhibitor of Bcrpl. Additionally, 0.1% Brij97 significantly
improved the intestinal absorption of sulfasalazine by increasing Cmax and AUCy.4 1 values of sulfasalazine
to 888 = 94 ng/mL and 131.1 £ 10.0 ug'min/mL, respectively (p<0.07). This finding suggested the
possibility that Brij97 could be used as the effective Berpl inhibitor.

Other pharmaceutical excipients including Tween 20 and Labrasol did not increase the intestinal
absorption of sulfasalazine even at their maximum applicable concentrations. These results are in contrast

49,58

to other reports*>>°® possibly due to the high-binding affinity of sulfasalazine to Berpl transporters and the

weaker potency of Tween 20 and Labrasol compared to BL-9EX or Brij97.
1.2.4 Intestinal absorption of CF determined by an in situ closed loop method

BL-9EX and Brij97, which were able to improve sulfasalazine absorption in rats, were further
examined with CF absorption using a same experiment procedure. CF was intestinally administered to the
rats at 0.5 mg/kg. The plasma concentration time curves and pharmacokinetic parameters of CF in the

presence and absence of various pharmaceutical excipients are shown in Fig. 8 and Table 5.
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Figure 8. Plasma concentration time curves of 5(6)-carboxyfluorescein after the intestinal administration
of 0.5 mg/kg CF with 0.05 %, 0.1 % BL-9EX, and 0.1 % Brij 97. Data are expressed as the mean * S.E.
of at least 3 animals. (J. Pharm. Sci., 107, 2946-2956 (2018); Figure 4)
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Table 5. Pharmacokinetic parameters of 5(6)-carboxyfluorescein after intestinal administration with or
without various types of pharmaceutical excipients by an in-situ closed loop method

Pharmacokinetic parameters

Experiment Enhancement
P Cinax Tmax AUCo4n. ratio
(ng/ml) (min) (pg-min/ml)
Control 66.8 £13.6 190 + 50 8.80+ 041 -
BL-9EX 0.05% (w/v) 492+ 149 240+ 0 7.87 +2.72NS 0.89
BL-9EX 0.1% (w/v) 71.1+£2.2 240+ 0 8.85 4+ 0.49NS 1.01
Brij97 0.1% (w/v) 107.8 £ 16.0 240+ 0 13.78 £ 1.15" 1.57

Results are expressed as mean =+ S.E. of at least 3 animals. (*) p<0.05, (N.S.) not significantly different,
compared with the control. (J. Pharm. Sci., 107, 2946-2956 (2018); Table 6)

As shown in Fig. 8 and Table 5, without any excipient, the Cmax and AUCo4 1 values of CF were
66.8+£13.6 ng/mL and 8.80 + 0.41 pg-min/mL, respectively. These values are comparable to the previous
report.®” Considering that the CF was administered at only a half dose of sulfasalazine (0.5 mg/kg vs. 1
mg/kg), the AUCo4 1, of CF was approximately 12% compared to that of sulfasalazine. These findings

suggested that the intestinal absorption of CF was very poor and even lower than sulfasalazine.

BL-9EX did not increase the intestinal absorption of CF, a paracellular transport marker even at
the maximum dose (0.1%). The results suggested that at the concentration up to 0.1%, BL-9EX did not
affect the integrity of the tight-junctions and did not increase the paracellular permeation. This supports the
hypothesis that the improvement in sulfasalazine absorption was caused by the inhibition of Berpl in the

presence of BL-9EX and was not due to the increase in paracellular permeation.

In contrast, the author observed that 0.1% Brij97 significantly increased the absorption of CF. The
AUCq.4 1 value of CF was increased to 13.78 £ 1.15 pg'min/mL (p<0.05), suggesting that there was an
increase in the paracellular permeation which was likely caused by Brij97. From these findings, it is possible

that Brij97 might improve the permeation of sulfasalazine via the paracellular pathway.
1.2.5 Effects of the pharmaceutical excipients on the intestinal metabolism of sulfasalazine

Sulfasalazine was degraded to its metabolites 5-ASA and sulfapyridine by the intestinal
bacteria.”*%* There is some possibility that the pharmaceutical excipients might interfere with the
intestinal bacteria, limit its ability to metabolize sulfasalazine and the subsequent increase in the intestinal

absorption of sulfasalazine. The plasma concentration of 5-ASA should be decreased if there was a
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significant inhibition of sulfasalazine metabolism by the excipient. Therefore, the author measured the
plasma concentration of 5-ASA after the intestinal administration of sulfasalazine by the in situ closed loop
method. The plasma concentration versus time curves of 5-ASA after the intestinal administration of 1

mg/kg sulfasalazine are shown in Fig. 9.
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Figure 9. Plasma concentration time curves of 5-ASA after the intestinal administration of 1 mg/kg
sulfasalazine with or without 0.05 % BL-9EX. Data are expressed as the mean &= S.E. of at least 3 animals.
Keys: (O) Control; (A) BL-9EX 0.05%.

The plasma concentration of 5-ASA after the intestinal administration of 1 mg/kg sulfasalazine was
extremely low. The plasma level of 5-ASA remained below the lower limit of detection (4.56 ng/mL) during
most of the experimental period and the AUCy.41 values of 5-ASA could not be accurately determined. On
the other hand, a slightly higher plasma concentration of 5-ASA was observed in the BL-9EX 0.05% treated
group, suggesting that the presence of 5-ASA in the small intestine might be increased. However, these
values are within the margin of errors and the pharmaceutical excipients might not affect the intestinal

metabolism of sulfasalazine.

1.3 Conclusions

In this chapter, several issues regarding to the transport of sulfasalazine by BCRP transporter were
explored. First of all, the author demonstrated that sulfasalazine transport across rat intestine was mainly
into the secretory direction due to the activities of Berpl transporter. This was supported by the results of
Berpl inhibitors Ko143 and pantoprazole, both of which could completely neutralized the directional

transport of sulfasalazine. In addition, the Py, values of sulfasalazine in the presence of Ko143 were similar
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to those of the CF, the non-BCRP substrate and paracellular transport marker. These findings suggested
that when the Berpl was inhibited, the permeation rate of sulfasalazine across rat intestine was similar to
the permeation rate of CF. Next, the intestinal absorption of sulfasalazine in rats examined by the in situ
closed loop method support the hypothesis that Berpl was behind the limited absorption of sulfasalazine.
Sulfasalazine absorption was improved by 9.25-fold after the addition of pantoprazole, a Berpl inhibitor.
In addition, 0.1% BL-9EX and Brij97 significantly improved the intestinal absorption of sulfasalazine. BL-
9EX and Brij97 were further examined for their effects against the intestinal absorption of CF. Results
showed that BL-9EX did not increase the paracellular permeation of CF, indicating that BL-9EX improved
the intestinal absorption of sulfasalazine by the inhibition of Berpl. On the other hand, Brij97 increased the
intestinal absorption of CF, suggesting that Brij97 might increase the intestinal absorption of sulfasalazine
via a paracellular permeation. Lastly, the effects of BL-9EX on the plasma concentration of 5-ASA was
examined. The results suggested that BL-9EX did not decrease the plasma concentration of 5-ASA.
Therefore, the possibility that BL-9EX might inhibit the bacterial metabolism of sulfasalazine was
dismissed. In conclusion, the author demonstrated that BL-9EX could be applied as the BCRP modulator

to improve the intestinal absorption of BCRP substrates.

-28 -



Chapter II: Effects of various pharmaceutical excipients on the intestinal
transport and absorption of topotecan, an orally active BCRP substrate

In this chapter, the author applied the findings from the first chapter to improve the intestinal
absorption of topotecan. Topotecan is a semi-synthetic, water-soluble analog of camptothecin extracted
from Camptotheca acuminata™. It acts by forming a stable covalent complex with the DNA/topoisomerase-
[ aggregate, the so-called “cleavable complex”. This process leads to breaks in the DNA strand resulting in
apoptosis and cell death.”*” Topotecan is currently approved for the treatment of several cancers such as
ovarian cancer’®”’, lung cancers’®, pancreatic cancers’’, leukemia®, and retinoblastoma®'. Topotecan is also
available in the oral dosage form which is approved for the treatment of a relapsed small cell lung cancer.™
The oral bioavailability of topotecan was reported to be low (<40%) in humans.®®* Furthermore, it was
reported to be a substrate of BCRP transporter which plays a major role in the absorption of topotecan in
humans.’*%386 Ag previously reported by Sparreboom et al. in 2005, in patients with an single nucleotide
polymorphism (SNP) variant at nucleotide 421, their BCRP activities were 30% lower and topotecan
bioavailability was 1.36-fold greater than patient with wild-type BCRP allele.?” This report suggests the
possibilities that the bioavailability of topotecan could be improved by inhibiting the intestinal BCRP

transporter.
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Figure 10. Chemical structures of topotecan lactone (active) form and its carboxylate form.

The bi-directional transport of topotecan was examined using human Caco-2 cell monolayers as a
permeation membrane. Before examining the effects of pharmaceutical excipients on the transport of
topotecan, the toxicities of these pharmaceutical excipients to Caco-2 cells were evaluated by MTT assay

in order to find the maximum applicable concentration for the transport studies. After that, the non-toxic
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concentrations of pharmaceutical excipients were used to examine the effects on the bi-directional transport
of topotecan across Caco-2 cell monolayers. Furthermore, their effects on the intestinal absorption of

topotecan were also evaluated using the in situ closed loop method in rats.

Pharmaceutical excipients including BL-9EX, Brij97, Cremophor EL, and Tween 20 which are
found to modulate Berpl transporter from the first chapter were applied in this section. Additionally,
Pluronic F68 (PEOs-PPO,7-PEOsy) was included in this chapter because there is a direct evidence to
suggest that Pluronic F68 could inhibit BCRP and decrease the biliary excretion of camptothecin, a parent

compound of topotecan.>

2.1 Materials and methods
2.1.1 Materials

Topotecan hydrochloride was purchased from Toronto Research Chemicals (Ontario, Canada).
Brij97 (CAS N0.9004-98-2), and BL-9EX (CAS No. 3055-99-0) were obtained from Nikko Chemical Co.,
Ltd. (Tokyo, Japan). Tween 20, dimethyl sulfoxide (DMSO) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). CF, verapamil hydrochloride, Hank’s Balanced Salt Solution (HBSS), and
Cremophor EL were purchased from Sigma Aldrich Chemical Co., Ltd. (St. Louis, MO). Labrasol was
kindly gifted from Gattefossé (Cedex, France). Pluronic F68 (Kolliphor® P188) was purchased from BASF
SE (Ludwigshafen, Germany). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide), and
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Dojindo Molecular
Technologies, Inc., (Kumamoto, Japan). Ko143 was purchased from Abcam Plc. (Cambridge, UK). HPLC-
grade acetonitrile and methanol were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). For Caco-
2 cell cultivation, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), MEM non-
essential amino acid solution, trypsin-ethylenediaminetetraacetic acid, 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid, antibiotic-antimycotic mixed solution (10,000 U/mL penicillin, 10 mg/mL
streptomycin, 25 mg/mL amphotericin B, and 0.85% saline) were purchased from Life Technologies

Corporation (Carlsbad, CA, USA). All other reagents were of laboratory grade.
2.1.2 Animals

All animals were treated in an accordance with 1.1.2.
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2.1.3 Cell culture

Caco-2 cells, heterogeneous human epithelial colorectal adenocarcinoma cell line with a passage
number of 46, was obtained from Dainippon Sumitomo Pharma Co., Ltd. and used in all experiments
involving the Caco-2 cells. The complete growth medium including DMEM, 10% FBS, MEM non-essential
amino acid solution and antibiotic antimycotic mixed solution was used. The detailed procedure is available
as follows. Initially, the hibernated Caco-2 cells were stored in a sealed-vial inside the liquid nitrogen tank.
The re-vitalization of the Caco-2 cells was carried out by rapid thawing the frozen Caco-2 cells in the water
bath until approximately half of the frozen content was thawed. After that, the vial was left at the room
temperature until completely thawed. Because Caco-2 cells were hibernated in DMSO containing media,
this media was removed and replaced with an ice-cold complete growth medium and were seeded into T-
75 flask in 5% CO», 37°C incubator. The complete growth medium was replaced every 48 h and the Caco-
2 cells were allowed to grow until reaching 80%-90% confluence. The cells were cultured for the additional

2-3 passages before use in the MTT assay, transport assay, and other experiments.
2.1.4 Toxicities of pharmaceutical excipients in Caco-2 cells by a MTT assay

The author evaluated the viability of Caco-2 cells after the exposure to various concentrations of

8889 with additional modifications.

pharmaceutical excipients using the methods as described previously,
Caco-2 cells from 2.1.3 were seeded into T-75 flask. Upon reaching 80%-90% confluence, cells were
trypsinized and were resuspended into the fresh complete growth medium at 1x10° cells/mL. This cell
suspension was seeded into 96-well flat-bottom cell culture plate. HBSS at pH 7.4 containing 25 mM
HEPES was used as a working medium. After the plate was incubated for 60 h, the monolayers were washed
with working medium and were incubated with working medium containing various concentrations of
pharmaceutical excipients. After 4 h, the incubating medium was removed and quickly replaced with
working medium containing 0.5 mg/mL MTT and the cells were incubated for additional 4 h. The MTT
solution was subsequently removed and 100 pL. DMSO was added into each well to dissolve a formazan
crystal. Optical density (OD) was measured at 570 nm by Synergy® HT multi-detection microplate reader
(Biotek Instrument Inc., Winooski, VT., USA). The reduction in formazan crystal formation is
proportionally related to Caco-2 viability. Caco-2 viability relative to untreated control cells was calculated

by dividing the OD from treated samples by the OD from untreated control cells. The schematic illustration

of the procedure and the concept of MTT assay are summarized in Fig. 11.
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Figure 11. The schematic illustration of the procedure (top) and the concept of MTT assay (bottom)

2.1.5 Bi-directional transport studies of topotecan and CF using Caco-2 cell monolayers

Caco-2 cells, which are known to express BCRP transporter,”® were used to create a permeation

membrane. Caco-2 cell suspension from 2.1.3 contains roughly 3x10° cells was seeded into T-75 flask and
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was incubated in CO; incubator until reaching 90% confluence (usually within 5 days). The cells were
trypsinized and resuspended into the growth medium at 2x10° cells/mL. Transwell™ cell culture inserts
(12-well, 1.12 em?, pore size 0.4 pm) (Corning Inc., MA., USA) were used. Each insert was seeded with
0.5 mL cells suspension to the apical side and was allowed to grow in CO; incubator for 21-28 days. The
growth medium was regularly replaced every 48 h. The integrity of the monolayers was routinely monitored
by measuring the transepithelial electrical resistance (TEER) using Millicell® ERS-2 volt-ohm meter (EMD
Millipore Corp., MA., USA). Any insert with TEER < 600 Q-cm? was discarded.

The transport studies were carried out by the following procedures. First, the well-developed
Transwell inserts were washed and incubated for 1 h in the blank transport medium (HBSS pH 7.4 with 25
mM HEPES) at 37°C in order to stabilize the monolayers. After that, incubating media in donor side of the
insert was removed and immediately replaced with drug solution (10 uM topotecan or CF, prepared in
transport medium with or without excipient). The incubating media in receiver side of the insert was also
removed and replaced with the blank transport medium. TEER was periodically measured and samples
were taken from the receiver side and the equal volume of blank transport media was immediately replaced.

The schematic illustration of this bi-directional transport is shown in Fig. 12.

Apical to Basal Basal to Apical
Absorptive transport Secretory transport

AP : Drug AP -
solution Blank TM e

BL : Drug
BL : Blank TM solution

Donor (administration) side = AP Donor (administration) side = BL

Receiver (sampling) side = BL Receiver (sampling) side = AP

Drug solution = 10 uM topotecan or 10 pM CF prepared in blank transport medium

Figure 12. Schematic illustration of the bi-directional transport studies of topotecan and CF using Caco-2
cells monolayers, Caco-2 cells were grown on Transwell® culture inserts (shown in this figure). AP., apical;
BL., basolateral; TM., transport medium (HBSS pH 7.4 with 25 mM HEPES), green arrows indicating the
direction of the transport.
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2.1.6 Intestinal absorption studies by an in situ closed loop method

The effects of pharmaceutical excipients on the intestinal absorption of topotecan and CF were
evaluated by the in situ closed loop method in rats similar to that described in 1.1.4 with some minor
modifications according to the update in animal treatment guideline. The total anesthesia was achieved by
the intra peritoneal injection of 0.15 mg/kg medetomidine, 2 mg/kg midazolam, and 2.5 mg/kg butorphanol

tartrate. The dose of topotecan was 0.5 mg/kg and was prepared in PBS at the concentration of 0.5 mg/mL.
2.1.7 Determination of drugs

The concentrations of topotecan in Caco-2 permeation and in sifu closed loop studies were
determined by HPLC systems equipped with DGU-20A on-line degassing unit, LC-20AT series-type
double plunger pumps, SIL-20A autosampler, CTO-10A column oven, and RF-10AXL fluorescence
detector (Shimadzu Co., Kyoto, Japan). Data collection and integration were carried out by Chromato-PRO
version 5.0 (Runtime Instrument Co., Ltd., Japan). The detailed analytical procedure is available as follows.
Samples were thawed at room temperature if frozen. After that, samples were deproteinized and acidified
by the addition of a three-volume of 25 mM phosphoric acid in ice-cold methanol. Samples were vortexed
for 10 min before centrifugation. A clear supernatant was used for analysis by HPLC. To separate the peak
of topotecan, analytical column (5C18-MS-II, 4.6x150 mm, 5pum, Nacalai Tesque, Inc., Japan) and the
isocratic flow of 25 mM KH>POs pH 3.5 and acetonitrile (85:15) at | mL/min was used. The clear separation
was achieved with the lower limit of detection and quantification were less than 2 ng/mL and 7 ng/mL,

respectively. The typical runtime was 8 min for each sample.

The concentrations of CF in Caco-2 cells permeation experiment and in situ closed loop experiment

were analyzed using the same procedures as described in 1.1.6.
2.1.8 Calculation and statistical analysis

The apparent permeability coefficient (Pa,p) was calculated from the Caco-2 cells permeation

experiments by using the equation from 1.1.7 with minor modifications.

b Flux
WP Area - Cy - 60

Flux is the rate of appearance of topotecan or CF in the receiver side, which was calculated from
the linear portion of the cumulative permeated amount versus time curve. Area is the surface area of the
permeation membrane (1.12 ¢m?) and Cy is the initial concentration of topotecan and CF (10 uM).

Additionally, efflux ratio (ER) was calculated by the following equation.
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P, >
Ef flux ratio (ER) = _app B=4

app A-B
Papp B refers to the apparent permeability coefficient of the secretory (i.e. basolateral to apical
side of the insert) permeation. P,y -5 refers to the apparent permeability coefficient of the absorptive (i.e.

apical to basolateral) permeation.

The calculation of pharmacokinetic parameters by the in situ closed loop experiment and the

statistical analysis were carried out using the method described in 1.1.7.

2.2 Results and Discussion
2.2.1 MTT cytotoxicity assay

The MTT assay was used to measure the metabolic activities of the living cells. Its mechanism
involving the reduction of yellowish MTT solution to purple formazan crystals. This process was driven by
the cellular reductant, reduced pyridine nucleotide cofactor (NADH) which was mainly generated from the
mitochondrial tricarboxylic acid cycle.”! The reduction in the formazan formation is proportionally related
to the reduction of cell viability. The effects of pharmaceutical excipients on the viability of Caco-2 cells

are summarized in Fig. 13.

The relative viabilities of Caco-2 cells after exposure the polyoxyethylene alkyl ether derivatives
BL-9EX and Brij97 at 0.00025% and 0.0005% were 65%-75% of the untreated control. This result
suggested that BL-9EX and Brij97 caused cellular damage even when applied with a very low concentration.
This is likely due to the intrinsic properties of BL-9EX and Brij97. They were reported to have a relatively
higher membrane solubilization capacity compared to other pharmaceutical excipients.’**?** Additionally,
because Caco-2 cell monolayers did not express a protective mucous layer®, they are more susceptible to
the high membrane solubilizing activities of BL-9EX and Brij97. On the other hand, Cremophor EL,
Labrasol, Pluronic F68, and Tween 20 did not affect the viability of Caco-2 cells because they had less
membrane solubilization capacities. Therefore, they were all qualified for the next bi-directional transport

studies.
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Figure 13. Relative viability of Caco-2 cells after exposure to various pharmaceutical excipients at the
indicated concentrations. Results are expressed as mean + SE of 3—6 experiments. (**) denotes significantly
different results from the control group (p<0.01). (J. Pharm. Sci., 108, 1315-1325 (2019); Figure 1)

2.2.2 Effects of pharmaceutical excipients on the transport of topotecan across Caco-2 cell

monolayers

By using the same passage of Caco-2 cells for the whole experiment, the author was able to avoid
the possible fluctuation in BCRP expression level which was reported to vary from passage to passage.”
The transport of topotecan was measured up to 4 h. Additionally, the TEER was routinely measured during

the experimental period to evaluate the integrity of the monolayers.

As seen in Fig. 14 and Table 6, the secretory and absorptive P, values of topotecan across Caco-
2 cell monolayer were 5.60+0.32 and 0.35+0.01 (<10 cm/s, respectively). The ER value of topotecan
alone was 16.00, suggesting that topotecan was preferentially transported into the secretory direction.
However, there are several conflict reports about which transporter is actually driving the secretory
transport of topotecan. Some reports suggested that topotecan is a dual P-gp/BCRP substrate. For example,
Li et al. reported that the secretory flux of topotecan across Caco-2 cell monolayers was dramatically
reduced in the presence of 100 uM verapamil (a P-gp substrate/inhibitor) or 40 uM fumitremorgin C (a
BCRP inhibitor). A previous report by de Vries et al.”® demonstrated that AUC values of topotecan in
Berpl1©” or Mdrla/b“™” knockout mice were 1.5 fold higher than those of wild type mice, while the AUC
values of topotecan in dual Mdrla/b“’Berp1¢-) knockout mice were 12-fold higher than in wild type mice.
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Figure 14. Cumulative permeated amount versus time curve of topotecan across Caco-2 cell monolayers
in the presence of 1 uM Ko143 or 50 uM verapamil (a), Tween 20 (b), Labrasol (c), Cremophor EL, (d)
and Pluronic F68 (e). Absorptive and secretory transport of topotecan is shown in the left and right panels,
respectively. (J. Pharm. Sci., 108, 1315-1325 (2019); Figure 2)

Topotecan was also reported to be primarily transported by BCRP. For example, the AUC values
of topotecan in Berp1 ' mice after oral administration of 1 mg/kg topotecan were 3.6-fold higher than those
in wild type mice.’® Jonker et al.* reported that the oral bioavailability of topotecan co-administered with
GF120918, a BCRP inhibitor in P-gp deficient mice was more than 6-fold greater than that in the absence
of the inhibitor GF120918.
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excipients determined by Caco-2 cell permeability

Table 6. Apparent permeability coefficient values of topotecan in the presence of various pharmaceutical

Apparent permeability coefficient

Experiment Concentration (<107 cns) Efflux ratio
Papp a—B PappB—a

Control - 0.35+0.01 5.60+0.32 16.00
Ko143 1 uM 1.08 £ 0.06™ 1.82+0.02" 1.69
Verapamil 50 uM 0.46 = 0.06 5.09+0.03 11.07
Tween 20 0.025% 0.72+0.07" 4.10+0.03" 5.69
0.05% 1.07£0.13" 3.77£0.09" 3.52
Labrasol 0.025% 0.72+£0.03" 5.51+0.27 7.65
0.05% 0.73 £ 0.03™ 548 +0.22 7.46
Cremophor EL 0.025% 0.85+0.117 5.25+0.09 6.18
0.05% 1.22+£0.22" 474 +0.06™ 3.89
Pluronic F68 0.025% 0.48 +0.01 452+0.11" 9.42
0.05% 0.54 +0.05 470+ 0.01™ 8.70

Results are expressed as mean + SE of at least 3 experiments. (**) p<0.0/ compared with the control. (J.
Pharm. Sci., 108, 1315-1325 (2019); Table 2)

In order to clarify the role of transporters on the secretory transport of topotecan, verapamil, a P-
gp inhibitor and Ko143, a BCRP inhibitor were used. The dose of Ko143 was set to 1 uM according to the
report that it could completely neutralize the BCRP-mediated vectorial transport of [*H]estrone-3-sulfate,
a BCRP substrate, in Caco-2 cells.”® Additionally, the sensitivity of Ko143 to P-gp was >300-fold lower
than that to BCRP. The effective concentration of P-gp inhibitor GF120918 for reversal of 50% of the
resistance in P-gp mediated paclitaxel resistance cells (ECso) was 0.0030 = 0.0004 uM, while ECso 0of Ko143
was 1.0 £ 0.3 uM. Moreover, 0.5 uM Ko143 was reported to completely reverse BCRP-mediated drug
resistance but had very little effect on the resistance of MDCKII/MRP2 cells to vincristine, a MRP2
substrate (ICso =12.8 0.3 nM and 13.5+ 1.3 nM, for with and without 0.5 uM Ko143, respectively).”” In
the presence of 1 uM Ko143, the secretory P,y, value of topotecan was significantly reduced to 1.82+0.02
x10° cm/s (p<0.01) and the absorptive Py, was significantly increased to 1.08 +0.06 x10° cm/s (p<0.01).
The efflux ratio was reduced to 1.69, almost 10-fold reduction, suggesting that Ko143 at 1 uM which did
not interfere with P-gp*°, could effectively inhibit BCRP transporter in Caco-2 cells and neutralized the
directional transport of topotecan. On the other hand, verapamil was used at 50 pM. Verapamil is a highly
potent and specific P-gp inhibitor with ICsy values in Caco-2 cells of 8.44 uM for fexofenadine®® or 32.2
uM for digoxin.”® However, verapamil loses specificity toward P-gp, and likely inhibits BCRP at higher
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concentrations.” Therefore, 50 pM was considered adequate for verapamil to inhibit P-gp without
interfering with BCRP. As shown in Fig. 14 (a) and Table 6, 50 uM verapamil had no effect on topotecan
permeation across Caco-2 monolayers in our bi-directional transport studies, suggesting that topotecan is
not a substrate of P-gp and the directional transport of topotecan was mainly driven by a BCRP transporter.

These findings are also supported by the other literature. '

Tween 20 and Cremophor EL could significantly increase the transport of topotecan across Caco-
2 cells. At 0.05%, Tween 20 significantly increased the absorptive Py, value of topotecan to 1.07 +0.07
x107 cm/s (p<0.01). This is similar to the P,p, values from the group treated with Ko143 (1.08 = 0.06 x10°
6 cm/s). The secretory Py, value was significantly reduced to 3.77 +£0.09 x10°¢ cm/s (p<0.01) and ER was
reduced to 3.52. These results suggested that Tween 20 could be used as a BCRP modulator to improve the
intestinal absorption of topotecan. Cremophor EL at 0.05% also gave promising results by significantly
increasing the absorptive Pap, value of topotecan by almost 3.5-fold (1.22+0.22 x10°° cm/s, p<0.01). The
secretory Papp, and ER values of topotecan were reduced to 4.74+£0.06 x10¢ cm/s and 3.89, respectively, in
the presence of 0.05% Cremophor EL. These results also suggested that Cremophor EL might be used as a

BCRP modulator to improve the intestinal absorption of topotecan.

Interestingly, while both Tween 20 and Cremophor EL increased the absorptive transport and
simultaneously decreased the secretory transport of topotecan, Pluronic F68 only decreased the secretory
Papp and Labrasol only increased the absorptive Pgp, of topotecan. These results are comparable to those
reported by Li et al.’® They reported that 0.01% Pluronic F68 reduced the secretory transport of scutellarin,
a substrate of MRP2, but did not increase the absorptive transport of the same substrate. The same report
also suggested that Labrasol could only improve the absorptive transport of scutellarin with limit effect on
its secretory transport.*® Because BCRP and MRP2 are co-localized on the apical membrane of Caco-2 cells,
the transporter location and the ability to penetrate the membrane of the pharmaceutical excipients might

be involved. However, the exact mechanism is unclear.

The effects of pharmaceutical excipients on the tightness of tight junction in Caco-2 cell
monolayers were evaluated by measuring the TEER. The results are summarized in Fig. 15. There was no
significant reduction in TEER value, suggesting that these pharmaceutical excipients at the tested
concentration did not loosen the tight junction of Caco-2 cell monolayers. It is worth noting that in the
Pluronic F68-treated Caco-2 cell monolayers, TEER values remained constant throughout the duration of
the experiment (Fig. 15 (a)). This is possibly due to the intrinsic cytoprotective properties of Pluronic F68
which was reported to effectively restores damaged cells after electroporation, heat shock, multiple freeze-

thaw cycles, or intense radiation,*>!"!
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Figure 15. Effects of various pharmaceutical excipients on transepithelial electrical resistance (TEER)
during the bi-directional transport of topotecan across Caco-2 cells monolayers. Results are expressed as
mean + SE of 3—6 experiments. (J. Pharm. Sci., 108, 1315-1325 (2019); Figure 3)
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2.2.3 Bi-directional transport of CF across Caco-2 cell monolayers

Table 7. Apparent permeability coefficients of CF in the presence of various pharmaceutical excipients
determined by a Caco-2 cell permeability experiment

Apparent permeability coefficient

Experiment Concentration (<107 cmys) Efflux ratio
Papp A—B Papp B—A

Control - 536+0.21 5.93+0.34 1.11
Tween 20 0.025% 5.89 £ 1.25 NS 7.23 £0.73 NS 1.29
0.05% 5.06 £ 0.42 N5 7.28 £ 0.47 NS 1.19
Labrasol 0.025% 544+ 041NS 6.98 £ 0.10 N 1.28
0.05% 4.90 £ 0.67 N5 6.95 +0.67 N5 1.42
Cremophor EL 0.025% 5.62 £ 0.67N5 7.22 £0.73 NS 1.29
0.05% 6.11+£1.19NS 7.28 £ 0.47 NS 1.19
Pluronic F68 0.05% 5.82 £ 0.57 NS 6.94 + 0.57 NS 1.19

Results are expressed as mean+SE of at least 3 experiments. (N.S.) no significant difference compared with
the control. (J. Pharm. Sci., 108, 1315-1325 (2019); Table 3)

The effects of pharmaceutical excipients on the bi-directional transport of CF across Caco-2 cell
monolayers are summarized in Table 7. In the absence of excipient, absorptive and secretory Pay, value of
CF were 5.36+0.21, 5.93 £ 0.34x10°® (cm/s, respectively). These values are several magnitudes lower than
those from the diffusion chambers using rat intestinal membrane in 1.2.2. This is likely caused by the
stronger tight-junction in adenocarcinoma cell lines such as Caco-2 cell than in normal cells.'® The
addition of Tween 20, Labrasol, Cremophor EL, and Pluronic F68 led to modest changes in Pqpp values that
did not differ significantly from control values. The ERs of CF in the presence of pharmaceutical excipients
ranged from 1.19 to 1.42 relative to control. From these results, it was concluded that the improvement in
topotecan permeation as observed in 2.2.2 was caused by the inhibition of BCRP transporters and the

increase in transcellular permeation of topotecan.
2.2.4 Intestinal absorption of topotecan by an in situ closed loop method

The rodent Berpl gene is a 657 amino acids protein, sharing 86% sequence homology to human
BCRP.? Berpl was reported to play a major role on oral topotecan absorption in rats.'® Therefore, the
author hypothesized that rat Berpl is primarily responsible for topotecan secretory transport, and may
respond to pharmaceutical excipients similar to human BCRP. To further clarify the hypothesis, Tween 20,
Labrasol, Cremophor EL, and Pluronic F68 were further examined whether they can improve the intestinal

absorption of topotecan in rats. The same concentration (0.05%) of these pharmaceutical excipients was
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used for this study. The plasma concentration versus time curves and the pharmacokinetic parameters after

the intestinal administration of 0.5 mg/kg topotecan in rats are summarized in Fig. 16 and Table 8.
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Figure 16. Plasma-concentration time profiles of topotecan (0.5 mg/kg) after intestinal administration by

an in situ closed loop method. Results are expressed as mean + SE of 3—6 animals. (J. Pharm. Sci., 108,
1315-1325 (2019); Figure 4)

Table 8. Pharmacokinetic parameters of topotecan after intestinal administration of 0.5 mg/kg topotecan
with or without pharmaceutical excipients determined by an in situ closed loop method

AUCo4n, Enhancement
Group

(pg min/mL) ratio?
Control 348 +0.24 -
Tween 20 (0.05%) 8.83 £1.58" 2.54
Labrasol (0.05%) 6.39+£0.47 1.83
Cremophor EL (0.05%) 8.19+1.17 2.35
Pluronic F68 (0.05%) 7.75+1.34 2.23

Results are expressed as mean+SE of at least 3 experiments. (*) p<0.05 compared with the control.
“ Enhancement ratios were calculated by dividing AUC values of each experiment group with the AUC
value from the control group. (J. Pharm. Sci., 108, 1315-1325 (2019); Table 4)

As seen in Fig. 16 and Table 8, the intestinal absorption profiles of topotecan with or without
pharmaceutical excipients were in the similar fashion. Unfortunately, because the plasma concentration of
topotecan was gradually increasing until the end of experiment (4 h), the precise and accurate calculation
of Crax and Trmax values was not possible. These results are in contrast to the previous report by Yamagata

et al.*® likely due to the different in the administration method. Without any excipient, topotecan was
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slowly absorbed and the plasma concentration of topotecan 4 h after administration was 32.7 0.7 ng/mL
with the AUCo.41 value of 3.48 +0.24 nug-min/mL. After the addition of 0.05% Tween 20, the intestinal
absorption of topotecan was significantly improved. The plasma topotecan concentration at 4 h after
administration was 72.6 £ 17.8 ng/mL, and the AUCo.4» value was significantly improved to 8.83 £1.58
ug-min/mL (p<0.05), a 2.54-fold increase over the control. These findings suggested that Tween 20 could
be applied as a potentially effective adjuvant to improve the intestinal absorption of topotecan. In addition,
0.05% Cremophor EL also significantly improved the intestinal absorption of topotecan. The AUCo.4 1
values of topotecan was increased to 8.19 £ 1.17 pug-min/mL (p<0.05) and the plasma concentration of
topotecan at 4 h after the administration was 67.4 = 9.9 ng/mL. These findings are in accordance to the
previous report®, suggesting that in addition to Tween 20, Cremophor EL is also an effective adjuvant to
improve the intestinal absorption of topotecan.

The intestinal absorption of topotecan was slightly improved in the presence of 0.05% Labrasol
and Pluronic F68. The AUC (.41 values of topotecan in the presence of 0.05% Labrasol or Pluronic F68
were increased to 6.39+0.47 and 7.75+1.34 pg-min/mL, respectively. Unfortunately, these values are not
statistically different from the control. These results are different from in 2.2.2 possibly because their
inhibitory effects against rodent Berpl were weaker than with human BCRP. Additionally, because Caco-
2 cell is a non-mucus secreting cell while there was an observable mucous barrier in the in sifu closed loop
experiment®®®!, Labrasol and Pluronic F68 might not be able to penetrate this barrier which might be

related to the inferior effects with in situ experiment than with Caco-2 cells.

2.2.5 Intestinal absorption of CF by an in situ closed loop method

The effects of Tween 20 and Cremophor EL on the paracellular permeation of CF were
additionally examined in order to clarify the absorption enhancing pathway of drugs by these
pharmaceutical excipients. The plasma concentration versus time curves and the pharmacokinetic
parameters of CF are summarized in Fig. 17 and Table 9.

As seen in Fig. 17, after the intestinal administration of 0.5 mg/kg of CF, it was slowly absorbed
and reached its Cmax of 19.68 £2.62 ng/mL after 160+40 min. The plasma concentrations of CF after the
addition of 0.05% Tween 20 or Cremophor EL were similar to those of the control. The maximum plasma
concentrations of CF were 53.24+13.03 and 23.51£7.08 ng/mL in the presence of 0.05% Tween 20 and
Cremophor EL, respectively. These values are in the margin of errors and not statistically different from

the control.

-44 -



—O—Control
60 F —8—Cremophor EL 0.05%
50 F —a—Tween 20 0.05%

Plasma concentraiton (ng/mL)

0 30 60 90 120 150 180 210 240

Time (min.)

Figure 17. Plasma-concentration time profiles of 5(6)-carboxyfluorescein (CF) (0.5 mg/kg) after intestinal
administration by an in situ closed loop method. Results are expressed as mean = SE of 3—6 animals. (J.
Pharm. Sci., 108, 1315-1325 (2019); Figure 6)

Table 9. Pharmacokinetic parameters of CF after intestinal administration of 0.5 mg/kg CF with or without
pharmaceutical excipients determined by an in situ closed loop method

AUCo240min Enhancement
Group
(pg -min/mL) ratio”
Control 3.12+0.34 -
Cremophor EL (0.05%) 3.39 +£1.09 NS 1.09
Tween 20 (0.05%) 5.71 £0.67 NS 1.83

Results are expressed as mean+SE of at least 3 experiments. (N.S.) no significant difference compared
with the control.

“ Enhancement ratios were calculated by dividing AUC values of each experiment group with the AUC
value from the control group. (J. Pharm. Sci., 108, 1315-1325 (2019); Table 5)

The AUCo4 1 of CF after its intestinal administration was 3.12 + 0.34 pg-min/mL. After the
addition of 0.05% Cremophor EL and Tween 20, the AUCo.4, values were increased to 3.39 + 1.09 and
5.71+£0.67 ug-min/mL, respectively. However, these differences were not statistically different from the
control. These findings suggested that the paracellular permeation of CF was not altered by the
pharmaceutical excipients and the improvement in topotecan absorption might be due to the inhibition of

Berpl function by Cremophor EL and Tween 20.
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2.3 Conclusions

In this chapter, the pharmaceutical excipients were applied to improve the intestinal absorption of
topotecan, the orally-active topoisomerase-I inhibitor anticancer drug. The oral bioavailability of topotecan
was limited due to the efflux capability of intestinal BCRP transporter. First, the pharmaceutical excipients
from chapter I were further examined with MTT cytotoxicity assays. The results showed that BL-9EX and
Brij97 strongly interacted with Caco-2 cells, resulting in the significant reduction in cell viability. In
contrast, other pharmaceutical excipients including Cremophor EL, Labrasol, Pluronic F68, and Tween 20
did not affect the viability of Caco-2 cells. These findings suggested that the stronger membrane
solubilization capability of BL-9EX and Brij97 as well as the lack of the mucus layer in Caco-2 cells might
be the main factors contributing the toxicity to Caco-2 cells. Next, the bi-directional transport of topotecan
across Caco-2 cell monolayer experiments showed that most pharmaceutical excipients improved the
transport of topotecan. Tween 20 and Cremophor EL improved both secretory and absorptive transport of
topotecan, while Labrasol and Pluronic F68 only improved the absorptive and secretory transport,
respectively. After comparing the transport parameters of CF across Caco-2 cell monolayers, it is concluded
that the paracellular transport was not affected by the addition of these pharmaceutical excipients. TEER
values measured during the transport experiments showed that these pharmaceutical excipients might not
loosen the tight junction of Caco-2 cells. In addition, the TEER values from Caco-2 cells treated with
Pluronic F68 remained constant throughout the experiment. This phenomenon might be caused by its
intrinsic cytoprotective properties of Pluronic F68.4>!%! Next, the pharmaceutical excipients were further
examined using the in situ closed loop method. Results showed that Cremophor EL and Tween 20
significantly improved the intestinal absorption of topotecan. Pluronic F68 and Labrasol also slightly
improved the absorption but unfortunately, those increases in AUCy.4n values are not statistically different,
suggesting that their Berp1 inhibitory effects in in situ were weaker than in in vitro Caco-2 cell experiments.
Lastly, the effects of Tween 20 and Cremophor EL on the intestinal transport of CF showed that the
paracellular permeation of CF was not affected by these pharmaceutical excipients. From these findings,
the author concluded that Cremophor EL and Tween 20 are the effective BCRP modulators and could be

used to improve the intestinal absorption of topotecan.
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Chapter III: Possible inhibitory mechanisms of BCRP transporter by the
pharmaceutical excipients and their safety

There are several possible mechanisms of BCRP inhibition by the pharmaceutical excipients.
According to their chemical formula shown in Table 1, the pharmaceutical excipients (excluding vitamin E
acetate) in this study have an amphipathic characteristic (consisted of both hydrophilic and lipophilic
moieties in the molecule). They are likely to form a micelle at the concentration above their CMC and the
interaction of the drugs to the micelles was directly related to the ability to improve the absorption of the
drugs.'% Therefore, it is important to evaluate the interaction of drugs with the pharmaceutical excipients.
The author measured the micellar interaction between model drugs and the pharmaceutical excipients by

using an equilibrium dialysis method.

It was reported that the pharmaceutical excipients containing PEG chains, fatty acid or fatty alcohol
with intermediate chain length and the intermediate HLB values ranging from 10 to 17 are likely to be the
most effective against P-gp-mediated efflux transport of epirubicin across Caco-2 cells.!® This is likely
because they could disturb the lipid bilayers properties which control membrane partitioning, binding, and
transport of P-gp substrates.! In addition, the changes in the lipid bilayers properties were reported to
reduce the activities of P-gp due to the inhibition of P-gp ATPase activities. *!?1% Moreover, particular
types of Pluronic copolymers were reported to affect the fluidity of the lipid bilayers which could also affect
the activities of P-gp transporters.®!”” These changes in membrane microenvironment might affect the
activity of BCRP in the similar manner as was the case of P-gp. In order to evaluate the effects of
pharmaceutical excipients on the lipid bilayer, the author measured the changes in membrane fluidity after
the exposure to pharmaceutical excipients. Two fluorescent probes including 1,6-diphenyl-1,3,5-hexatriene
(DPH) and N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium p-toluene sulfonate (tma-
DPH) were used to measure the changes in membrane fluidity of Caco-2 cells. In addition, there is a
possibility that pharmaceutical excipients might inhibit BCRP and P-gp in the transcription level.'®”
Therefore, the mRNA expression level of BCRP in Caco-2 cells after the exposure to pharmaceutical

excipients was also evaluated using a reverse-transcription polymerase chain reaction (RT-PCR) method.

Lastly, because the pharmaceutical excipients in this study are considered as surfactants which can
rupture the cell membrane, causing the damage and affect the viability of the intestinal epithelial cells.3?!!?
The author examined the toxicities of these pharmaceutical excipients on the intestinal epithelial cells by
measuring the leakage of protein and lactate dehydrogenase enzyme (LDH) into the luminal space during

the absorption experiments in rats.
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3.1 Materials and methods
3.1.1 Materials

All materials are purchased or obtained from the suppliers as already stated in 1.1.1 and 2.1.1 with
the following additions. The dialysis cellulose membrane with 1kDa molecular weight cut-off (MWCO)
(Spectra/Por® 6 Dialysis Membrane, Pre-wetted RC tubing) was purchased from Spectrum Laboratories
Inc., (Rancho Dominguez, CA., USA). Triton X-100, bovine serum albumin (BSA), DPH, and Coomassie
Brilliant Blue G-250 (Brilliant Blue G) were purchased from Sigma Aldrich Chemical Co., Ltd. (St. Louis,
MO, USA). tma-DPH was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Benzyl
alcohol and N,N-dimethylformamide were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
Cholesterol and ethinyl estradiol (E2) were purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). LDH reference from chicken heart was purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan).
Cytotoxic detection kits (LDH) were provided by Roche Diagnostics GmbH (Mannheim, Germany) and
Dojindo Molecular Technologies, Inc., (Kumamoto, Japan). Tetrahydrofuran was purchased from Kanto

Chemical Co., Inc. (Tokyo, Japan).
3.1.2 Animals

All animals were treated using the same procedure as described in 2.1.2.
3.1.3 Equilibrium dialysis experiments

The micellar interaction between pharmaceutical excipients and model drugs was examined using
the same principle as described in the previous reports.®>'* Drug solutions were first prepared in PBS at
pH 7.4 and the concentrations were adjusted to match the concentrations in their respective bi-directional
transport studies (100 uM for sulfasalazine and 10 uM for topotecan). The pharmaceutical excipients stock
solutions were prepared by dissolving the pharmaceutical excipients with the drug solution. After that, stock
solutions were sequentially diluted with the excipient-free drug solution to obtain 1% to 0.01% solutions.
The prepared solutions (4 mL) were subsequently filled into the dialysis bags and were placed in a beaker
containing 90 mL PBS as the outer fluid. The dialysis system was kept under 37°C with constant stirring.
The samples were taken from the outer fluid at the predetermined interval up to 24 h and were immediately
replaced with the same amount of PBS. The concentration of sulfasalazine and topotecan in the samples
were analyzed using the method previously described in 1.1.5 and 2.1.7, respectively. The concept of the

equilibrium dialysis experiment is illustrated in Fig. 18.
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Figure 18. Schematic illustration and the concept of the equilibrium dialysis experiment

The entrapment degree of drugs into micelles at equilibrium was expressed by the micellar ratios, which

were calculated by using the following equation.

(Conc. of outer fluid without excipient)-(Conc. of outer fluid with excipient)
X

Micellar ratio (%)= 100

Conc. of outer fluid without excipient
3.1.4 Effects of pharmaceutical excipients on the membrane fluidity of Caco-2 cells

The author measured the change in membrane fluidity in Caco-2 cells by the method as described
previously,!!! with minor modifications. The detailed process of the experiment is described as follows.
The Caco-2 cells were handled using the procedure as already described in 2.1.3 and were re-suspended in
25 mM HEPES-HBSS pH 7.4 at 2x10° cells/mL. The fluorescent probes tma-DPH and DPH were prepared
in N,N-dimethylformamide and tetrahydrofuran, respectively at 2 mM. The Caco-2 cells were labeled with
either tma-DPH or DPH by incubating with 2 uM solution of tma-DPH or DPH for 5 min or 60 min,
respectively. After the labeling, Caco-2 cells were washed and re-suspended to 2x10° cells/mL in 25 mM
HEPES-HBSS pH 7.4. The labelled Caco-2 cells were incubated with various types and concentrations of

pharmaceutical excipients for the additional 30 min. The fluorescence anisotropy of tma-DPH and DPH
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labelled Caco-2 cells was monitored using the F-2700 fluorescence spectrophotometer (Hitachi High-
Technologies Corp., Tokyo, Japan) equipped with polarization (PL) filters in the parallel and perpendicular
orientations to the excitation light (Aex= 360 nm, A.m =430 nm). Fluorescence anisotropy (r) was calculated
using the following equation.

. =1,
I, + 21,

I, and I, are the fluorescence intensities measured in parallel and perpendicular, respectively, to the

excitation light. The schematic illustration of the experiment is shown in Fig. 19.
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Figure 19. Schematic illustration of the tma-DPH and DPH fluorescence anisotropy measurement
3.1.5 Analysis of reverse-transcription polymerase chain reaction (RT-PCR)

RT-PCR is commonly used in molecular biology for mRNA analysis, including detection and
quantitation, by the use of fluorescent probes.''> The author examined the effects of pharmaceutical
excipients on the BCRP mRNA expression in Caco-2 cells using the following procedure. First, Caco-2
cells were obtained from the process described in 2.1.3 and were seeded into 24-well plate (Falcon™
Polystyrene Microplates, Thermo Fisher Scientific, MS., USA.) at 1.7x10° cell/well. The cells were allowed
to grow in the 5% CO; atmosphere until reaching confluence after 72 h. After that, the monolayers were
washed with HBSS and the growth media containing the pharmaceutical excipient with various
concentrations was added. The monolayers were incubated for the additional 6 h before the isolation of

total RNA.

Total RNA from the Caco-2 cells was extracted with Sepasol-RNA I Super G total RNA isolation
reagent (Nacalai Tesque, Inc. (Kyoto, Japan) by using the manufacturer provided protocol. The isolated

total RNA was quantified by microplate reader (Biotek Instrument Inc., Winooski, VT, USA), and was
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later diluted to 50 ng in 6 uL by double-distilled water before the reverse transcription. The construction of
complementary DNA (cDNA) was performed by ReverTra Ace® qPCR RT master mix with gDNA

Remover (Toyobo Co., Ltd. Osaka, Japan) using the manufacturer provided protocol.

The author performed a PCR assays using the TB Green methodology by TB Green™ Premix Ex
Taq™ II RT-PCR kit (Takara Bio Inc., Shiga, Japan). The BCRP ABCG2 gene was PCR-amplified with
the specific primers (forward primer 5'-GGTCTGTTGGTCAATCTCACA-3', reverse primer 5'-TCCATA
TCGTGGAATGCTGAAG-3").!3!® Human glyceraldehyde-3-phosphate dehydrogenase (hGAPDH) was
used as a reference and was PCR-amplified with the specific primers (forward primer 5-TGTTGCCA
TCAATGACCCCTT-3', reverse primer 5-CTCCACGACGTACTCAGCG-3').!"3 All primers were
provided by Griner Bio-One Co., Ltd. (Tokyo, Japan). LightCycler® Nano (Roche Molecular Systems Inc.,
Basel, Switzerland) was used to control and monitor the reactions. The PCR process was initiated by the
initial denaturation at 95°C for 30 s and followed by 36 cycles of 3-stage amplification (annealing: 56°C,
30 s; extension: 72°C 60 s; denaturation 95°C 10 s). The expression levels of BCRP mRNA were expressed
as the ratios to hGAPDH mRNA.

3.1.6 Evaluation of intestinal membrane damage in the in situ closed loop experiments by Bradford

and LDH assays

The toxicities of pharmaceutical excipients were determined by measuring the leakage of protein
and LDH enzymes into the luminal fluid which was collected after the in situ closed loop experiments (1.1.4
and 2.1.6). Any solid matter in this luminal fluid was removed by centrifugation at 200 G. for 7 min. The

clear supernatant was stored at 4°C until analysis.

The amount of protein was determined by the method of Bradford which observing the reaction of
the protein with Coomassie Brilliant Blue (CBB). The CBB reagent was prepared according to the
following procedure. First, 5 mg of CBB was dissolved in 95% ethanol and subsequently acidified by the
addition of 5 mL 85% phosphoric acid. The final volume of CBB reagent was adjusted to 50 mL by distilled
water and was kept in light-sealed container until use. 20 pL of luminal fluid samples were allowed to react
with 200 uL CBB reagent in a dark container. Protein concentration was measured by monitoring the

absorbance at 595 nm using microplate reader and BSA was used as a reference standard.

The activity of LDH enzymes in the luminal fluid was also evaluated to assess the damage of the
intestinal epithelial membrane. The cytotoxic detection kit (LDH) and the manufacturer’s protocols were
used. The absorbance was monitored at 490 nm using the microplate reader and LDH from chicken heart

was used as a reference.
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3.2 Results and Discussion
3.2.1 Micellar interactions between pharmaceutical excipients and the model drugs

When the author considering the effective concentrations of pharmaceutical excipients which can
inhibit the function of BCRP, micellar interaction is one of the important limiting factors. Because several
substrates of ABC transporters are usually lipophilic or amphiphilic, they are likely to be entrapped into the
lipophilic core of the micelle.'* The micellar entrapment could heavily affect the intestinal absorption of
drugs. For example, 1,440 mg Cremophor EL was reported to significantly increase the oral bioavailability
of fexofenadine, a P-gp substrate, in humans. The entrapped ratio of fexofenadine into the micelle of
Cremophor EL was 24%. In contrast, the same dose of Cremophor EL adversely decreased the oral
bioavailability of saquinavir, an another P-gp substrate. Further examination revealed that most of
saquinavir (92.8%) was entrapped into the micelles of Cremophor EL.!* These findings suggested that the
drugs with strong micellar interaction are less likely to gain the benefit from the existence of the
pharmaceutical excipients. In addition, saquinavir (as mesylate) has the log P value of 4.4,''> suggesting
that it is a low-solubility compound. On the other hand, fexofenadine (as hydrochloride) is more soluble
and has the log P value of 0.49.''° Therefore, the micellar entrapment ratios might be directly related to the
solubility of the drug and the water solubility of drugs decreased, the entrapping percent of drugs into the

micelles was increased.

Table 10. Micellar interactions between sulfasalazine and various types of pharmaceutical excipients

Excipients Micellar ratio (%)“

cone. Cremophor  Pluronic

(W/V) BL-9EX Brij92 Brij97 EL F127 Labrasol  Tween 20

0.01% 1.31 2.16 3.43 0.00 0.11 0.00 0.00

0.05% 4.56 2.52 5.02 2.36 1.67 1.17 0.00

0.1% 6.84 7.16 9.19 3.43 3.32 3.08 2.49

0.5% 24.60 22.58 34.25 10.60 10.70 3.18 9.81
1% 58.46 34.89 50.51 19.29 16.00 17.79 21.06

® The percentages of sulfasalazine entrapped into micelles (micellar ratios) were calculated from the
following equation

(Congc. of outer fluid without excipient)-(Conc. of outer fluid with excipient) 100
X

Micellar ratio (%)= — —
(%) Conc. of outer fluid without excipient

(J. Pharm. Sci., 107, 2946-2956 (2018); Table 4)
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Sulfasalazine has the log P value of 3.88, suggesting that it is a low water soluble drug.®* The
equilibrium was achieved after 24 h and the micellar ratios of entrapped sulfasalazine in the presence of
various types of pharmaceutical excipients are summarized in Table 10. The micellar ratios less than 10%
are considered to be preferable and should not interfere with the permeation of the drugs.® At 1%
concentration, all pharmaceutical excipients had >10% micellar ratios, and a strong micellar interaction
with sulfasalazine was observed. The micellar ratio decreased as the excipient concentration decreased. At
0.1% concentration, all pharmaceutical excipients had less than 10% micellar ratio, suggesting the micellar
interaction was low and the absorption of sulfasalazine should have benefit by the addition of

pharmaceutical excipients with the concentration not greater than 0.1%.

In contrast to sulfasalazine, topotecan (hydrochloride) has the log P value of 0.8,''” suggesting that
it is far more water soluble than sulfasalazine. As initially expected, the equilibrium of topotecan was
achieved within just 4 h. The micellar ratios even at the maximum concentration of the pharmaceutical
excipients (1%) were extremely low (0%-2%). There was also no observable difference between the types
of pharmaceutical excipients. These results suggested that topotecan was less likely to be entrapped inside
the micelles and the maximum applicable concentration of the pharmaceutical excipients to improve the

intestinal absorption of topotecan might be greater than 0.1%.
3.2.2 Effects of pharmaceutical excipients on the membrane fluidity of Caco-2 cells

Because ABC transporters resides on the cell membrane, all important steps of their efflux cycle
were reported to take place inside or within the vicinity of the lipid bilayers. For example, it is believed that
the substrates bind to the their binding sites at the hydrophobic region of the lipid bilayers.®!% Therefore,
the change in the lipid microenvironment of the membrane could affect the binding of the substrate to the
transporter and consequently decrease its efflux capability.!'*!"® Moreover, ABC transporters including
BCRP operated via a “flip-flop” mechanism which invokes ATP-alternating access. The binding of ATP
to the NBD triggered the conformation shift from inward-facing to the outward-facing conformation.®!*
This mechanism required a precise condition of the lipid bilayer as well as a specific annular-lipid surround

the transporter protein for the transporter to function optimally.®!!%120

The author used two fluorescent probes to measure the change in membrane fluidity caused by the
pharmaceutical excipients. The changes in membrane fluidity of Caco-2 cells could be observed by
measuring the changes in the fluorescence anisotropy of DPH and tma-DPH-labelled Caco-2 cells.*+!?! The
increases in the fluorescence anisotropy indicated the decrease in membrane fluidity (more rigidity) and the
decreases in fluorescence anisotropy indicated the increase in membrane fluidity (less rigidity).!!! Because

DPH is more lipophilic than tma-DPH by nature, it is mainly attached to the hydrophobic inner region of
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the lipid bilayers. In contrast, tma-DPH is more hydrophilic and is mainly attached on the hydrophilic outer
surface of the lipid bilayers.'*! Therefore, the changes in the DPH and tma-DPH fluorescence anisotropy
indicated the changes in membrane fluidity of the inner region or outer region (respectively) of the lipid
bilayers. Benzyl alcohol, a known membrane fluidizer and cholesterol, a known membrane rigidizer, were
used as positive controls for the increase and decrease in membrane fluidization, respectively.*34111.121 The
effects of pharmaceutical excipients on the membrane fluidity of the Caco-2 cells are summarized in Fig.
20.

In Fig. 20 (a), the fluorescence anisotropy of DPH was significantly increased in the presence of
200 pM cholesterol, a typical membrane rigidizer. In contrast, DPH fluorescence anisotropy was
significantly decreased in the presence of 30 mM benzyl alcohol, a known membrane fluidizer. Interestingly,
the tested pharmaceutical excipients (excluding Pluronic F68) significantly decreased DPH fluorescence
anisotropy, suggesting that most pharmaceutical excipients increased membrane fluidity of the inner
hydrophobic region of the Caco-2 cell membranes. The fluorescence anisotropy of tma-DPH-labelled Caco-
2 cells is shown in Fig. 20 (b). Similar to Fig. 20 (a), cholesterol and benzyl alcohol increased and decreased
the fluorescence anisotropies of tma-DPH, suggested that both positive controls also modified the fluidity
of the outer region of the Caco-2 cell membrane. Interestingly, a significant increase in tma-DHP
fluorescence anisotropy could only be observed in the presence of 0.05% Pluronic F68. These results
suggested that only Pluronic F68 increased membrane rigidity in the outer hydrophilic region of the Caco-
2 cell membrane. In contrast, other pharmaceutical excipients specifically increased the membrane fluidity
of the inner hydrophobic region of the Caco-2 cell membrane. These results are comparable with the
previous reports.*+% An in silico simulation revealed that due to the distinctive PEO-PPO-PEO arrangement
and its longer PEO chains relative to PPO region of Pluronic F68, it is suggested that these long PEO
chains are likely to adhere to the hydrophilic heads while the hydrophobic PPO region partially insert into
the inner lipophilic leaflet of the bilayers.!’ In this particular condition, Pluronic F68 is likely to decrease
the lateral mobility and cause a solidification of the outer cellular surface.®® Therefore, the increase in tma-
DPH fluorescence anisotropy was observed. In addition, the alteration of the membrane fluidity seems to
be well correlated to the inhibition of BCRP and the changes in transport parameters of topotecan across
Caco-2 cell monolayers as described in 2.2.2 and 2.2.3. Therefore, the author believed that the main BCRP
inhibitory mechanism of the pharmaceutical excipients was by alternating the fluidity of the lipid bilayers
which caused the disruption of the transporter activities and ultimately, decreased the efflux transport of its

substrates.
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Fig. 20 (a)
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Figure 20. Effects of pharmaceutical excipients on the membrane fluidity of Caco-2 cells. Fluorescence
anisotropy was measured from Caco-2 cells labeled with (a) DPH or (b) tma-DPH as probes. Results are
expressed as mean £+ SE of 3—5 experiments. (**) p <0.01, (*) p<0.05, compared with the corresponding
control. (J. Pharm. Sci., 108, 1315-1325 (2019); Figure 7)
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3.2.3 Effects of pharmaceutical excipients on BCRP mRNA expression in Caco-2 cells

In addition to the direct effect of these pharmaceutical excipients on the BCRP transporter itself,
several PEG-containing pharmaceutical excipients are known to inhibit P-gp and BCRP efflux pumps by
the downregulation of MDR1 and ABCG2.!%122 To further evaluate this possible inhibitory mechanism,
the expression level of BCRP mRNA in Caco-2 cells after the exposure to the pharmaceutical excipients

was examined by a RT-PCR method.

Caco-2 cells were exposed to the pharmaceutical excipients at various concentrations for 6 h.
Ethinyl estradiol (E2) was used as a positive control in this study because it was reported to downregulate

ABCG2 mRNA expression in human placental BeWo cells.'?® The results are summarized in Fig. 21.
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Figure 21. Effects of pharmaceutical excipients on the BCRP mRNA expression in Caco-2 cells. BCRP
mRNA expression level was normalized to hGAPDH. Data are expressed as mean + S.E. of 3-6 experiments.
(*) p<0.05, compared with the control.

Differences in the membrane transport of xenobiotics and endogenous compounds caused by
different levels of sexual hormones such as testosterone and estradiol have been previously described in
several studies.!*>!® As shown in Fig. 21, 5 uM E2 significantly decreased the expression level of BCRP
mRNA. This result was comparable to the previous report.'”* In contrast, none of the evaluated
pharmaceutical excipients affect the expression level of BCRP mRNA. This result suggested that at the

tested concentration, the inhibitory mechanism of BCRP transporter by the pharmaceutical excipients was
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not related to the downregulation of BCRP mRNA. However, since the expression level of BCRP mRNA
is not always correlated to the BCRP protein expression level as well as its activity,*!® the protein expression

of BCRP should be evaluated in the further studies.
3.2.4 Toxicity of pharmaceutical excipients on the small intestinal membrane

An in vivo study of a pharmaceutical excipient must take into account its intestinal membrane
toxicity, because any damage to the intestinal membrane can disrupt the barrier function in the intestine and
subsequently increases the intestinal permeability of drugs.'?*!?> The damage to the intestinal membrane
could be evaluated by the increase in the LDH or protein being released into the intestinal lumen. LDH is
a cytosolic enzyme which is released during the tissue damage. It was widely considered as a marker of cell
injury.''%126 In addition, the protein is also released from the cytosol of the damaged epithelial cells into the
intestinal lumen which could be determined by the method of Bradford.”"'?” The LDH activities and protein
amount are increased when the intestinal membrane is damaged. Effects of the pharmaceutical excipients
on the toxicities to the intestinal epithelial membrane after the administration of topotecan and sulfasalazine

are summarized in Fig. 22 and 23, respectively.

30 ¢ .. sk
— LDH activity
'é 350 (Topotecan administration)
é 20 |
>
2T N.S.
s 10 } | |
<
I | |
3, [em I -
> D D D D A
6 Q%g\e Q@\O Q@\Q Q%Q\Q 6\0
CJe Q" Q" . . D
Q& \\ O %& \Q
» O Qy S <
S
& » « & &
< V S 3 <

Figure 22. Intestinal membrane toxicity of pharmaceutical excipients at 4 h after the intestinal
administration of 0.5 mg/kg topotecan by the in situ closed loop method. Intestinal membrane damage was
determined by measuring LDH activity. Results are expressed as mean + SE of at least 3 animals. (**)

p<0.01, (N.S.) no significant difference, compared with control. (J. Pharm. Sci., 108, 1315-1325 (2019);
Figure 5)
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Fig. 23 (a)
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Figure 23. The activities of LDH (a) and the amount of released protein (b) at 4 h after the intestinal
administration of 1 mg/kg sulfasalazine with various pharmaceutical excipients. Data are expressed as the
mean + S.E. of at least 3 animals. (N.S.) not significantly different compared with the control. (J. Pharm.
Sci., 107, 2946-2956 (2018); Figure 3)
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Non-ionic surfactant Triton X-100 at 3% is known to cause severe damage to the small intestinal
epithelial cells which can be visually observed as well as by the toxicity probes (LDH and protein).5%:6%72
Therefore, it is used as a positive control for intestinal membrane damage. As seen in Fig. 22, compared to
the topotecan alone, 3% Triton X-100 significantly enhanced the LDH activities in the luminal fluid
collected at 4 h after the intestinal administration with topotecan. This result suggested that 3% Triton-X
100 caused damage to the intestinal epithelial membrane. In contrast, the LDH activities in the presence of
0.05% Tween 20, Cremophor EL, Labrasol, and Pluronic F68 were not statistically different compared with
the control. These results suggested that at 0.05%, these pharmaceutical excipients did not cause any
significant damage to the small intestinal membrane. The similar results were also observed after the
intestinal administration of 1 mg/kg sulfasalazine (Fig. 23). Triton X-100 at 3% significantly increased
LDH activities compared to its respective control, while other excipients including BL-9EX, Brij97,
Labrasol, and Tween 20 at up to 0.1%, did not increase theses toxicological markers. These results
suggested that the tested pharmaceutical excipients did not cause serious damage and the intestinal
membrane was well tolerated. In addition, the author observed that protein level in the luminal fluid after
the 4 h exposure showed similar results as with the LDH activities. These results further support that there

was no significant damage to the intestinal membrane.

The in situ toxicities parameter of BL-9EX and Brij97 as observed by LDH activities and protein
release in this study are in accordance with the previous reports by Zhao et al.>, suggesting that BL-9EX
and Brij97 did not cause serious damage to the small intestinal epithelial membrane and are safe for in vivo
applications. Interestingly, these results are different from those observed from the MTT assays using Caco-
2 cells as shown in Fig. 13. The author believed that there are 2 hypotheses regarding to this discrepancy
as already discussed in 2.2.1. First, polyoxyethylene alkyl ether derivatives were reported to have a
relatively higher membrane solubilization capacity compared to other pharmaceutical excipients.>%92-%
Second, because Caco-2 cell monolayers do not express a protective mucous layer®, while in rats small
intestine, the thick mucus layers are clearly visible.®*"-7? Therefore, Caco-2 cells is more susceptible to the
high membrane solubilizing activities of BL-9EX and Brij97, while in the small intestine, the epithelial
cells are protected by the mucous layers. The toxicity results from this study supported these hypotheses

and suggested that BL-9EX, Tween 20, and Cremophor EL might be safe as BCRP modulators for the

application to improve the intestinal absorption of its substrates.

-59 -



3.3 Conclusions

In this chapter, several issues regarding to the possible inhibitory mechanisms of BCRP transporters
and the important factors affecting the effectiveness of these pharmaceutical excipients were discussed.
First of all, the drugs with greater lipophilicity are more likely to be entrapped in to the micelles than the
drugs which are more hydrophilic. The author suggested the pharmaceutical excipients which are
amphiphilic should be examined for their micellar interaction with the drugs. As observed in 3.2.1, the
micellar ratios of sulfasalazine (log P = 3.88) were far greater than the micellar ratios of topotecan (log P =
0.8), suggesting that sulfasalazine was more likely to be entrapped inside the micelle than topotecan.
Micellar ratios of sulfasalazine considerably decreased, as the concentration of pharmaceutical excipients
was reduced to 0.1%. Therefore, the author suggested that for sulfasalazine as a compound of interest, 0.1%
is the maximum applicable concentration for the pharmaceutical excipients. On the other hand, topotecan

might benefit from the addition of the pharmaceutical excipients with greater than 0.1% concentration.

Next, the membrane fluidity measurement revealed that Cremophor EL, Labrasol, and Tween 20
specifically increased the fluidity of the inner lipid layer of Caco-2 cells membrane. Pluronic F68 decreased
the fluidity of the outer hydrophilic layer of Caco-2 cells membrane. These changes in membrane fluidity
are directly related to the changes in transport parameters of topotecan across Caco-2 cell monolayers.
These findings suggested that the pharmaceutical excipients might inhibit BCRP transporters by altering
the membrane fluidity and might directly affect the function of BCRP transporters. Especially, the increase
in membrane fluidity of the inner hydrophobic region of the lipid bilayers caused by these pharmaceutical
excipients is considered to be the most important inhibitory mechanism of BCRP transporter by the
pharmaceutical excipients. In addition, the BCRP mRNA expression after the exposure to the
pharmaceutical excipients showed that pharmaceutical excipients did not inhibit the expression level of
BCRP at its transcription level. Therefore, the pharmaceutical excipients might not affect the level of BCRP
protein expression. However, BCRP protein expression should be evaluated to further clarify this

hypothesis.

Lastly, toxicity parameters including LDH activities and protein release amount did not increase
after the addition of up to 0.1% of Brij97, BL-9EX Cremophor EL, Labrasol, or Tween 20. These results
suggested that they did not cause significant damage to the small intestinal epithelial membrane. Therefore,

the author believe that they might be the promising candidates for further in vivo application.
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Summary

In chapter I, the author demonstrated that the transport of sulfasalazine across the rat intestine was
mainly into the secretory direction due to the activities of Berpl transporter. This was supported by the
results of Ko143 and pantoprazole, typical BCRP inhibitors. Next, the result of the intestinal absorption of
sulfasalazine might support the hypothesis that Berpl was behind the limited absorption of sulfasalazine.
Sulfasalazine absorption was improved by 9.25-fold after the addition of pantoprazole, a Berpl inhibitor.
In addition, 0.1% BL-9EX and Brij97 significantly improved the intestinal absorption of sulfasalazine,
suggesting that they are promising Berpl modulators. Additionally, the effects of BL-9EX and Brij97 on
the intestinal absorption of CF were examined. Results indicated that BL-9EX did not increase the
paracellular permeation of CF, suggesting that BL-9EX might improve the intestinal absorption of
sulfasalazine by the inhibition of Berpl. On the other hand, Brij97 increased the intestinal absorption of
CF, suggesting that Brij97 might increase the intestinal absorption of sulfasalazine via a paracellular
permeation pathway. Lastly, the author demonstrated that BL-9EX did not decrease the plasma
concentration of 5-ASA, an active metabolite of sulfasalazine. Therefore, it is not possible that BL-9EX
might inhibit the intestinal metabolism of sulfasalazine. In conclusion, the author demonstrated that BL-

9EX could be applied as a BCRP modulator to improve the intestinal absorption of BCRP substrates.

In chapter II, the pharmaceutical excipients were applied to improve the intestinal absorption of
topotecan. First, the toxicity of pharmaceutical excipients from chapter I was further examined by MTT
cytotoxicity assays. The results showed that BL-9EX and Brij97 reduced the viability of Caco-2 cells. In
contrast, other pharmaceutical excipients including Cremophor EL, Labrasol, Pluronic F68, and Tween 20
did not affect the viability of Caco-2 cells. Next, the bi-directional transport of topotecan across Caco-2 cell
monolayer experiments showed that most pharmaceutical excipients could improve the transport of
topotecan. Tween 20 and Cremophor EL could improve both secretory and absorptive transport of
topotecan, while Labrasol and Pluronic F68 only improved the absorptive and secretory transport,
respectively. After comparing the transport parameters of CF across Caco-2 cell monolayers, it is concluded
that the paracellular transport was not affected by the addition of these pharmaceutical excipients. TEER
values measured during the transport experiments showed that these pharmaceutical excipients might not
loosen the tight junction of the Caco-2 cells. Next, in situ closed loop experiments revealed that Cremophor
EL and Tween 20 significantly improved the intestinal absorption of topotecan. Lastly, the effects of Tween
20 and Cremophor EL on the intestinal transport of CF showed that the paracellular permeation of CF was
not affected by these pharmaceutical excipients. From these findings, the author concluded that Cremophor
EL and Tween 20 are the effective BCRP modulators and could be used to improve the intestinal absorption

of topotecan.
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The author also demonstrated that the micellar ratios of sulfasalazine were far greater than the
micellar ratios of topotecan, suggesting that sulfasalazine was more likely to be entrapped inside the micelle
than topotecan. Micellar ratios of sulfasalazine decreased considerably as the concentration of
pharmaceutical excipients was reduced to 0.1%. Therefore, the author suggested that for sulfasalazine as
model a compound, 0.1% is the maximum applicable concentration for the pharmaceutical excipients. On
the other hand, topotecan might have the benefits from the addition of the pharmaceutical excipients with
greater than 0.1% concentration. Next, the membrane fluidity measurement revealed that Cremophor EL,
Labrasol, Tween 20 specifically increased the fluidity of the inner lipid layer of Caco-2 cells membrane.
Pluronic F68 decreased the fluidity of the outer hydrophilic layer of Caco-2 cells membrane. The changes
in membrane fluidity are directly related to the changes in transport parameters of topotecan across Caco-
2 cell monolayers. These findings suggested that the pharmaceutical excipients inhibited the function of
BCRP transporter by altering the membrane fluidity, and the increase in membrane fluidity caused by the
pharmaceutical excipients was considered to be the most important inhibitory mechanism of BCRP
transporter. In addition, the BCRP mRNA expression after the exposure to the pharmaceutical excipients
showed that pharmaceutical excipients did not inhibit the expression level of BCRP mRNA at its
transcription level. Lastly, toxicity parameters including LDH activities and protein release amount did not
increase after the addition of up to 0.1% of Brij97, BL-9EX Cremophor EL, Labrasol, or Tween 20. These

results suggested that they did not cause significant damage to the small intestinal epithelial membrane.

From all these experiments, the author can conclude that the pharmaceutical excipients BL-9EX,
Cremophor EL, and Tween 20 are safe and might be the useful BCRP modulators to improve the intestinal

absorption of sulfasalazine, topotecan, and other substrates of BCRP transporters.
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