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ABSTRACT

While various non-ionic surfactants at low concentrations have been shown to increase the transport of P-gp
substrates in vitro, in vivo studies in rats have shown that a higher surfactant concentration is needed to increase
the oral absorption of e.g. the P-gp substrates digoxin and etoposide. The aim of the present study was to
investigate if intestinal digestion of surfactants could be the reason for this deviation between in vitro and in vivo
data. Therefore, Kolliphor EL, Brij-L23, Labrasol and polysorbate 20 were investigated for their ability to inhibit
P-gp and increase digoxin absorption in vitro. Transport studies were performed in Caco-2 cells, while P-gp in-
hibition and cell viability assays were performed in MDCKII-MDR1 cells. Polysorbate 20, Kolliphor EL and Brij-
L23 increased absorptive transport and decreased secretory digoxin transport in Caco-2 cells, whereas only
polysorbate 20 and Brij-L23 showed P-gp inhibiting properties in the MDCKII-MDR1 cells. Polysorbate 20 and
Brij-L23 were chosen for in vitro digestion prior to transport- or P-gp inhibiting assays. Brij-L23 was not
digestible, whereas polysorbate 20 reached a degree of digestion around 40%. Neither of the two surfactants
showed any significant difference in their ability to affect absorptive or secretory transport of digoxin after pre-
digestion. Furthermore, the P-gp inhibiting effects of polysorbate 20 were not decreased significantly. In
conclusion, the mechanism behind the non-ionic surfactant mediated in vitro P-gp inhibition seemed independent
of the intestinal digestion and the results presented here did not suggest it to be the cause of the observed

discrepancy between in vitro and in vivo.

1. Introduction

The intestinal permeability of certain drug substances is limited by
the apically located membrane transporter P-glycoprotein (P-gp,
ABCBL1). P-gp mediates cellular efflux of numerous chemically unrelated
drug substances, which leads to a decreased absorption and bioavail-
ability of these substances (Leslie et al., (2005); Lin and Yamazaki
(2003)). Numerous nonionic surfactants have been shown to inhibit P-
gp in cell- and animal models including in vivo and in situ rodent
transport studies. These pharmaceutical surfactants inhibit P-gp at
relatively high concentrations in the uM range, compared to specific P-
gp inhibitors with effective concentrations in the nM range (Al-Ali et al.,
(2019); Cornaire et al. (2004); Lo (2003); Zhang et al. (2003); Nielsen
et al. (2016)). Polysorbate 20 (PS20) is among the most potent
surfactant-based P-gp inhibitors investigated, with an ICsy value of
around 11 uM (Al-Ali et al., (2018a); Al-Ali et al., (2018b); Al-Saraf et al.

(2016); Gurjar et al. (2018); Lo (2003)). When the P-gp substrate
digoxin was co-administered as an oral solution with 10% (w/v) (0.55 g
-kg™1) PS20 a significantly increase in the oral bioavailability of digoxin
in Sprague Dawley rats from 59 to 84% was reported, and accompanied
by an increase in Cpax of 79% (Nielsen et al., (2016)). At PS20 con-
centrations of 10-25% (w/v) no further increase in the bioavailability of
digoxin was observed and at 25% (w/v) PS20 even Cpax tended to
decrease (Nielsen et al., (2016)). In mdrla(—,-) knockout Sprague
Dawley rats, an increased digoxin bioavailability was seen, yet there was
no effect of co-administration of 25% (w/v) PS20 in the oral solution,
supporting the hypothesis, that the effects of PS20 on the in vivo ab-
sorption of digoxin was P-gp specific and not the result of micelle for-
mations (Nielsen et al., (2016)). In another study using a similar
approach, Al-Ali et al., (2018a) found that PS20 increased the oral ab-
sorption of etoposide in wild-type Sprague-Dawley rats. However, the
bioavailability of etoposide was similar in formulations containing
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5-25% (w/v) PS20. Surprisingly, the bioavailability of etoposide in
mdrla(—,-) knockout Sprague-Dawley rats decreased with increasing
PS20 amounts in the dosing volume. It could be shown that the ab-
sorption rate constant decreased with increasing PS20 dose, which was
suggested to be due to the intraluminal formation of PS20 micelles
retaining etoposide and thus reducing the free aqueous concentration
available for permeation. Recently, molecular dynamics studies have
shown that PS20 makes several direct interactions with the P-gp protein,
including binding to the drug binding site of the transporter (Moesgaard
et al., (2022)). Part of the interaction between P-gp and PS20 may be the
formation of “lollipops” in the membrane, where poly(ethylene glycol)
(PEG) chains of PS20 molecules tend to curl up around themselves and
the fatty acid chains extending toward the core of the membrane. PS20
can move along the protein to get access to the drug binding site through
the extracellular bilayer. One element of intraluminal events that was
not considered in the studies by Nielsen et al. (2016) and Al-Ali et al.,
(2018a), was if the surfactant maintains its ability to inhibit P-gp after
digestion, as PS20 is a digestible surfactant (Koehl et al., (2020)). The
digestion products of PS20 are likely to be a mixture of lauric acid,
myristic acid, palmitic acid and stearic acid alongside the remaining
PEGyalted sorbitol moiety (Tomlinson et al., (2015)). Ali et al. (2015)
designed an in silico method using docking simulations to screen fatty
acids for P-gp inhibiting properties. They found oleic acid and stearic
acid to interact with P-gp by forming hydrogen bonds inside the drug
binding site of a rat P-gp model. The corresponding inhibition constants
of the two fatty acids were reported to be 65.4 and 130.8 uM, respec-
tively. In contrast to stearic acid, where no other studies have reported
any P-gp inhibiting effects, Houshaymi et al. (2019) found oleic acid to
increase the uptake of ivermectin, a P-gp substrate, when incorporated
into complex micelles. The increased uptake of ivermectin was found
both in vitro in Caco-2 cells and in vivo in wild-type mice. Furthermore,
oleic acid has been shown to inhibit breast cancer resistance protein
(BCRP) in Caco-2 cells. 0.5 mM oleic acid increased the transport of
mitoxantrone, a BCRP substrate, without affecting the transepithelial
electrical resistance (TEER) (Aspenstrom-Fagerlund et al., (2012)).
While no readily available study has reported any effects on P-gp
mediated transport by myristic or palmitic acid, lauric acid has been
reported to have no effect on the accumulation of the P-gp substrate
daunorubicin in P-gp overexpressing KB-C2 cells (Kitagawa et al.,
(2005)). The aim of the present study was thus to investigate if digestion
effects the P-gp inhibitory properties of a digestible pharmaceutical
surfactants. Digestible P-gp modulating surfactants such as PS20, Kol-
liphor EL and Labrasol was therefore studied alongside indigestible
surfactant Brij-L23 (Al-Ali et al., (2019); Koehl et al. (2020)). The spe-
cific P-gp inhibition was studied using the calcein-AM assay, and
transcellular permeability was studied investigating digoxin transport
across Caco-2 cells in the presence of either undigested or partly
digested surfactants.

2. Materials and chemicals
2.1. Chemicals

Caco-2 cells were from Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) (Braunschweig, Germany) and MDCKII-MDR1
cells were from The Laboratory of Prof. Piet Borst (Amsterdam, The
Netherlands). 96 well plates, tissue culture treated clear flat bottom
wells, black or clear were from SPL Life Sciences (Pocheon, Gyeonggi,
South Korea). 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 7.5% Sodium bicarbonate solution, Trizma® base, Kolliphor
EL, calcein-AM, porcine pancreas (8x USP specification), and poly-
sorbate 20 (PS20) were obtained from Sigma Aldrich (Burlington, MA,
U.S.). Labrasol ALF was a kind gift from GatteFossé (Saint-Priest,
France). DMSO was purchased from PanReac Applichem (Darmstadt,
Germany). CellTiter-Glo® Luminescent Cell Viability Assay were from
Promega Corporation (Madison, WI, U.S.). Hanks’ balanced salt solution
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(HBSS), 10x, and 4-bromophenyol boronic acid were from Gibco
(Thermo Fisher, Waltham, MA, U.S). Polycarbonate membrane cell
culture inserts, sodium chloride, maleic acid, and calcium chloride
anhydrous were purchased from VWR Collection (Radnor, PA, U.S.).
[3H]digoxin (specific activity 39.8, 26.2 or 26.3 Ci~mmol_1), *cy
glycine (99.6 mCi~mmol’1), [14C]mannitol (56.4 mCi-mmol’l), and
Ultima Gold were from Perkin Elmer (Waltham, MA, U.S.). Ultrapure
water was tapped from a Milli-Q Gradient water purification system
from Millipore (Burlington, MA, U.S.).

2.2. Cell cultures

Caco-2 and MDCKII-MDR1 cells were cultivated in Dulbecco’s
Modified Eagle’s Medium supplemented with penicillin (100 units -
mL’l), streptomycin (0.1 mg - mL’l), L-glutamine (2 mM), non-
essential amino acids (1x) and Foetal Bovine Serum (10%). The cells
were incubated at 37 °C and 5% COs in a humidity of approx. 94-97%.
The cells were trypsinized once a week at approximately 80% con-
fluency by removing media from the culture flask and rinsing with
phosphate-buffered saline. Trypsin-EDTA (3x) was then added, and the
cells were incubated for 5-10 mins until detached. Caco-2 cells were
seeded on polycarbonate membranes (1.12 cm?, 0.4 um pore size) at a
density of 8.9-10* cells - cm~? and medium was changed every 2-3 days.
Bidirectional transport studies were performed using Caco-2 cell
monolayer 12-14 days after seeding. The MDCKII-MDR1 cells were
seeded in black 96-well plates, clear flat bottom wells (0.33 cmz), at a
density of 2.0-10° cells-cm ™2 and used three days (72 h) after seeding.

2.3. Composition of buffers used for cell studies

Cell experiments unrelated to digestion were performed in Hank’s
balanced saline solution (HBSS) buffered with 10 mM HEPES and
adjusted with NaOH/HCI to pH 7.40 + 0.01, referred to as 10 mM
HEPES (pH 7.4). Digestion was performed in a digestion medium
composed of 1.4 mM CacCl; and 2.0 mM tris maleate adjusted to pH 6.50
+ 0.01 with NaOH/HC]I, referred to as digestion medium (pH 6.5). In cell
experiments, where digested surfactants were investigated, a separate
buffer was used. This buffer was composed of 1 part HBSS, 10x, and 9
parts of the digestion medium (pH 6.5) and was supplemented with 10
mM HEPES. The buffer was adjusted to pH 7.40 £ 0.01 with NaOH/HCI.
This buffer was referred to as digestion buffer (pH 7.4). Digestion buffer
(pH 7.4) was used when investigating metabolite products and digestion
related controls. In assays, where both undigested and digested species
were investigated, buffer (pH 7.4) refers to either 10 mM HEPES (pH
7.4) or digestion buffer (pH 7.4). The use of each buffer is specified in
the captions in the results section. In P-gp inhibition and cytotoxicity
assays in MDCKII-MDR1 cells, calcein-AM was dissolved in DMSO, and
the solution was diluted in buffer (pH 7.4) to achieve a final concen-
tration of 10 uM calcein-AM and 1% (v/v) DMSO. The CellTiter-Glo®
reagent solution was prepared by adding 0.5 mL buffer (pH 7.4) to 2.5
mL dissolved CellTiter-Glo® Substrate in CellTiter-Glo® Buffer.

2.4. P-gp inhibition- and cell toxicity assay

P-gp inhibition and cell toxicity were assessed in the MDCKII-MDR1
cell line. Inhibition was evaluated using a calcein-AM assay, and cell
toxicity was evaluated using the CellTiter-Glo® Luminescent Cell
Viability Assay. Surfactant solutions were made in separate 96-well
plates through serial dilution. The experiment was initiated by
removing the cell culture medium from the wells using vacuum suction
(Integra, Zizers, Switzerland). 50 uL of buffer (pH 7.4) was added, and
the cells were incubated for 10 min on a microplate shaker (Troemner,
Thorofare, NJ, U.S.) at 220 rpm at 37 °C. After this, the buffer was
removed, and 50 uL of both surfactant and the 10 uM calcein-AM solu-
tion were added to the cells, resulting in a concentration of 5 uM calcein-
AM and 0.5% (v/v) DMSO. Fluorescence was read every minute for one
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hour at 37 °C using a plate reader with LVF monochromator (CLAR-
I0star, BMG Labtech, Ortenberg, Germany). Excitation was measured at
483 nm with bandwidth of 14 nm and emission was measured at 530 nm
with a bandwidth of 30 nm. After one hour, all solutions were removed
and 30 pL of CellTiter-reagent and 50 pL of buffer (pH 7.4) were added to
all wells (both at room temperature). In the plate reader, the plate was
stirred for two minutes, and luminescence was read every five minutes
for a total of 15 min.

2.5. Bidirectional transport of digoxin

Digoxin was used as a marker for P-gp mediated transport, while
glycine and mannitol were used as markers for paracellular transport.
The activity of [3H] digoxin and [*4C]lmannitol or [**C] glycine were 1
pCi~mL’1 and 0.25 pCi~mL’1, respectively. Stock solutions of [3H]
digoxin and the ['*C] labeled paracellular markers were prepared, and
donor solutions were made by a direct dilution of these stock solutions
into buffer (pH 7.4). 96% (v/v) ethanol and buffer (pH 7.4) were used
for the [°H] digoxin and [*4C] labeled paracellular marker stock solu-
tions, respectively. Digoxin transport was measured in the presence of
PS20 (0.2, 2, 20, 200 and 500 uM), Brij-L23 (1, 10, 50, 75 and 100 pM)
and Kolliphor EL (15, 30, 100, 250 and 1000 uM). In both absorptive and
secretory transport studies, surfactants were only added to the apical
chamber. The transport of digoxin in the presence of PS20 ranging from
0.2 uM to 500 uM was performed to validate previous results from
Nielsen et al. (2016). Moreover, transport of digoxin in the presence of
500 uM pre-digested PS20 or 75 pM pre-digested Brij-L23 were
measured.

Transport of digoxin and paracellular marker was measured in both
the absorptive (A-B) and secretory (B-A) direction. 500 pL and 1000 uL
were used in the apical and basolateral chamber, respectively. The
experiment was initiated by removing the cell culture medium from the
wells using vacuum suction. The Caco-2 cells were incubated with buffer
(pH 7.4) for 10 min at 220 rpm and 37 °C on a microplate shaker. After
incubation, the buffer was removed using vacuum suction. The receiver
and donor solutions were added, first to the apical followed by the
basolateral chamber. Surfactants diluted in buffer (pH 7.4), both undi-
gested and pre-digested, were only added to the apical chamber to
mimic physiological conditions. The receiver sample volume was 100 pL
and 50 pL of the basolateral and apical chamber, respectively. Imme-
diately after sampling, equal volumes were replaced with non-
radioactive solutions of the same composition. Samples were with-
drawn at 20, 40, 60, 90 and 120 min. Donor samples of 20 uL were
withdrawn prior to start of the transport experiment and at the end at
120 min. TEER was measured at room temperature before the transport
study and after the last sampling at 120 min using an EndOhm-12
chamber (World Precision Instruments, Sarasota, FL, U.S.). After
measuring TEER, the filters were rinsed three times with cold HBSS, 1x.
Then, all samples were transferred to pony vials, and filters were cut
loose and transferred to pony vials. All vials were added 2 mL Ultima
Gold scintillation liquid. The samples were vortexed before being
analyzed using a liquid scintillation counter (LSC), TriCarb 4910TR from
Perkin Elmer (Waltham, MA, U.S.).

2.6. In vitro lipolysis of surfactants

The lipolysis was performed using a titrator instrument composed of
a Titrando 905 coupled with an 800 Dosino from Metrohm (Herisau,
Switzerland). The chamber was kept at a constant temperature of 37 °C
using a thermal jacket. For each lipolysis, 5.5 mL of digestion media (pH
6.5) was added to 1 g of porcine pancreatin and centrifuged for 15 min
(4 °C, 4000 rpm, 2800 g). Then, 36 mL of digestion media and 1 g of
surfactant were added to the chamber and adjusted to pH 6.5 at 37 °C.
After initiating the digestion, 4 mL of pancreatin extract supernatant was
added to the chamber. Lipolysis continued for 30 min with the pH kept
constant at pH 6.5 by adding 0.6 M NaOH. After 30 min, pH was
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increased to 9.0 using 0.6 M or 1.0 M NaOH to titrate the undigested
fraction and thereby to account for the total lipid composition. A sample
was transferred from the chamber to a centrifuge tube and placed in a
hot water bath to denaturate the lipase proteins in the media. The
sample was heated at 60 °C for 5 min. The sample was centrifuged for 15
min (4 °C, 4000 rpm, 2800 g) and further dilutions were made with the
supernatant. A heat treated, undigested PS20 sample was made to
elucidate possible effects of heating and centrifugation on PS20. This
control was heated and centrifuged together with the digestion metab-
olite sample. A blank titration without the addition of surfactant was
performed to quantify the degree of digestion. For the digoxin transport
assay across Caco-2 cell monolayers, all three digestion degrees of Brij-
L23 were averaged for a mean digestion degree and deviation. For PS20,
the mean was based on two out of three digestions, as the third digestion
degree was beyond 100%. However, as the transport results did not
deviate notably, these results were pooled across all three cell passages.

If 4-bromophenylboronic acid (4-BPBA) was used for chemical in-
hibition instead of heat induced inactivation, a sample from the diges-
tion chamber was drawn before pH was increased to pH 9.0. The sample
was added to digestion buffer (pH 7.4) to the desired concentration. 10
uL - mL~! (eq. to 10 mM) of 1 M 4-BPBA in methanol was added to the
solution instead of 5 pL - mL™}, as the concentration was halved during
the P-gp inhibition assay. This was done to ensure a concentration of 5
uL - mL~! 1 M 4-BPBA during the cell experiments.

2.7. Data analysis

2.7.1. P-gp inhibition

The fluorescence intensity from calcein was plotted as a function of
time (min). From this the steady state slope, m, was manually deter-
mined for all wells. The remaining P-gp activity at different concentra-
tion of added compound was determined as the ratio of slope between
exposed cells and the average of the control cells.

Meontro
Remaining activity = eontrol o 100% (€8}
Mcompound
The P-gp activity or digoxin permeability as a function of the sur-
factant concentration was fitted to a symmetrical sigmoidal curve in
GraphPad v.10.1.0

Top — Bottom

1 + ]OX—/ngIng (2)

Y = Bottom +

2.7.2. Cell viability

For the cell viability, luminescence in relative light units (RLU)
measured in the treated cells were related to control cells. The viability
was 100% for control cells, and hence the cell death was estimated
using:

RL U(‘(Jm[mund

Cell death = 100% — ( X 100%> 3

control

2.7.3. Permeability
The apparent permeability was calculated from steady state fluxes
using a deviation of Ficks law:

I=Pyy x Cy @

J is the flux from donor to receiver chamber (nmoles - cm ™2 - min’l),

Cp is the initial donor concentration (nmoles - LY and Papp is the
apparent permeability. An additional calculation was performed to
convert Py, from cm - min~! to em - 571, which is the implemented unit
of this paper.

The efflux ratio was calculated using the secretory (B-A) and
absorptive (A-B) permeability:

P, _
Efflux ratio = —app B4 5)
app A—B
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The recovery of isotope during the transport study was calculated as
the ratio between the amount of isotope at the end relative to the staring
amount:

Recovery = Manalyre end o 100% 6)

nalmlym initial

The measured TEER of each insert was adjusted with the area of the
filter (1.12 em?):

TEER .orected = TEER peasurea X Filter area = 2 x cm® @

2.7.4. Invitro digestion
The amount of FFAs released was calculated as the total amount of
used NaOH:

Nrpa = NNaOH = E Craorr X Viaon ®

The degree of digestion was determined by the amount of released
FFAs:

NEFA
9
Ngurfactan: X Y, €ster bonds

Digestion% =
2.7.5. Statistics

When possible, results are shown as a mean value =+ standard error of
the mean (SEM), which was derived from the standard deviation. If
multiple technical replicas were performed on the same cell passage, the
mean of these replicas (N) were used. When means of more than two
groups were compared for significant difference, a one-way ANOVA was
used to determine significance within the variables. The ANOVA test
was followed by Tukey’s multiple comparison test. This was performed
in GraphPad Prism. When means of two groups were compared, an F-test
for variance and a Student’s t-test was used. This was done in Excel. P <
0.05 was considered significantly different when comparing means.
Possible outliers (with a 95% confidence) were excluded using an in-
built mechanism of GraphPad v.10.1.0. A single value of remaining P-
gp activity when treated with PS20 was determined an outlier and was
excluded. The outlier was at 0.65 pM PS20, where 10 technical replicas
across three individual cell passages were performed. “n” indicates the

(A) 100~ 100
2 75 e
£Z il &
‘T 2 Q
£% 50 8
%% Los =
P 25 =
o o ... R | STOUN ) =

i
0 T T T
1 0 1 2 3
log([PS20]) [uM]

(c) 1507 100
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£ > 100 { e
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amount of individual cell passages.
3. Results
3.1. Undigested surfactants

3.1.1. P-gp inhibition and cell toxicity studies

The concentration-dependent ability of PS20, Brij-L23, Labrasol and
Kolliphor EL to inhibit P-gp-mediated transport was investigated using
MDCKII-MDR1 cells. Furthermore, the cell viability in the presence of
the surfactant was assessed using the CellTiter-Glo® Cell Viability Assay.
Increasing the PS20 concentrations showed a concentration-dependent
decrease in P-gp activity, as shown in Fig. 1.

The ICsp of PS20 was determined to be 10.3 uM (logICsp = 1.01 +
0.09). The lowest remaining P-gp activity was observed at 500 pM PS20
being 27.1%, however, at this concentration a cell death of 53.8% was
observed, whereas at all other concentrations no cell death was observed
(Fig. 1A). Similarly, Brij-L23 showed P-gp inhibition, with a maximal
decrease in activity of 22.3% at 150 uM, while the lowest concentration
of 1.2 uM resulted in an activity of 81.2%. The ICsy of Brij-L23 was
determined to 32.0 uM (logICsp = 1.51 + 0.20). Brij-L23 showed toxic
effects at both 150 and 75 pM resulting in a death percentage of 79% and
31%, respectively. For Labrasol, P-gp inhibiting effects were observed
between 2.8 uM (log = 0.45) and 79 uM (log = 1.9), as depicted in
Fig. 1C. However, as evident from all data points, no concentration
dependent trend was not present across the investigated concentration
range from 2.8 pM to 6.65 mM. When treated with Kolliphor EL, a very
small amount of calcein was formed intracellularly, resulting in the P-gp
activity reaching beyond 100% as shown in Fig. 1D. This trend was
concentration dependent, and already at approximately 1 mM Kolliphor
EL (log = 3.01), the determined activity was 3.8 times higher than that
of the untreated cells, corresponding to a P-gp activity of 380%. While
the results of the inhibition assay were scarce, the viability assay showed
a high tolerance towards Kolliphor EL, even at concentrations in the mM
range. The MDCKII-MDR1 cells showed better tolerability towards
Labrasol than PS20 or Brij-L23, as no toxicity was observed at 724 uM or
below.

(B) 100- ~100
o "
. o
2 2
w2 a
58 8
X o >
[ 3 =
o =x
Y T T T T
0.0 0.5 1.0 1.5 2.0 25
log([Brij-L23]) [uM]
(D) 108 ~100
°
< 104 | |
o2 R [T o
£€ 100 o S
£g . F50 &
o . 2
Q © 102 (] =3
2o ° - 5
(=2 —_
*F 0 . . r25 2
m n a " =
1001 0
v T T T
2 3 4 5

log([Kolliphor EL]) [uM]

Fig. 1. P-gp inhibition and cell toxicity assay. Cells were treated with solutions of PS20 (A), Brij-L23 (B), Labrasol (C) or Kolliphor EL (D). P-gp inhibition assay was
performed at 37 °C for one hour, and the toxicity assay represents one hour exposure to the compounds. A final concentration of 5 pM calcein-AM and 0.5% (v/v)
DMSO in 10 mM HEPES (pH 7.4) was used. During the toxicity assay, the luminescence was measured at room temperature for 15 min. Data points of PS20 and Brij-
L23 were fitted to a symmetrical sigmoidal curve (equation (2)). Circles (@) represent the remaining P-gp activity, while squares (ll) represent the degree of cell
death. Each data point represents a mean value = SEM (n = 3), except for Kolliphor EL, which is a single value. Regarding Labrasol, selected data points of the P-gp

activity is shown where cells were viable.
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To elucidate the possible effects of surfactant metabolites, likely to
originate from digestion, on P-gp inhibition and cell toxicity, the four
most common fatty acids (lauric acid, myristic acid, palmitic acid, and
stearic acid) were analyzed separately. As seen in Fig. 2, none of the fatty
acids showed a concentration-dependent ability to inhibit P-gp activity
in MDCKII-MDR1 cells in the concentration range investigated. After
exposure to the fatty acid cells generally remained viable.

3.1.2. Digoxin transport across Caco-2 cell monolayers

The concentration-dependent effects of the non-ionic surfactants on
digoxin’s bidirectional permeability were examined through transport
across Caco-2 cell monolayers. In the absence of a surfactant, the
transport of digoxin was polarized in the B-A direction, with an efflux
ratio (ER) of 11.9 + 0.5. PS20 was examined in a single determination
across the same concentrations as that of Nielsen et al. (2016) to verify
that the present data were similar to the published ones. Since the data
was comparable and obtained within the same laboratory, the experi-
ment was replicated once to save resources. The studied PS20 concen-
tration ranged from 0.2 to 500 pM and showed an increased absorptive
permeability and decreased secretory permeability with an ER
approaching 1 at 20 uM. From the bidirectional transport studies, an
ECs¢ of PS20 was determined to be 4.4 uM and 4.1 uM in the absorptive
and secretory direction, respectively (Fig. 3). No notable drop in final
TEER was observed at any PS20 concentration. The highest absorptive
Papp was 7.1 - 10° c¢m - s7! at 500 uM, while the lowest secretory Pap,
was 8.2 - 10" cm - s~ at 200 uM, which was the highest concentration of
PS20 measured in the secretory direction.

Like PS20, Brij-L23 showed a pronounced increase in the absorptive
permeability while decreasing the secretory permeability of digoxin.
The ER of digoxin was lowered significantly at 10 uM compared to the
control (P < 0.05) and approached 1 at 50 uM. An increasing secretory
permeability was observed at higher concentrations, starting at 75 pM,
while the absorptive permeability continuously increased. The ER
remained rather constant at 1.4 + 0.36 and 1.3 + 0.23 when treated
with 50 uM or 100 uM Brij-L23. The permeability of glycine in each
direction did not change notably from 1 to 50 uM, however, the
permeability of glycine B-A was significantly larger, compared to the A-
B permeability, in both the absence and up to 50 uM of Brij-L23 (P <
0.05). This is shown in the supplementary data, Table S 1. At 75 and 100
uM Brij-L23, a time-dependent increase in paracellular transport was
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observed, depicted in Figure S 1. The time-dependent flux increase was
more pronounced in the secretory transport compared to the absorptive
transport. In the case of mannitol, no significant difference in perme-
abilities was observed between A-B and B-A in the absence of Brij-L23 (P
> 0.05). While no significant decrease in TEER was observed in controls
wells (P > 0.05), a significant decrease in TEER (P < 0.05) was observed
at 75 uM and 100 uM Brij-L23, as detailed in Table S 1. Like PS20 and
Brij-L23, Kolliphor EL showed a concentration dependent increase in
digoxin’s absorptive permeability. At a concentration of 1 mM, an ER of
1.3 £ 0.12 was observed. An ECs( of 28.8 uM (logECsp = 1.46 + 0.09)
and 23.9 pM (logECsp = 1.38 £ 0.18) was determined in the absorptive
and secretory direction, respectively. Unlike Brij-L23, no notable change
in TEER was observed at any concentration. No correlation between the
Kolliphor EL concentration and paracellular transport of mannitol was
observed, and the permeabilities of mannitol were comparable to that of
the control. All efflux ratios are presented in Table S 1 and the recovery
of digoxin, glycine and mannitol is presented in Table S 2.

3.2. Assessment of the impact of standardized in vitro digestion on cell-
based assays

The digestion medium used by Koehl and coworkers included 150
mM NaCl (Koehl et al., (2020)). As the final digestion buffer would be
highly hyperosmotic, which would impair cell barrier integrity, the
importance of NaCl was examined. A degree of digestion of 41.7% was
observed for PS20 with 150 mM NaCl, while 42.0% digestion was
observed without NaCl. Hence, NaCl was excluded from the digestion
medium for further studies. The study by Koehl et al. (2020) used 5 mM
4-BPBA to inactivate the lipases from the pancreatin. As 4-BPBA would
be part of the pre-digested solution applied to cells, a P-gp inhibition and
cell toxicity assay examining the effects of 4-BPBA in digestion buffer
(pH 7.4) was performed. The assays showed a concentration dependent
cell toxicity of 4-BPBA, which did not differ notably after the precipitate
was discarded by centrifugation (Fig. 4). The dotted line in A and B
indicates the suggested concentration of 4-BPBA of 5 pL - mL™! (corre-
sponding to 5 mM). At this concentration, a consistent effect on the
formation of calcein as well as persistent cytotoxicity was observed. It
was evident, that 4-BPBA affected both the calcein-AM assay and the cell
viability assay. Due to the observed toxicity, inactivation of lipase ac-
tivity was instead performed by heat denaturation.
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Fig. 2. P-gp inhibition and cell toxicity assay. Cells were treated with solutions of lauric acid (A), myristic acid (B), palmitic acid (C) or stearic acid (D). P-gp in-
hibition assay was performed at 37 °C for one hour, and the toxicity assay represents one hour exposure to the compounds. A final concentration of 5 uM calcein-AM
and 0.5% (v/v) DMSO in 10 mM HEPES (pH 7.4) was used. During the toxicity assay, the luminescence was measured at room temperature for 15 min. Circles (@)
represent the remaining P-gp activity, while squares (Hll) represent the degree of cell death. Each data point represents a mean value + SEM (n = 3).
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Fig. 3. Bidirectional permeability studies of digoxin across a Caco-2 cell monolayer in the presence of PS20 (A) at concentrations of 0.2, 2.0, 20, 200 and 500 uM,
Brij-L23 (B) at concentrations of 1, 10, 50, 75 and 100 uM or Kolliphor EL (C) at concentrations of 15, 30, 100, 250 and 1000 uM. Surfactants dissolved in 10 mM
HEPES (pH 7.4), were only added to the apical chambers while basolateral chambers were filled 10 mM HEPES (pH 7.4). Donor activity was 1 uCi - mL™! for [H]
digoxin and 0.25 uCi - mL~! for [**Clglycine or [**C]mannitol. All wells were pre-incubated with 10 mM HEPES (pH 7.4) for 10 min (220 rpm, 37 °G). PS20 and
Kolliphor EL were fitted to symmetrical sigmoidal curve (equation (2)) for each direction. Control studies in the absence of surfactants are shown at the far-left x-axis
(n = 8). For PS20 each represents a single point (n = 1). Regarding Brij-L23 and Kolliphor EL, each represents a mean + SEM (n = 3).

(A) 250+ : 100
[ ] B
o :
£ > ° ° ol
€ £ 150 =
w2 F50 o
58 100 2
- ' " L2s
L e . ®m =
o 50 s ® . =
s u " = : o
c T 1 1
-1 0 5yul-mit 1
log([4-BPBA]) [ul/ml]
(C) 100+ - 100
oy I ]
g§ 754 [l
=3 o
‘T 2 n F50 o
S50 L4 ®
§% o2 a2t .0, 2
s 5
> 25
a 25+ §
Lo
0 T T T T T T T T

0o 1 2 3 4 5 6 7 8 9
Well number

(B) 2504 o . : r 100
J ;
£ ©
£ 150 ° =
® 2 50 o
Eg - 2
S © 100 : =3
o : L2s =
[ X~ [ ] [] : =
o - S
50 = m " . b =
L) : Fo
0 T T T
-1 0 Splmit 1

log([4-BPBA]) [ul/ml]

Fig. 4. P-gp inhibition and cell toxicity assay. Cells were treated with dilutions of 1 M 4-BPBA in digestion buffer (pH 7.4) measured in uL - mL ™. In (A), 4-BPBA was
dispersed in the digestion buffer (pH 7.4). In (B), 4-BPBA was dispersed in digestion buffer (pH 7.4) followed by 15 min of centrifugation (4 °C, 4000 rpm, 2800 g).
The supernatant was isolated and used for the assay. In (C), the effects of a constant concentration of 5 uL - mL™" (5 mM) were examined in 8 wells. P-gp inhibition
assay was performed at 37 °C for one hour, and the toxicity assay represents one hour exposure to the compound. A final concentration of 5 uM calcein-AM and 0.5 %
(v/v) DMSO in digestion buffer (pH 7.4) was used. During the toxicity assay, the luminescence was measured at room temperature for 15 min. Circles (@) represent
the remaining P-gp activity, while squares () represent the degree of cell death. Each data point represents single value.

3.3. Pre-digested surfactants

Chaitanya and Prabhu (2014) reported that porcine lipases undergo
irreversible unfolding and subsequently lose activity when heated to
45 °C, supporting the use of heat to inactivate the enzymes after
digestion. Digestion samples were denatured at 60 °C for 5 min together
with a PS20 solution used as a heat treated, undigested PS20 control.

Samples from the supernatant were diluted in digestion buffer (pH 7.4)
to reach the desired concentrations. The stated concentrations were not
corrected for the degrees of digestion but were based on the initial
surfactant concentration prior to the digestion. All pre-digested species
and corresponding control treatments were diluted in digestion buffer
(pH 7.4) unless otherwise stated. The digestion buffer (pH 7.4) itself did
not affect P-gp in any way and was comparable to that of 10 mM HEPES
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(pH 7.4).

3.3.1. P-gp inhibition and cell toxicity of pre-digested surfactants

For the P-gp inhibition assays, the degree of digestion for PS20 was
42 + 6% and resulted in an ICsq of 18.7 uM (logICsg = 1.27 + 0.17) as
depicted in Fig. 5A. The corresponding ICso values of the heated, un-
digested PS20 and the undigested PS20 was 15.3 uM (logICsp = 1.18 +
0.21) and 26.9 pM (logICsp = 1.43 + 0.20), respectively. Therefore, the
obtained ICs values did not differ significantly between the undigested
and digested PS20 species. However, the observed cytotoxicity was
lower in the pre-digested samples as compared to the undigested species,
both in digestion buffer (pH 7.4) and 10 mM HEPES (pH 7.4), reflecting
a correlation between the cell toxicity and amount of intact PS20. In the
pre-digested samples, the highest PS20 concentration of 500 uM resulted
in 14% cell death, whereas the undigested and the heated, undigested
PS20 reached 47% and 46% at the same concentration, respectively.
However, the reduction observed in the pre-digested species was not
significantly lower than any of the undigested species (P > 0.05).

As the ICsq values of the pre-digested and undigested PS20 samples
did not differ notably from one another across the full concentration
range, the two most critical PS20 concentrations were chosen for further
comparison. All curves showed a dynamic area around 18 pM and 6 uM
PS20, where the change in P-gp activity was at its highest, i.e. the middle
section of the curves with the steepest slope. To elucidate the differences
between the pre-digested and undigested PS20, the remaining P-gp ac-
tivities at these concentrations were compared between all PS20 species
from this investigation, as depicted in Fig. 6.

The results showed that no significant difference (P > 0.05) was
present between solutions. A difference between buffers was observed
when treated with 6 uM PS20, where the activity of 10 mM HEPES (pH
7.4) treated cells were slightly lower compared to that of the digestion
buffer (pH 7.4) treated cells. At 18 uM PS20 the means of each group
were more aligned with smaller deviations. The differences in P-gp ac-
tivities were not significant (P > 0.05) between the examined species;
pre-digested or undigested.
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3.3.2. Digoxin transport across Caco-2 cell monolayers

Brij-L23 and PS20 were pre-digested in vitro, and the products were
diluted to 75 uM and 500 uM, respectively. The digestion degree of Brij-
L23 was negligible and PS20 had a mean degree of digestion of 46%. In
the presence of pre-digested surfactants, digoxin showed P,p, values,
both absorptive and secretory, close to those of the undigested surfac-
tants (Fig. 7). This was further shown by the efflux ratio, which is dis-
played above the grouped columns in Fig. 7.

75 uM pre-digested Brij-L23, as opposed to 500 uM PS20, affected the
resulting TEER notably. The final TEER in the absorptive and secretory
direction was 120 Q-cm? and 45 Q-cm?, respectively, when treated with
75 uM pre-digested Brij-L23. This was notably lower than that of the
digestion buffer (pH 7.4) control, which was 386 Q-cm? in the absorp-
tive direction, and 360 Q-cmZsecretory direction, at the end of the
experiment, as shown in Table S 3. A significant increase (P < 0.05) in
secretory mannitol flux at 120 min was observed between 75 uM pre-
digested Brij-L23 and the digestion buffer (pH 7.4) control, depicted
in Figure S 2. As TEER was not measured for all cell passages, the sig-
nificance could not be determined. The recovery of digoxin and
mannitol is presented in Table S 4.

4. Discussion

The present study investigated if surfactants exposed to in vitro in-
testinal digestion are likely to maintain their P-gp inhibiting properties,
or if digestion is likely to explain the large in vitro to in vivo discrepancy
observed for the dose/concentration of surfactants required to increase
the absorption of P-gp substrates. The P-gp inhibiting abilities of the
non-ionic surfactants were investigated through bidirectional digoxin
transport across Caco-2 cell monolayers and specifically for their P-gp
inhibitory properties using the calcein-AM efflux in MDCKII-MDR1 cells
assay.

4.1. The traditional digestion setup is incompatible with cell assays

4-BPBA is a commonly used inactivator of pancreatic lipases, as it
potently inactivates the enzymes at 5 mM (Mulet-Cabero et al., (2020)).

Heated, undigested
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Fig. 5. P-gp inhibition and cell toxicity assay. Cells were treated with solutions of pre-digested PS20 (A), heated, undigested PS20 (B) or undigested PS20 (C), all
diluted in digestion buffer (pH 7.4). The heated, undigested PS20 sample underwent same heating and centrifugation procedure as the pre-digested sample. P-gp
inhibition assay was performed at 37 °C for one hour, and the toxicity assay represents one hour exposure to the compound. A final concentration of 5 uM calcein-AM
and 0.5% (v/v) DMSO in digestion buffer (pH 7.4) was used. During the toxicity assay, the luminescence was measured at room temperature for 10 min. Data points
were fitted to a symmetrical sigmoidal curve (equation (2). Circles (@) represent the remaining P-gp activity, while squares (ll) represent the degree of cell death.

Each data point represents a mean value + SEM (n = 4).
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Fig. 6. Elucidation of the effect of pre-digestion on PS20's ability to inhibit the P-gp transporter in MDCKII-MDR1 cells. Activities of all controls and buffers were
compared across two different concentrations of PS20. Cells were treated with solutions of undigested or pre-digested PS20 in either 10 mM HEPES (pH 7.4) or
digestion buffer (pH 7.4). P-gp inhibition assay was performed at 37 °C and fluorescence was measured for one hour. A final concentration of 5 uM calcein-AM and
0.5% (v/v) DMSO in buffer (pH 7.4) was used. Each data set represents a mean + SEM (n = 3-4).
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Fig. 7. Bidirectional permeability studies of digoxin across a Caco-2 cell
monolayer in the presence of pre-digested Brij-L23 (75 uM) or PS20 (500 uM).
Surfactants dissolved in Digestion buffer (pH 7.4), were only added to the apical
chambers while basolateral chambers were filled with digestion buffer (pH 7.4).
Donor activity was 1 pCi - mL ! for [3H]dig0xin and 0.25 pCi - mL ! for [**C]
glycine or [**Clmannitol. All wells were pre-incubated with digestion buffer
(pH 7.4) for 10 min (220 rpm, 37 oC). Figure shows the absorptive and
secretory permeabilities of surfactants or controls. Each value represents a
mean + SEM (n = 3). The number beyond each group is the mean efflux ratio of
said group.

However, as evident from the assays in the MDCKII-MDR1 cell line, 4-
BPBA affects both the formation of calcein and shows notable cyto-
toxic effects. While a reduced concentration of 2.5 mM has been used in
some studies, the cytotoxic effects were observed below this concen-
tration. Because more biomimetic setups for dissolution and permeation
is desired, the cytotoxicity of the typical lipase inhibitor composed a
problem. Here we solved this by using heat mediated denaturation at
60 °C to inactivate the lipases without any observed effects on neither
calcein formation nor cell cytotoxicity. This method was based on the
findings of Chaitanya and Prabhu (2014), who reported that porcine
lipase underwent irreversible unfolding and lost its activity when heated
to 45 °C. The cell disrupting effects of the pancreatic enzymes has been

reported by Keemink and Bergstrom (2018), who observed an in-
compatibility between Caco-2 cells and pancreatic extract at the con-
centration used in a standardized in vitro lipolysis. While the presence of
neither low nor high concentrations of mucin increased compatibility
notably, Keemink and Bergstrom showed, that immobilized lipase was
compatible with Caco-2 cells, even in the absence of mucin. Further-
more, the study introduced digestion samples of lipid-based formula-
tions in a digestion buffer composed of Tris-maleate, CaCly, NaCl,
sodium taurocholate and lecithin. In the absence of mucin, the mixture
with an initial 2.5% (w/v) lipid formulation did disrupt the Caco-2 cell
layer integrity. However, in the presence of mucin the formulations were
compatible. In contrast to the present study, the digestion samples used
by Keemink and Bergstrom did include 5 pL - mL™! 0.5 M 4-BPBA
without observing any reported adverse effects. Despite this, 4-BPBA
was excluded from the present study based on the observed toxicity
and incompatibility with the MDCKII-MDR1 cell assays. According to
the results obtained by Keemink and Bergstrom, the digestion media
with 150 mM NacCl adjusted to pH 7.40 would likely be a compatible
buffer with the Caco-2 cells during the transport of digoxin in the present
study. However, the presence of both 150 mM NacCl from the digestion
media and HBSS, 1x, resulted in a hyperosmotic buffer. To conserve the
conditions present in the studies of the undigested surfactants, the
digestion buffer composed of HBSS, 1x, and 10 mM HEPES was favored,
and 150 mM NaCl was subsequently excluded from the digestion media.
This decision was supported by the data showing, that digestion of PS20
was independent of NaCl.

4.2. Labrasol shows no clear concentration dependent P-gp inhibition

Whilst the determined P-gp activities in the MDCKII-MDR1 cell line
in the presence of 2.8 to 78.9 uM Labrasol did indicate a concentration
dependent P-gp inhibition, the activities across the entire concentration
range from 2.8 uM to 6.6 mM revealed, that there was no clear con-
centration dependent effect on P-gp inhibition. There seems to be two
potential explanations for this, one being the formation of micelles and
the other cellular toxicity at higher concentrations. At concentrations
above 78.9 uM, the critical micelle concentration of Labrasol (approxi-
mately 140 uM (GatteFossé (2023)) is exceeded and micelles are formed.
This may entrap calcein-AM in the micelles, and hence reduce the free
concentration, and shade the actual P-gp inhibition due to a reduced
cellular uptake of the calcein-AM. Labrasol has previously been reported
to increase the absorptive transport and decrease the secretory transport
of rhodaminel23 across rat ileum in vitro at 0.075% (v/v) (Lin et al.,
(2007)). While the study by Lin and coworkers observed a 66% decrease
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in the efflux ratio, the polarized transport in the absence of Labrasol
corresponded to an ER of 2.67, compared to that of digoxin in this study
being 11.9. Furthermore, Lin and coworkers observed a significant in-
crease in the absorptive permeability of the paracellular marker lucifer
yellow in the ileum in the presence of 0.1% (v/v) Labrasol. From these
findings, Lin et al. concluded that the increased transport of Rhoda-
minel23 was likely not caused by P-gp inhibition solely, but also caused
by an increased paracellular transport. In contrast to Labrasol, the P-gp
inhibiting abilities of Kolliphor EL has been reported during transport of
P-gp substrates across Caco-2 cell monolayers, why Labrasol was
substituted with Kolliphor EL for transport assays (Rege et al., (2002)).
The P-gp inhibition properties of Kolliphor EL was therefore investigated
in MDCKII-MDR1 cells using the calcein-AM assay. However, testing
Kolliphor EL in this assay was not experimentally possible since very low
fluorescence was recorded.

4.3. P-gp inhibition is not affected by pancreatin mediated intestinal
digestion

PS20 has in numerous studies been shown to increase the in vitro
absorption of P-gp substrates (Al-Ali et al., (2018a); Nielsen et al.
(2016); Al-Saraf et al. (2016)). The present study found values for the
undigested PS20 in accordance with the data reported by Nielsen et al.
(2016), with respect to both the absorptive and secretory permeabilities
of digoxin. Nielsen and coworkers reported an absorptive ECsg of 25.0
uM and secretory ECsg of 4.9 uM. Compared to the absorptive and
secretory ECsq values of this study, where the corresponding ECsg values
were 4.4 and 4.1 pM, respectively, the P-gp inhibiting ability of PS20
was evident. Furthermore, similar to the present study, Nielsen and
coworkers observed no notable drop in the finale TEER of cells treated
with PS20 compared to that, of cells treated purely with 10 mM HEPES
(pH 7.4). The P-gp inhibiting ability of PS20 was furtherly investigated
in the MDCKII-MDR1 cells, where the determined ICs( value towards P-
gp was similar to that of Al-Ali et al., (2018b), who determined an ICsg
value of 11 pM utilizing the same calcein-AM based assay in MDCKII-
MDR1 cells. P-gp inhibition mediated by non-ionic surfactants is
believed to occur by various mechanisms, including changes in mem-
brane fluidity and direct binding to the P-gp transporter. Li-Blatter and
Seelig (2010) suggested, that only the polar moieties of PS20's ethoxy-
lated chains bind directly to P-gp. Moesgaard et al. (2022) verified the
hydrogen bonds emerging between the PEG moieties of PS20 and the
drug binding cavity of P-gp using molecular dynamics. Moesgaard and
coworkers proposed, that PS20 form a “lollipop” structure in the cell
membrane, with PEG aggregating towards the outer membrane leaflet,
and the lipid chain extending towards the lipophilic core of the mem-
brane. PS80, a similar non-ionic surfactant with the same lipid chain as
PS20, has been reported to notably increase membrane fluidity with the
anisotropy decreasing to 50.9%, corresponding to an increased fluidity
of the inner membrane core of Caco-2 cells (Rege et al., (2002)). The
findings of the present study suggested that the partitioning of intact
PS20 into the membrane was not the driving factor of P-gp inhibition,
evident by the degree of P-gp inhibition not varying significantly be-
tween the undigested and pre-digested species. This was in spite of the
observed degree of digestion, which limited the amount of lipid chains
present, that was able to partition into the membrane. The suggestion,
that only the hydrogen bonds of the PEG domains mediate the P-gp
inhibition corresponds with the abilities of pure PEG to inhibit P-gp
(Shen et al., (2006)). PEG-400 and PEG-20,000 have both shown to
inhibit P-gp, both in vitro and in situ during Rhodaminel23 transport
across rat jejunal membrane. With 5% (w/v) PEG-20,000 the efflux ratio
was reduced from 7.73 to 2.16 without any significant effect on the
transport of lucifer yellow (Shen et al., (2006)). The possible effects of
the lipid chains released during PS20 digestion were investigated using
the commercially available compounds. The examined concentrations
were equal to that of the undigested and pre-digested PS20 to compare
the fatty acids’ possible effect on P-gp activity and cell toxicity levels
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adequately to that of PS20. Furthermore, this concentration range would
mimic the contribution of the released fatty acids present in the mixture,
in case the degree of digestion was near 100%. Whilst the lipid chain of
PS20 did not contribute to P-gp inhibition, it may, however, contribute
to the PS20 mediated cytotoxicity observed in the MDCKII-MDR1 cells at
500 uM. The pre-digested species showed notably lower degrees of cell
death compared to the undigested counterparts. However, the exami-
nation of the typically released fatty acids of PS20 did not result in the
same degree of cell death at 500 uM, indicating that the lipid chain is not
the only contributor to PS20 mediated cell toxicity.

Brij-L23, a non-ionic surfactant composed of only one PEG moiety
and a lipid chain, has previous been shown to increase the absorptive
transport of rhodaminel23 across washed rat intestines at 0.5% (w/v)
Brij-L23 (Igbal et al., (2010)). Furthermore, bidirectional transport
across Caco-2 cell performed by Yu et al. (2011) showed a
concentration-dependent decrease in the efflux ratio of the P-gp sub-
strate bis(12)-hupyridone when Brij-L23 was present both apical and
basolateral. Similar findings on Brij-L23's ability to inhibit the efflux
transporter was observed in the present study. Furthermore, an effect on
barrier properties was established, as the observed increase in para-
cellular transport of glycine and mannitol across Caco-2 cells treated
with 75 uM and 100 uM Brij-L23 was likely linked to cell toxicity. While
this study observed a degree of cell death reaching 30% and 79% in the
MDCKII-MDR1 cells treated with 75 uM and 150 uM Brij-L23, respec-
tively, the study by Yu and coworkers reported a 40 % cell death at 120
uM in the Caco-2 cells. These concentrations and corresponding degrees
of cell death correlates with the observed flux increase of paracellular
markers in the present study. This study verified, that Brij-L23 solutions
exposed to the digestion enzymes of pancreatin did not alter the trans-
port of digoxin across Caco-2 cell monolayers. Furthermore, this study
concluded, that Brij-L23 could affect both the absorptive and secretory
transport of a P-gp substrate, whilst only being present in the apical
chamber. This suggests, that Brij-L23 possess the ability to inhibit P-gp
without crossing the apical membrane of the enterocyte. The mechanism
behind the P-gp inhibition mediated by Brij-L23 is unknown, however,
based on the composition of Brij-L23, the mechanism is likely similar to
that of PS20, where a similar lollipop structure could emerge. The
presence of the same lollipop structure could be supported by the find-
ings of Behzadipour et al. (2001), who showed that Brij 58, a similar
non-ionic surfactant, partitioned into the lipophilic membrane core of
corn cells, resulting in an increased fluidity. However, as described for
PS20, only the PEG-domain of Brij-L23 was suspected to interact with P-
gp, whereas the lipid chain likely played no crucial role in the inhibition
of the efflux transporter.

In agreement with the findings of Rege et al. (2002), Kolliphor EL
increased the absorptive permeability and decreased the secretory
permeability of digoxin, resulting in an ER below two. In contrast to the
transport of digoxin, the inclusion of Kolliphor EL in the P-gp inhibition
assay in MDCKII-MDR1 did not result in any useful data. As all but one of
the investigated Kolliphor EL concentrations were beyond the critical
micelle concentration, which is approximately 80 pM (SigmaAldrich
(2023)), it was suspected that calcein-AM partitioned into micelles,
resulting in low intracellular accumulation of calcein-AM. However, a
study by Hugger et al. (2002) saw the same tendency, where 0.1% (w/v)
Kolliphor EL, approximately 400 uM, inhibited P-gp mediated efflux in
Caco-2 cell monolayers, but not MDCKII-MDR1 cell monolayers, indi-
cating a dependency of the cell line. The authors suggested that the
difference could be caused by the different environment around the
efflux transporter in the two cell lines. The same study by Hugger and
coworkers showed, that Kollliphor EL was not able to alter membrane
fluidity at 400 uM and concluded, that no connection between mem-
brane fluidity and Kolliphor EL mediated P-gp inhibition was found. The
ability to alter membrane fluidity was likely concentration dependent,
as evident by Rege et al. (2002), who found that 1 mM Kolliphor EL
increased the fluidity of the hydrophobic core of the membrane in Caco-
2 cells. Whilst both studies observed P-gp inhibition, the results
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indicated that the inhibition was not caused solely by increased mem-
brane fluidity. Thus, the presence of the PEG domains in Kolliphor EL
was likely to be a large contributor of P-gp inhibition. Kolliphor EL was
partially digested by pancreatin, resulting in the hydrolysis of the lipid
chains (Koehl et al., (2020)). However, as the surfactant composes three
ester bonds, Kolliphor EL may still be able to partition into the cell
membrane upon digestion, depending on the remaining number of lipid
chains. Furthermore, the PEG moieties were not affected by hydrolysis,
and the P-gp inhibiting abilities of the metabolite would likely be similar
to that of pre-digested PS20 and Brij-L23; unaltered.

Using an in vitro digestion setup, this study has shown that intestinal
digestion did not alter the abilities of the non-ionic surfactants to inhibit
P-gp. Both the digestible PS20 and undigestible Brij-L23 increased the
absorptive transport whilst decreasing the secretory transport of digoxin
across Caco-2 cell monolayers in both their undigested and pre-digested
form. Furthermore, the pre-digestion of PS20 elucidated, that the P-gp
activity in MDCKII-MDR1 cells did not change significantly between the
pre-digested and undigested species. The findings suggested that the
inhibition of the efflux transporter was mediated mainly by direct in-
teractions between the non-ionic surfactants and the transporter. The
observed discrepancy between in vitro and in vivo on the needed con-
centration or dose could potentially be explained by surfactant dilution
in rats, which lowered the effective concentration for P-gp inhibition.

5. Conclusion

In conclusion, polysorbate 20, Brij-L23 and Kolliphor EL was shown
to increase the absorptive transport of digoxin across Caco-2 cell
monolayers while decreasing the secretory transport. The individual
ECsp values of the surfactants effect on the absorptive and secretory
transport varied. Polysorbate 20 and Brij-L23 showed a concentration
dependent inhibition of P-gp, however, both surfactants introduced cell
toxicity at high concentrations. Neither the indigestible Brij-L23 nor the
digestible polysorbate 20 resulted in any noteworthy differences in
digoxin permeabilities across Caco-2 cell monolayers when compared to
their undigested counterparts. The total digestion metabolite mixture of
polysorbate 20 had similar P-gp inhibiting effects in MDCKII-MDR1 cells
when compared to the undigested surfactants, however, as the indi-
vidual lipids showed no inhibition this suggested that the PEG-
containing moiety could be the functional mediator of the observed
inhibition. From the results, the intestinal digestion of non-ionic sur-
factants is likely not the cause of the discrepancy in dose required to
elicit an inhibition of P-gp observed between in vitro and in vivo studies.
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