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Abstract: Evaluation of drug permeability using cell monolayers is an important in vitro assay in the
process of drug development, to identify compounds with favourable pharmacokinetics that may
proceed to in vivo studies. When allowed to differentiate on permeable filters for at least 21 days,
monolayers of Caco-2 cells develop morphological and functional properties similar to those of the
intestinal epithelium. Permeability through Caco-2 monolayers is thus particularly relevant to
assess drug absorption after oral administration. The major drawback of this assay is its very low
throughput, with the cell monolayers being used in a single permeability assay. We have previously
proposed a protocol to allow the re-use of the Caco-2 monolayer on additional permeability assays
during the stable period and shown that cell monolayer integrity is maintained. In this work we
evaluate the effect of re-use on the permeability of several reference compounds that permeate
through passive pathways and show that the cell monolayers can be re-used twice in additional
permeability assays. Preliminary results were also obtained regarding active transport pathways,
and a new methodology is proposed to quantify the contribution from passive and active transport.
This is a major step towards the full validation of the re-use methodology proposed, which at least
triplicates the throughput of this important in vitro assay.

Keywords: Permeability assay; pharmacokinetics; Caco-2 monolayers; re-use; high throughput;
passive diffusion; active transport

1. Introduction

The prediction of pharmacokinetics is a major step in drug development as it determines drug
availability at the target site. In the assessment of this property, the well-established Caco-2 model is
one of the most extensively used in vitro cell based assay, before proceeding to studies using animal
models [1-4]. A major limitation of this model is its low throughput. When following the standard
procedure, Caco-2 cells must be maintained in a permeable filter for at least 21 days to attain a
confluent and fully differentiated cell monolayer, and are used in a single permeability assay during
their stable period, days 21 to 30 [5,6]. Moreover, this assay has a reduced screening capacity (12 wells
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per plate) and high implementation costs (media renewals, Transwell™ inserts, and human
resources) that also contributes to its low throughput [7,8].

To keep up with the growing number of compounds to be analysed (drugs and other bioactive
compounds such as natural products), different modifications of the standard assay have been
explored over the past two decades. The most common methodologies involve alterations of the
culture medium [9,10], filter support and/or coating [11] to reduce the time required for cell
monolayer confluence and differentiation; using of 96 and 384 multi-wells plates [12,13]; and testing
of multiple compounds simultaneously [14,15]. Although faster, those alternative protocols show
several drawbacks, and the standard assay is still the most frequently used (see Pires et al [16] for a
detailed literature revision).

An alternative approach to increase the throughput of the standard assay is to re-use the Caco-
2 monolayer in additional permeability assays during its stable period. This has been explored by us
recently [16], and it was shown that incubation of the cell monolayer in culture medium for two full
days after the permeability assay is required and sufficient for the re-establishment of cell monolayer
integrity. This would allow the use of the cell monolayers for at least three permeability assays during
the period where their morphological and functional characteristics are maintained (21 to 30 days
after cell seeding [6,17]). An important advantage of this approach is that the standard protocol is
followed for the preparation of the cell monolayer [5], thus allowing a quantitative comparison of the
permeability coefficients obtained with the extensive data available in literature. More than just a
need to increase throughput, the re-use of Caco-2 monolayers is also an obligation to reduce
resources, fully aligned with the 3 R’s principles. However, before this procedure may become an
established methodology, it is first necessary to guarantee that the preservation of the cell monolayer
integrity is accompanied by the maintenance of other functional properties of the Caco-2 monolayers.

In this work, we complement the previous evaluation regarding cell monolayer integrity [16],
with an extensive evaluation of the effects of the re-use protocol on distinct cell properties. The
permeability of several compounds that are transported passively through paracellular and
transcellular pathways have been characterized, and preliminary results have been obtained for
carrier-mediated transport (influx and efflux).

The permeability of the test compounds was characterized on days 22, 25 and 28 post-seeding,
both for cell monolayers used in a single permeability assay or re-used following the regeneration
protocol proposed. The selected reference compounds for passive permeation pathways include: (1)
sodium fluorescein and atenolol, to complement the results previously obtained with the paracellular
marker Lucifer Yellow; and (2) the positively and negatively charged drugs propranolol and salicylic
acid, to assess the effects on transcellular permeation. Carrier-mediated transport pathways were also
evaluated, noting the presence of several transporters in the apical and basolateral membranes of
Caco-2 monolayers that may contribute to the influx (uptake) or efflux of solutes [18,19]. Among the
influx carriers, we selected the hexoses trans-porters due to the existence of glucose analogues with
a fluorescence label that may allow the evaluation of the glucose permeation in a high throughput
manner. The analogue of D-glucose 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-
glucose (2-NBDG) has been increasingly used in several cell lines to study glucose absorption and to
evaluate the effect of bioactive compounds from plant extracts on glucose absorption [20,21]. It has
been suggested that the transport of 2-NBDG across the apical membrane of Caco-2 monolayers
occurs mainly through the sodium dependent glucose transporter (SGLT1) and the glucose
transporters (GLUTSs), similarly to D-glucose transport [22,23]. Caco-2 permeability assays are often
used to identify the involvement of carrier-mediated efflux, in particular by P-glycoprotein (P-gp)
which is a member of the ATP Binding Cassette (ABC) active transporter family [24]. The P-gp
mediated efflux of Rhodamine 123 was selected due to its high fluorescence quantum yield,
providing high sensitivity in the detection of P-gp transport activity in Caco-2 cells [25]. The analysis
of cell monolayers functional properties was performed by measuring the transport of 2-NBDG and
Rhodamine 123 in the apical-to-basolateral (A-to-B) and basolateral-to-apical (B-to-A) directions.
Additionally, the expression of P-gp in the plasma membrane was also characterized through binding
of a FITC-conjugated anti-P-gp antibody and detection by flow cytometry.
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The structure and some molecular descriptors of the test compounds used in this initial
validation study are shown in Table S1 (Supplementary Material). Over 300 permeability assays were
performed through cell monolayers. The results obtained show that the re-use of cell monolayers can
be implemented for the compounds following passive permeation route after application of the
proposed regeneration protocol. Our study also provides preliminary results regarding the
maintenance of the functional properties of transporters when the cell monolayers are re-used during
their stable period. This allows to at least triplicate the throughput of the standard Caco-2
permeability assay.

2. Materials and Methods

2.1. Reagents and Materials

The Caco-2 cell line was purchased from the European Collection of Authenticated Cell Cultures
(ECACC 09042001, Salisbury, UK). Cell culture medium and supplements were all purchased from
Merck S.A (Algés, Portugal), except fetal bovine serum (FBS) that was obtained from Gibco-Life
Technologies (Porto, Portugal). Corning® Transwell™ 12-well culture plates and polycarbonate
membrane inserts (1.12 cm? surface area, 0.4 um pore size) were acquired from VWR (Lisboa,
Portugal). Rhodaminel23 and 2-NBDG were purchased from Setareh Biotech (Eugene, OR, USA).
Ethylenediaminetetraacetic acid (EDTA), Hank’s balanced salt solution (HBSS), 4-2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES), lucifer yellow di-potassium salt (LY), (+)-propranolol
hydrochloride (Prop), atenolol, sodium fluorescein (Flu) and salicylic acid (SA), were acquired from
Merck S.A (Algés, Portugal). The FITC-conjugated mouse monoclonal antibody to human P-gp
(CD243) was obtained from BD Pharmingen (San Diego, CA, USA). Ammonium formate (299%) and
methanol HPLC-grade were from Fisher Scientific (Lisboa, Portugal).

2.2. Cell Culture and Seeding

Caco-2 cells, at passages 95-105, were grown in T75 cm? flasks with Dulbecco’s modified Eagle’s
medium (DMEM) high glucose (4.5 g/L glucose with 2 mM L-glutamine) supplemented with 1.5 g/L
sodium bicarbonate, 10 %(v/v) heat-inactivated FBS and 1% (v/v) non-essential amino acids, in a
humidified atmosphere and 5% CO2 at 37 °C. Once covering 80-90 % of the flask, usually after 3—4
days, the cells were detached using 0.25% (w/v) trypsin-EDTA and subcultured at a split ratio of 1:8.
To prepare the Caco-2 monolayers, 2.6 x 105 cells/cm? were seeded on 12-well Transwell™ inserts and
kept in culture with DMEM medium (containing 1% (v/v) penicillin (10,000 units/mL)-streptomycin
(10 mg/mL)) for 21 days. Medium was renewed 6h following seeding and then every 2-3 days during
culture [5,16].

2.3. Permeability Assays

On the days of the experiments, the culture medium was decanted, and the cell monolayers were
washed twice with HBSS (supplemented by 25 mM HEPES, 0.35 g/L sodium bicarbonate, pH 7.4 and
pre-warmed at 37 °C), 0.5 mL in the apical and 1.5 mL in the basolateral sides. During the 8 min
incubation required for the washing steps, the plate containing the inserts was placed with the lid-
covered in an incubator (previously aseptic) without CO2 at 37 °C with a plate orbital shaker (IKA-
Schiittler MTS4, JMGS, Lisboa, Portugal) set at 50 rpm. The integrity of the cell monolayers was
examined by measuring the transepithelial electrical resistance (TEER) values using a Millicell®ERS-
2 voltmeter (Merck S.A, Algés, Portugal). The net TEER values (2 cm?) were calculated by subtracting
the cell-free filter resistance and multiplying by the filter area.

Test compounds solutions were prepared in HBSS and pre-warmed at 37 °C. The transport of
LY (20 uM), Flu (20 uM), atenolol (25 uM, with 1 % (v/v) DMSO), Prop (25 uM) and SA (25 uM) was
evaluated unidirectionally, in the apical (A) to basolateral (B) direction. Before initiating the
experiments, 1.2 mL of HBSS at 37 °C was added to the wells of a 12-well plate (acceptor
compartment). Then, the HBSS on the apical side of the monolayers was decanted and the inserts
were placed into new wells containing HBSS. The permeability assays were started immediately with
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the addition of 450 uL of the compound’s solutions to the apical side (3-4 inserts were manipulated
at the same time), from which a 50 uL sample was collected for the analysis of concentration at to. The
inserts were successively positioned in the pre-prepared 12-well plate containing HBSS, and the lid-
covered plate was placed on the incubator (without COz, 50 rpm and 37 °C). The permeability assays
were performed with either a single sampling at teo or multiple samplings at tuo, t2o, ts0 and teo min. At
each sampling time, the plate was moved to the laminar flow hood for transfer of the inserts into new
wells containing fresh HBSS (transfer sampling). At the end of the assays, the inserts were transferred
into empty wells and 50 pL was taken from the apical solution.

To assess the functionality of active transporters in the Caco-2 monolayers, the transport of
2-NBDG (250 uM) and Rho (5 uM) was studied in both A—»B and B—A directions. The A—B
permeability assays were performed as described above, using sampling at tio, t2o, t30 and teo min for
2-NBDG and tzo, t4o, teo, tso, tioo, and tizo for Rho. A longer sampling period was chosen for Rho to avoid
the appearance of experimental lag times in the permeability data resulting from the need of Rho to
translocate into the inner leaflet of the plasma membrane before interaction with P-gp [26,27].
Permeability in the B—A direction was evaluated at the same sampling intervals. Briefly, the
solutions containing the compounds in HBSS at 37 °C (1250 pL) were added to the wells of a 12 well
plate. The inserts were transferred into the plate, and the apical side of the cell monolayers was filled
with 400 pL of pre-warmed HBSS. A 50 puL sample was immediately collected from the basolateral
side (to). The permeability assay was performed at 37 °C under agitation at 50 rpm. At the defined
time points, aliquots of 200 uL were withdraw from the apical side and replaced with pre-warmed
HBSS. At the end of the assays, the inserts were transferred into empty wells and 200 pL and 50 pL
were taken from the apical and basolateral solutions, respectively.

After the permeability assay, the remaining solutions were decanted, pre-warmed HBSS (0.5 mL
apical and 1.5 mL basolateral) was added to the cell monolayers, and their TEER values were
measured.

2.4. Critical Steps and Experimental Procedure for the Re-Use of the Caco-2 Monolayers in Permeability
Assays

The manipulations of the cell monolayers during the permeability assays, media renewals and
solutions preparation were always carried out under aseptic conditions, in a laminar flow hood. The
first permeability assay was performed for cell monolayer on day 22, and two additional assays were
conducted using the same cell monolayer on days 25 and 28 post-seeding. At the end of the
permeability assay, after washing the cell monolayer with HBSS and measuring their TEER value
(see above), HBSS was replaced by DMEM culture medium (0.5 mL apical and 1.5 mL basolateral).
The inserts were maintained during two full days in a humidified atmosphere and 5% CO2 at 37 °C,
with the culture medium being changed 24 h before the next permeability assay. This incubation with
DMEM between assays ensured the full recovery of the cell monolayer integrity as evaluated by
TEER and permeation of the paracellular marker LY [16]. Several parameters were used as quality
control of the monolayer’s integrity to rule out possible toxicity after incubation with compounds
and contaminations before perform the 24 and 34 assays: i) the TEER values of the cell monolayers
measured at the beginning of the next permeability were similar to those obtained before the first
assay, and were always higher than 200 Q cm?; ii) the TEER value of a cell-free filter (subject to the
same treatment of those with cells) was maintained; and iii) the paracellular marker (such as LY) was
included in some of the tested solutions to evaluate simultaneously the cell monolayer integrity and
the permeability of the compounds of interest.

2.5. Analytical Methods for the Quantification of the Tested Compounds

The samples from the permeability assays were stored at 20 °C until analysis. The quantification
of the reference compounds, except for Flu, was performed by reverse phase HPLC. The detailed
conditions and method validation parameters are provided in the Supplementary Material (Table 52
and Figure S1). Data acquisition and integration of peak areas was done using the Chemstation
software B.03.01 from Agilent (Lisboa, Portugal). The concentration of Flu in the samples was
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determined from its fluorescence intensity at Aex/em 485/530 nm in a black 96-wells plate (Costar®),
using the SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices Corporation
Sunnyvale, CA, USA). Before the measurements, the pH of the samples from the donor and acceptor
compartments was adjusted to 8.5-9 for the full ionization of Flu phenolic group, increasing its
fluorescence quantum yield [28].

2.6. Confocal Laser Scanning Microscopy and Image Analysis

In our previous evaluation of this re-use protocol, over 50 cell monolayers were visualized by
confocal microscopy to evaluate for possible changes in cell monolayer integrity [16]. This included
cell monolayers at different days post-seeding, both before and after the permeability assays, with
cell monolayers used in a single permeability assay or re-used. In this work we have performed
additional confocal characterizations only for the permeability assays using 2-NBDG, to evaluate for
the localization of this glucose fluorescent analogue. First, the cell monolayers in the inserts were
fixed with 4 % of paraformaldehyde for 10 min at room temperature. After washing 3 times with
phosphate-buffered saline solution (PBS), the filter was cut, mounted on a glass slide, covered with
Dako mounting medium and stored at 4 °C in the dark until analysis. Images were captured using a
Zeiss LSM 710, Axio Observer inverted confocal microscope at 20x magnification. For each condition,
an average of 12 z-stacks were acquired with a slice distance of 1 um. The samples were excited at
458 nm and the emission was collected at 459-551 nm. Images post-processing and analysis was
performed using Image] software (version 1.8, NIH, Bethesda, MD, USA). Orthogonal projections of
the XZ-plane were created from all the z-slices to view in detail the localization of the fluorescence in
the cell monolayers.

2.7. Flow Cytometry Analysis of P-gp Expression

Caco-2 monolayers at days 22, 25 and 28 post-seeding were prepared for analysis by flow
cytometry, using both cell monolayers not used in permeability assays and re-used. In the later, the
permeability assay has been performed with 5 uM Rho in the A—B direction, and the cell monolayers
were previously washed and maintained on culture media for 2 full days. Three inserts per condition
were used to obtain the number of cells necessary for the assay. Prior to use, the culture media was
removed from the inserts and the cells monolayers were washed three times with HBSS (500 uL, 5
min each). The cells were detached with 250 pL of 0.25% (v/v) trypsin-EDTA solution for 5 min at 37
°C. Then, PBS with 5 % (v/v) FBS (250 pL) was added to inactivate the trypsin, the cell suspension
was centrifuged (300 g/5 min) and resuspended in ice-cold PBS containing 5 % (v/v) FBS. The cells
were passed through a 23-gauge syringe needle (BD Falcon) up to 3 times to disaggregate clumps
and divided into two aliquots of 100 pL. The first was kept on ice until analysis by flow cytometry
(control cells sample). The second was incubated with 20 uL of P-gp antibody FITC-conjugated for
30 min in the dark on ice. After this incubation period, both aliquots were centrifuged, resuspended
in 200 pL of ice-cold PBS containing 5 % (v/v) FBS and measured on a BD Accuri™ C6 flow cytometer
(BD Biosciences, San Jose, CA, USA) using Aex=488 nm and a 530/30 nm band-pass filter for emission
detection. The data collected for 3000 - 10,000 events was gated to include viable cells based on their
forward (FSC) and side light scatters (SSC). Gating strategies were the same for all samples measured
on the same day. Data was analysed by Flow]o software version 7.6.1 (Ashland, OR, USA) to obtain
the median fluorescence intensity (MFI), which was the parameter used for comparison between
samples and control cells.

2.8. Data Analysis

The apparent permeability coefficient (Papp) was determined according to Equation (1) and
reported in cm/s [5,16]:

D
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where AQ? is the amount of solute (mol) that accumulates in the acceptor compartment during the
time interval At (in seconds), A is the surface area of the filter (1.12 cm?), VP is the volume of the donor
compartment (cm?) and Qg is the amount of solute in the donor compartment (mol) at the beginning
of the time interval considered. When multiple sampling approach was used, Qf was calculated
from that in the beginning of the experiment by subtracting the solute that reached the acceptor
compartment in the preceding sampling times. In the B>A permeability assays, AQ* was
calculated considering the sample replacement at each time sampling, by applying a factor of f =
1 —Vg/V,, where Vs and Va are the volumes of the sample taken, and the total volume of the acceptor
compartments (cm?), respectively.

The apparent efflux or uptake ratio were calculated from the Papp obtained in both directions
(A—>B, and B—»A) according to the usual procedure, Equation (2):

Gy T
Efflux Ratio = — 5 ; Influx Ratio = =% 2)
Papp Papp

An alternative approach was followed that allows the quantification of the Papp from passive
(Phpp), and active (P4,) processes. For the case of active efflux (Pa%,), the observed permeability in
both directions is given by Equation (3).

A-B _ pPP AE . pB—A _ pPP AE
Fapp” = Papp — Fapp 3 Fapp™ = Papp + Fapp 3)

Rearranging Equation (3), and assuming that the values of Pgp, and P45, are the same in both

directions, it is possible to calculate the permeability coefficient through both pathways, Equation (4):
PP _ PROB+PAOR | pag _ Pipp —Pabp
Fapp = 2 > Fapp = 2 @

This approach has the advantage that it allows evaluation of the effect of the tested condition on
both the passive and active processes, not only on their relative contributions.

Experiments were carried out at least in duplicate (wells per plate for the same cell preparation)
and were independently repeated at least two times with different cell preparations. The Papp values
were statistically analysed in terms of LogPapp, since it was previously shown that this is the variable
that follows a normal distribution [16], as was in fact expected [29]. The average values and the 95%
confidence intervals (Clss) for Papp were calculated from the parameters of the statistical distribution
of LogPapp, with Clos calculated from the average (uLogpapp) and standard deviation (aLogpapp ), and the

critical ¢ value for the number of replicates used in the calculations, Equation (5):

CI95 (LOgPapp) = ]#LogPapp - taLogPapp , MLogPapp + taLogPapp[ (5)

3. Results

We have previously shown that cell monolayer integrity is maintained when Caco-2 monolayers
are re-used in permeability assays on days 25 and 28 (after being used on day 22) and regenerated by
incubation with culture medium between the assays. The maintenance of the monolayer integrity is
the first requirement for the re-use of the cell monolayers. However, to validate the proposed protocol
itis necessary to perform a systematic assessment regarding the effect of re-use on distinct properties
of the Caco-2 monolayers. Towards this goal, in this study we evaluate the permeability of several
reference compounds that are known to permeate passively or through active pathways (both influx
and efflux). The solutes that permeate passively were divided in two sets, for low (mostly
paracellular) and high (mostly transcellular) permeability coefficients. The structure and some
molecular descriptors of the tested compounds are shown in Table S1 (Supplementary Material), and
the results for their permeability through Caco-2 monolayers are shown in the next sections.
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3.1. Effect of Re-Use on the Passive Permeation of Reference Compounds After Single Time and Multiple
Time Sampling Permeability Assays

3.1.1. Low Passive Permeability — Lucifer Yellow, Sodium Fluorescein and Atenolol

The results previously obtained with the effect of the sampling time and re-use of the Caco-2
monolayer on the permeability of the paracellular marker Lucifer Yellow (LY) [16] were
complemented with new data obtained in this study and are shown in Figure 1. The results are shown
in terms of LogPapp, because it has previously shown that this is the variable that follows a Normal
distribution [16], as is in fact expected for the case of rate constants [29]. The large variability in Papp
at each condition reflects the intrinsic variability of the Caco-2 model, the results corresponding to
more than 10 independent cell preparations at passages from 95 to 105, characterized over 4 years by
the same operator and assay conditions. As previously reported [16], no significant variation is
observed in the LY Papp with the day post-seeding when a single sampling time at 60 min is
performed, both for cell monolayers used in a single permeability assay or re-used. However, a small
decrease is observed in Papp with the increase in the sampling time. This effect was independent on
cell monolayers being used a single time in permeability assays or re-used (dark or light colours,
respectively). The effect of the sampling time was dependent on the day post-seeding, being less
significant for cell monolayers on day 28 post-seeding (blue).

In spite of the small differences obtained for LY Papp from day 22 to 28 post-seeding and with the
different sampling times, all conditions lead to permeability values compatible with a tight cell
monolayer [5,16].

Single use 1stassay 1stassay 1stassay  dark colors
Re-use =iy —| ey ——p light colors
1stassay 2nd assay
multi-time single-time
a [ 1
&
Q.
8) I o Day22
- E é Day 25 singl
i 5 o Da single use
= o Riin %; _g_ y g
9 @ g [ g % o Day 25 re-use
5 ¢ : il
> gn A § ) s Day 28 single use
% -8 & Day 28 re-use
E i
-9 T T \ T \
O o O (N} O
N LN N
2 (‘]—{) % o) o)

time interval (min)

Figure 1. Dependence of LY LogPapp on the sampling interval, day post-seeding and re-use of the cell
monolayers in multi-time and single-time sampling permeability assays. For a given data set, each
data point corresponds to an independent cell monolayer. The mean and the corresponding Clss of
the Papp values for each data set (n > 6) are also shown.

The results obtained with LY were complemented with sodium fluorescein (Flu), which is also
commonly used to evaluate the cell monolayer integrity [30]. The properties of Flu are similar to those
of LY, both being very polar and negatively charged at pH 7.4 [31] (Table S1). The results obtained
for a single sampling at 60 min or with multiple time samplings within 60 min are shown in Figure
2A. The values obtained for Papp at days 22 and 25 post-seeding were very similar to those obtained
for LY. Significant differences where however obtained on day 28, with Papp for Flu being statistically
equivalent to that obtained at day 22 and 25, while it was lower for LY.
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The drug Atenolol was used as another polar compound that is considered to permeate mostly
through the paracellular pathway. The results obtained are shown in Figure 2B and are very similar
to those obtained for Flu, except for a smaller effect of the sampling time interval. The detailed
statistical analysis of Flu and Atenolol Papp values are provided in Supplementary Material (Table S3).

Fluorescein Atenolol
multi-time single-time multi-time single-time
[ 1T 1 [ 1T 1
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Figure 2. Effect of re-use and day post-seeding on Flu (plot A) and atenolol (plot B) passive
permeability through Caco-2 monolayers after multi-time and single-time sampling assays.

3.1.2. High Passive Permeability — Propranolol and Salicylic Acid

To further validate the re-use protocol, two reference compounds commonly used to
characterize fast transcellular permeation were characterized [32]. Propranolol (Prop), which is
positively charged at pH=7.4 (the most lipophilic member of the class of o-blockers which also
includes Atenolol); and salicylic acid (SA), which is negatively charged at pH=7.4, Table S1. The
results obtained are shown in Figure 3 and the detailed statistical analysis is provided in
Supplementary Material (Table S4). The first observation is that the results obtained for the re-used
cell monolayers (light colours) are undistinguishable from those of cell monolayers used in a single
permeability assay (dark colours). It is also observed that, as expected, the values obtained for Papp
are significantly larger than those obtained for the solutes that permeate mostly though paracellular
routes (Figure 1 and 2). The effect on Papp of the sampling time interval and day post-seeding is similar
to that observed for Flu and Atenolol, and smaller than observed for LY.
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Figure 3. Effect of re-use and day post-seeding on Prop (plot A) and SA (plot B) passive permeability
through Caco-2 monolayers after multi-time and single-time sampling assays.

3.2. Effect of Re-Use on the permeability of a Fluorescent Glucose Derivative (2-NBDG)

Glucose is a crucial cell nutrient, and Caco-2 cells have glucose transporters in their apical and
basolateral membranes oriented to generate an absorptive flux of glucose. Glucose derivatives are
commonly used to characterize glucose transport, providing sensitivity in the detection method and
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allowing an independent control of the glucose levels. The most commonly used glucose derivatives
are radio- or fluorophore-labelled glucose [33], 2-NBDG being the most commonly used fluorescent
analogue [34,35].

In the present study, we determined the bi-directional transport of 2-NBDG through Caco-2
monolayers that were used for a single permeability assay or re-used for additional assays, to
evaluate if the functionality of glucose transporters remained unaltered after the re-use of the Caco-
2 monolayers. The permeability assays were carried out in HBSS containing glucose at a
concentration of 5.6 mM, which competes with 2-NBDG. In fact, based on the work of Yamada et al
in mammalian cells, the up-take of 2-NBDG at a concentration of 600 uM was inhibited in almost 38
% when in the presence of 5.6 mM of D-glucose [34]. Thus, to allow competition with glucose for
transport, a relatively high concentration of 2-NBDG (250 uM) was used. The paracellular marker LY
was added to the 2-NBDG solution to simultaneously quantify the paracellular permeability. The
permeability of 2-NBDG +LY was measured in the A—»B and B—A directions, using multi-time
sampling (10, 20, 30 and 60 min). The results of the cumulative amount of 2-NBDG that reaches the
acceptor compartment in both directions are shown in Figure 4.
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Figure 4. Effect of re-use and day post-seeding on the cumulative amount of 2-NBDG that reaches the
acceptor compartment during multi-time sampling permeability assays.

In contrast with the expectations, the amount of 2-NBDG that permeates in the A—B direction
(absorptive pathways) is not higher than in the B—A direction. Also, the amount of glucose analogue
that reaches the acceptor compartment is very small, leading to an average value of Papp = 0.5x10
cm/s in both directions (Table S5 — Supplementary Material). This low permeability shows that 2-
NBDG is not efficiently transported by the glucose carriers. Given the very high polarity of 2-NBDG
(Table S1), it is anticipated that paracellular permeation is the most significant passive route. In fact,
the Papp value of 2-NBDG was essentially the same as that of the paracellular marker LY.

In an attempt to understand the interaction of 2-NBDG with the Caco-2 monolayers, the cell
monolayers were visualized by confocal fluorescence microscopy. Representative images obtained
for the control (cell monolayers not used in permeability assays) and after the 60 min permeability
assays with 2-NBDG in the A—»B and B—A directions are displayed in Figure 5. Some
autofluorescence diffused throughout the cells surface is observed in the control (panel A).
Incubation with 2-NBDG leads to an increase in fluorescence, both for 2-NBDG added to the apical
(panel B) and basolateral (panel C) compartments, the increase in fluorescence being mainly localized
along the cell plasma membranes. These results show that 2-NBDG associated efficiently with the cell
membranes (supposedly due to binding to the glucose transporters), but that it was not internalized.
The recoveries obtained with those assays were always higher than 95% when considering only the
donor and acceptor aqueous compartments, showing that only a small fraction of 2-NBDG is
associated with the cell membrane.
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Figure 5. Confocal microscopy images of Caco-2 monolayers obtained with Aex= 458 nm and Aem=
459-551 nm. Representative optical section images along the z-axis (1 um) are shown for (A) cell
monolayers not used in permeability assays and for cell monolayers exposed to 250 uM of 2-NBDG
for 60 min during permeability assays in the A—B (B) and in the B—A (C) directions. The lower insets
show the localization of the fluorescence in the cross section of a z-x plane corresponding to the yellow
line. The mean fluorescence intensity in the 160x160 pm? images shown is 8.8 for (A) 11 (B) and 15 for
(C), being respectively 16, 22 and 24 in the full image acquired (Figure S2).

3.3. Effect of Re-Use on the Permeability of Rhodamine 123 and P-Glycoprotein Expression

The effective transport of drug-like molecules through cell monolayers may be influenced by the
presence of efflux transporters that actively counteract their accumulation in the cell membrane
[36,37]. P-glycoprotein is the most studied efflux transporter [38—40], and a significant expression has
been observed in the apical membrane of Caco-2 cells [18,23]. The expression level is dependent on
the cell passage number, day after seeding on permeable inserts, and on pre-incubation with P-gp
substrates [41-43]. It is therefore important to evaluate whether the re-use of Caco-2 monolayers
influences P-gp expression and/or activity. This was evaluated through the characterization of Papp
for the well-known P-gp substrate, rhodamine 123 (Rho) [25,44].

The accumulation of Rho in the acceptor compartment increased linearly with the incubation
time, both in the A—B and in the B—>A direction (Figure S3 - Supplementary Material). The average
value of Papp was calculated from the instantaneous permeability at each time interval and is
presented in Figure 6A.

The first observation is that the results are not significantly influenced by the re-use of the Caco-
2 monolayers. Some interesting observations for the effect of the day post-seeding are discussed
below.

The efflux ratio is very close to 1 for cell monolayers on day 22 post-seeding, and increases to
somewhat above 2 for cells on day 28, suggesting an increase in Rho efflux by P-gp. In agreement, a
decrease is observed for Papp in the A—B direction. However, this decrease is not accompanied by the
expected increase of Papp in the B—A direction. Those apparently conflicting results may be
reconciliated if one considers that the observed Papp is the result of both passive permeation (P,) and
active efflux (Pyp5), Equation (3). For permeation in the A—B direction, the active efflux leads to a
decrease in the observed Papp, while in the B—A direction both processes sum up. The contribution
from passive and active processes may be calculated from Equation (4) and the results obtained are
shown in Figure 6B. A small decrease is observed with the day post-seeding for P, (from 2x10¢
cm/s on day 22 to 1.6x10° cm/s on day 28). In contrast, it is observed a significant increase on Py, with
the day post-seeding, from 1.5x107 cm/s on day 22, to 6x107 cm/s on day 28 (Table S6 — Supplementary
Material). The values obtained for the permeability coefficient through both permeation routes are
similar and in the B—>A direction the opposite variation cancel out, leading to no variation in the
overall permeability. The deconvolution of the observed Papp in the contributions from passive
process and efflux, thus lead to a better understanding of the observed permeability. This treatment
has the additional advantage of increasing the sensitivity on the evaluation of active efflux in the case
of low efflux ratios.
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Figure 6. Effect of re-use and day post-seeding on Rho permeability and P-gp expression across Caco-
2 monolayers. Plot A: LogPapp values measured in the A—B and B—>A directions (mean and Clss, n >
2), the efflux ratios are presented above the bars. Plot B: contribution of passive permeation (Ph5) and
active efflux (Pf5) to the measured Rho Papp values, calculated using Equation (4). Plot C: comparison
of efflux activity Pa‘i‘,% (filled symbols, left axis) and P-gp expression (hollow symbols, right axis). The
results obtained for cell monolayers used in a single permeability assay are shown in dark colours,
and those obtained for re-used cell monolayers are in light colours.

To further elucidate on the variations of the rate of Rho efflux, we have quantified the effect of
the day post-seeding (and monolayer re-use) on the amount of P-gp on the plasma membrane of
Caco-2 cells. The expression level was accessed by flow cytometry after immunostaining P-gp with a
FITC-conjugated antibody. The median fluorescence intensity (MFI) is show in figure 6C (raw data
in Figure S4 - Supplementary Material). A low level of P-gp expression was observed at all conditions
tested, in spite of a small increase with the day post-seeding compatible with the variation observed
in P45,

4. Discussion

The results obtained in this work show that the manipulation of the monolayer required for
sampling has some impact on monolayer integrity, and that those effects decrease as the days post-
seeding increase from day 22 to 28, both for cell monolayers used in a single permeability assay or
re-used following the proposed protocol. The impact is most significant for compounds that permeate
paracellularly (Figure 1), and negligible for transcellular permeation (Figure 3). It is also shown that
the intrinsic variability of the results obtained with the Caco-2 permeability assay (regarding cell
passage number, cell batch, and day post-seeding) is higher for compounds that permeate
paracellularly. This shows that when the conditions of the assays are maintained, the major source of
variability is the cell monolayer integrity.

Although Flu is commonly used as a paracellular marker, the results obtained (Figure 2)
suggests a significant contribution of permeation through a transcellular pathway, which is
consistent with its lower polarity when compared with LY (Table S1). This shows that LY is a better
reporter of cell monolayer integrity.

At the conditions studied, Papp of the glucose analogue 2-NBDG is low, comparable to that of LY,
and independent on the transport direction being A—B or B—A. This shows that 2-NBDG is not a
substrate of glucose transporters. Although surprising at first given the extensive use of this glucose
analogue to visualize and estimate the glucose accumulation in cells [20,33], our findings agree with
recently published studies. Some internalization of 2-NBDG in mammalian cells was observed, but
with a kinetics distinct from that of radio-labelled glucose, and not affected by high-affinity GLUT
inhibitors [45-47]. The confocal results obtained in this work (Figure 5) suggest that although not
transported, 2-NBDG binds efficiently to the glucose transporters. This may explain previous results
reported in literature where accumulation of 2-NBDG in the cells were observed, with the extent of
accumulation being inhibited by the presence of glucose. This fluorescent glucose analogue may
therefore be of interest to identify the presence of glucose transporters but cannot be used to monitor
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glucose transport. Similar results are anticipated for other fluorescent glucose derivatives due to the
effect of the fluorescent moiety on glucose properties and transporter activity, invalidating their use
in permeability assays. Proper validation of the function of glucose transporters upon re-use of cell
monolayers could be carried out with radio-labelled glucose analogues for which glucose transport
has been quantitively characterized in Caco-2 monolayers [47].

The low expression level of the efflux transporter P-gp observed in this work agree with the
results previously observed by other authors for Caco-2 cell monolayers grown at the same
conditions [18,42,43]. This results in a low efflux ratio for Rho transport, which increases slightly with
the day post-seeding (Figure 6). An analysis procedure is proposed that allows the calculation of the
contribution from passive (Piy,) and active efflux (Pyp5) transport to the observed permeability. The
low value of P% obtained for Rho agrees with the low level of P-gp expression. A small decrease is
observed in P, with the day post-seeding, both for monolayers used in a single permeability assay
or re-used. This could be due to changes in the properties of the cell membranes or reflect the increase
in the monolayer tightness. The similar values obtained for Rho Py, and LY Papp suggest a significant
contribution of paracellular permeability for Rho, which decreases slightly due to the increase in
monolayer tightness. Although similar, the values of Py, obtained for Rho are somewhat higher
than those of the paracellular marker LY measured in the same assays, showing a significant
contribution of the transcellular route in the case of Rho permeation through the Caco-2 monolayers.
This agrees with the lower global charge and higher hydrophobicity of Rho when compared with LY
(Table S1, and [48]).

The two active pathways evaluated in this study contribute to the validation of the re-use
methodology but do not provide a full validation. This because 2-NBDG was found to be inadequate
to evaluate glucose transport, and because P-gp expression is low in Caco-2 cells at the high passage
numbers used. For a more robust validation regarding the transporter’s functions, compounds
targeting other transporters relevantly expressed in Caco-2 monolayers should also be evaluated.
Relevant transporters may include the peptide influx (PepT1) which active transport and expression
has been well-characterized in Caco-2 monolayers [23,49]. Its substrates, namely the (>-lactams
antibiotics (e.g., cephalosporins) are suitable compounds to perform the re-use validation studies
since they are effectively transported and the kinetics of transport have already been studied in these
cells [49].

The complete validation of the re-use methodology will require an extensive and systematic
work. It will only be possible to generate such a quantity of permeability data for distinct molecules
with multiple contributions by the scientific community over the coming years. When the Caco-2
model started to demonstrate its potential to predict intestinal permeability, a very low quantity of
permeability data was available in the literature. In the present days, the information available is very
extensive and new data is continuously being generated and published, further contributing to its
validation and reinforcing its utility.

Once fully validated, the re-use methodology can potentially be used to at least triplicate the
throughput of this assay in drug permeability assessments. Overall, there are several advantages that
we though justify the effort of validating this approach. First, the period of time to have a cell
monolayer ready for testing, which was previously 21 days can be reduced to 2 days. Secondly, the
re-use approach may bring value by downscaling the culture materials (number of Transwell™,
media quantity) and human resources. Third, it allows a fast evaluation of a higher number of
compounds with lower variability. At first sight, the handling of cells during and after the transport
experiments under aseptic conditions may be seen as a disadvantage of the application of the re-use
methodology relative to the standard conditions. However, it is also a fact that every cell culture
laboratory has already implemented these technical norms. The high throughput that will be given
by this methodology largely compensates the time, effort, and availability at the flow laminar hood
to perform the protocol under aseptic conditions. To capture the intrinsic variability of distinct cell
batches, it is recommended that replicates for a given compound are performed with distinct cell
preparations, not from distinct inserts with the same cell preparation. In following with this
recommendation, the re-use assays should not be used as replicates for a given compound. The
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increase in the throughput provided by the re-use of the cell monolayers is however of very high
value to evaluate distinct compounds or assay conditions, providing permeability coefficients with a
lower variability, in a faster and less costly way.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1: S1 - Structure and general properties of the tested compounds (Table S1); S2 - Analytical
procedures for the quantification of the tested compounds (Figure S1 and Table S2); S3 - Effect of Caco-2
monolayer re-use on passive permeation (Table S3 and Table S4); S4 - Effect of Caco-2 monolayer re-use on
transport of 2-NBDG (Table S5 and Figure S2); S5 - Effect of Caco-2 monolayer re-use on transport of Rho (Figure
S3 and Table S6); S6 - Effect of Caco-2 monolayer re-use on P-gp expression (Figure 54).
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