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The utility of 3D-small intestinal organoid (enteroid) models for evaluating effects of e.g. food (related)
compounds is limited due to the apical epithelium facing the interior. To overcome this limitation, we
developed a novel 3D-apical-out enteroid model for mice, which allows apical exposure. Using this
model, we evaluated the effects on the enteroids’ intestinal epithelium (including cytotoxicity, cell viability,
and biotransformation) after exposure to glabridin, a prenylated secondary metabolite with antimicrobial
properties from licorice roots (Glycyrrhiza glabra). Apical-out enteroids were five times less sensitive to
glabridin exposure compared to conventional apical-in enteroids, with obtained cytotoxicities of 1.5 mM
and 0.31 mM, respectively. Apical-out enteroids showed a luminal/apical layer of fucose rich mucus,
which may contribute to the protection against potential cytotoxicity of glabridin. Furthermore, in apical-
in enteroids ICsq values for cytotoxicity were determined for licochalcone A, glycycoumarin, and glabri-
din, the species-specific prenylated phenolics from the commonly used G. inflata, G. uralensis, and
G. glabra, respectively. Both enteroid models differed in their functional phase Il biotransformation
capacity, where glabridin was transformed to glucuronide- and sulfate-conjugates. Lastly, our results indi-
cate that the prenylated phenolics do not show cytotoxicity in mouse enteroids at previously reported
minimum inhibitory concentrations (MICs) against a diverse set of Gram positive bacteria. Altogether, we
show that apical-out enteroids provide a better mimic of the gastrointestinal tract compared to conven-
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tional enteroids and are consequently a superior model to study effects of food (related) compounds.
This work revealed that prenylated phenolics with promising antibacterial activity show no harmful effects
in the Gl-tract at their MICs and therefore may offer a new perspective to control unwanted microbial

rsc.li/food-function growth.

bone is known to increase its antibacterial potency, partly due
to the increased hydrophobicity conferred to the molecule.®®

1. Introduction

Prenylated (iso)flavonoids and chalcones are phenolic metab-
olites with promising antimicrobial properties found in plants
from the Fabaceae family, such as licorice (including
Glycyrrhiza glabra, G. inflata, and G. uralensis).””> Natural anti-
microbials, including prenylated phenolics, are highly sought-
after as alternatives for existing antimicrobials due to e.g
increased antibiotic resistance and a general increased interest
in minimal processed and “natural” products.®’ Attachment
of a prenyl moiety (e.g. 3-methyl-2-butene) to a phenolic back-
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This increased hydrophobicity by prenylation is thought to
enhance the interaction, permeabilization, and/or disruption
of bacterial membranes, leading to increased antibacterial
activity.>® At the same time, these interactions of prenylated
phenolics with biological targets, including cell membranes,
raise concerns regarding their safety for consumption as food
components. Several studies have shown that prenylated phe-
nolics induce cytotoxicity and reduce cell viability in cell
lines."® " For example, prenylated flavanones isolated from
propolis have been shown to reduce cell proliferation in
mouse-derived cell lines (including 26-L5 colon, B16-
Bl6 melanoma, and Lewis lung cell lines), with ICs, values
ranging from 14-64 pM."* Moreover, we have previously shown
that the prenylated phenolics glabridin (glab: single ring pre-
nylated isoflavan from G. glabra), licochalcone A (licoA: single
chain prenylated chalcone from G. inflata), and glycycoumarin

This journal is © The Royal Society of Chemistry 2024
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(glycy: single chain prenylated 3-arylcoumarin from
G. uralensis) displayed cytotoxicity in (human-derived) Caco-2
cells at 50 ug mL ™" (136-154 pM), and reduced cell viability at
25 pg mL " for glab (77 pM) and glycy (68 pM), and at 12.5 pg
mL~" for licoA (37 pM) (Fig. 1).

Although colon-derived cell lines, such as Caco-2, are
widely used models to evaluate in vitro cytotoxicity, they have
significant limitations as models since they do not accurately
replicate the complex in vivo environment of the intestine and
exhibit various genotypic and phenotypic functional
aberrations.”>™® This creates a strong demand for in vitro
models that are better suited to study the interactions between
molecules present in the gastrointestinal tract such as nutri-
ents, bioactive substances, and metabolites, with the intestinal
epithelium. Small intestinal organoids or enteroids, self-sus-
tained non-cancerous mini-guts are grown from pluripotent
Lgr5+ stem cells and show good resemblance with the in vivo
architecture. Furthermore, they contain all different epithelial
cells, including absorptive enterocytes, goblet cells, enteroen-
docrine cells, and Paneth cells."®*° Consequently, epithelial
cells derived from enteroids were shown to represent a genoty-
pically and phenotypically superior model when compared to
Caco-2 cells."® In the conventional apical-in model, the enter-
oids are embedded in a 3D extracellular protein matrix (ECM)
which is surrounded by culture medium with appropriate
growth factors. The apical or mucosal surface is enclosed
within the enteroid and the basolateral surface is facing out-
wards," making this model less attractive for e.g. nutrient
exposure experiments.”’ In order to access the apical surface
of 3D-enteroids, Co et al. recently developed a method to gene-
rate suspension cultures of human 3D enteroids, without the
use of ECM, with reversed polarity, in such a way that the
apical surface faces outward (apical-out).>* In comparison with
3D apical-in enteroids, apical-out enteroid suspensions are
advantageous in ie. pharmacological and food research, as it
makes the luminal site accessible for drugs, metabolites or
food components, without the need of micro-injection.*"*?
Moreover, the apical surface releases secretions such as
mucins that make up the core of the mucus layer which acts,
amongst others, as a protective physical barrier from the
luminal content.>»*> Apical-out enteroids recapitulate the pro-
perties and functions of the native intestinal epithelium,
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Fig. 1 Species-specific compounds glabridin (glab), licochalcone A
(licoA), and glycycoumarin (glycy). Molecular structures of the main
species-specific compounds glab (ring prenylated isoflavan from
G. glabra), licoA (chain prenylated chalcone from G. inflata), and glycy
(chain prenylated 3-arylcoumarin from G. uralensis). Prenyl group is indi-
cated in red.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
including  barrier and
properties.>'>*

In this study, we developed a mouse apical-out enteroid
model in which the intestinal epithelium is surrounded by a
mucus layer, wherein cytotoxicity and effects on cell viability of
bioactive compounds can be determined. To limit variability,
enteroids were created from the inbred C57BL/6 mouse, which
is the most widely used strain in biomedical research. This is
the first published study, to the best of our knowledge, that
describes the development of apical-out mouse enteroids as
model to evaluate in vitro toxicity of prenylated phenolics.
Polarity reversal (from apical-in to apical-out enteroids) was
visualized by fluorescence confocal microscopy, in which the
nuclei, actin cytoskeleton in the microvilli brush border, and
fucose units in the glycoproteins of the mucus layer were
stained. With this model, the cytotoxicity and cell viability of
glab were determined and compared to those measured in the
conventional apical-in enteroid model (in which the basolat-
eral side without mucus layer was stimulated, e.g. representa-
tive for impaired barrier function). Additionally, the cyto-
toxicity of three prenylated phenolics (glab, licoA, and glycy)
was compared in apical-in enteroids. In order to assess
whether the intestinal cytotoxicity observed was derived from
the prenylated phenolics and/or their metabolites, we also
evaluated the intestinal biotransformation of glab, licoA, and
glycy, as it has been shown previously that glab was glucuroni-
dated in rat intestinal microsomes and human colon cell lines
(Caco-2).°

function, absorptive, secretory

2. Experimental

2.1. Materials

Glabridin (glab) (>97.0%) was purchased from Wako (Osaka,
Japan); licochalcone A (licoA) (>96.0%), bovine serum
albumin, and Triton™ X-100 from Sigma-Aldrich (St Louis,
MO, USA); glycycoumarin (glycy) (>98.0%) from ChemFaces
(Wuhan, China; confirmed by RP-UHPLC-PDA-FT-MS");
Phosphate Buffered Saline (PBS), GlutaMAX™ supplement,
TrypLE™ Express enzyme reagent, and bovine serum albumin
(BSA) were purchased from Thermo Fisher Scientific Gibco
(Waltham, Massachusetts, USA); DMEM/F12 with 15 mM
HEPES buffer, Gentle Cell Dissociation Reagent (GCDR),
Intesticult™ mouse organoid growth medium (mIC), and
Intesticult™ human organoid growth medium (hIC) were pur-
chased from STEMCELL Technologies (Vancouver, Canada);
Matrigel® growth factor reduced basement membrane matrix
phenol red-free and penicillin/streptomycin (P/S) solution
100x were purchased from Corning Incorporated (Somerville,
Massachusetts, USA). ACN containing 0.1% (v/v) formic acid
(FA), water containing 0.1% (v/v) FA were purchased from
Biosolve (Valkenswaard, The Netherlands); dimethyl sulfoxide
(DMSO) was purchased from Merck Millipore (Billerica, MA,
USA). Water (MQ) for other purposes than UHPLC was
prepared using a Milli-Q water purification system (Merk
Millipore).
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2.2. Jejunal enteroids

Mouse enteroids were generated from jejunal tissue of C57BL/
6 mice, which was approved by the Animal Ethics Committee
of Wageningen University and Research (WUR), Wageningen,
The Netherlands. Animal handling was according to Dutch law
on use of laboratory animals. The enteroids were kept frozen
in liquid nitrogen until use. For the experiments, frozen
mouse jejunal enteroids (~200 enteroids/cryovial) were thawed
in an incubator at 37 °C. Enteroids were mixed with DMEM/
F12 (supplemented with 1% (w/v) BSA, 15 mM HEPES buffer
solution, GlutaMAX supplement, and 1% (v/v) P/S, abbreviated
as DMEM/F12) and centrifuged at 200g for 5 min at 4 °C.
Pellet was mixed with Matrigel (Corning Matrigel® growth
factor reduced basal membrane matrix, AZ, USA) (1:1 diluted
with DMEM/F12) and 35 pL domes were plated on a 24-wells
plate. Per well 500 pL mIC was added. Medium was changed
every two days. Enteroids were passaged every 5-6 days in a
1:7 to 1: 8 split ratio.

2.3. Generation of 3D apical-out jejunal enteroids

Apical-out jejunal enteroids were generated as described
elsewhere,>** with the following adaptations. In brief, apical-
in mouse enteroids (approximately 200 enteroids per dome)
were cultured in a 3D system with Matrigel® for at least 1
passage with hIC for 3-4 days. To generate apical-out enter-
oids, Matrigel® with enteroids was collected with GCDR and
incubated (in prewetted tubes with anti-adherence solution
(STEMCELL)) for 15 min at 4 °C with continuous agitation.
The enteroid suspension was centrifuged at 200g for 2 min at
4 °C. Pellet (containing enteroids) was washed with DMEM/
F12 twice, to completely remove Matrigel® (residual Matrigel®
leads to inhibition of polarity reversal). Enteroids were resus-
pended in hIC in ultra-low binding culture plates (Corning),
and incubated at 37 °C with 5% CO,. The morphology of enter-
oids was checked and monitored under a microscope daily to
follow polarity reversal (see section 2.4). Human organoid
growth medium was changed every 2 days. Enteroids were pas-
saged from 3D apical-in to apical-out in a 1:2 split ratio for
cytotoxicity measurements and in a 1:1 split ratio for cell via-
bility (WST-1, see section 2.6) measurements. Stimulation
experiments in apical-out enteroids were performed after full
polarity reversal, which was 48 h after Matrigel® removal.

2.4. Evaluation of polarity reversal by F-actin fluorescence
staining and mucosal fucose staining

Jejunal enteroids (grown for one passage in hIC) were collected
(after Matrigel® removal at ¢t = 0 h, at 24 h, 48 h, and 72 h after
polarity reversal) and fixed with 3.7% formaldehyde (MeOH
free) solution in PBS for 45 min at RT and permeabilized in
PBS with 5% BSA and 2% Triton™ X-100 for 60 min at RT.
Fucose units in the mucus layer were stained with Ulex
Europaeus Agglutinin 1 conjugated to rhodamine (UEA-1)
(Invitrogen™, Waltham, MA, United States), F-actin with
ActinRed™ 555 (ReadyProbes™ Reagent, Invitrogen™) or
AlexaFluor™ 660 Phallaoidin (Invitrogen™), and nuclei with
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DAPI dilactate (Invitrogen™), according to manufacturer’s
instructions. In brief, fixed and permeabilized enteroids in
suspension were washed three times with immunofluores-
cence buffer (PBS with 0.1% (w/v) BSA, 0.2% (v/v) Triton™
X-100, and 0.1% (v/v) Tween®-20) (centrifuged at 200g for
2 min at RT), and stained with UEA-1 and incubated
30-60 min at RT. Enteroids were subsequently stained with
F-actin and incubated for 25 min at RT, after which DAPI was
added and the enteroids were further incubated for 15 min.
The enteroid suspension was washed and resuspended in PBS,
after which the enteroids were imaged with an inverted micro-
scope (Leica DMil, Leica Biosystems, Wetzlar, Germany)
equipped with a Leica EL6000 fluorescence external light
source (Leica Biosystems). For confocal microscopy, the
stained enteroid suspension was transferred to a chambered
glass coverslip (Ibidi, Grifelfing, Germany), after which the
enteroids were imaged with a re-scan confocal microscopy
(RCM1, confocal.nl, Amsterdam, the Netherlands). Images
were analyzed using Image] software (version 1.52).

2.5. Cytotoxicity

Cytotoxic effects of glab, licoA, and glycy (1.56-500 pg mL ™)
on apical-in enteroids in mIC (passages between 8 and 38),
and the cytotoxic effect of glab on apical-out enteroids in hIC
(passages between 12-13 and 40-42) were assessed after 4 h, 8 h,
and 24 h of exposure, by measuring leakage of intracellular
lactate dehydrogenase (LDH) in supernatant and analysis using
an LDH cytotoxicity detection kit (Roche Applied Science,
Almere, the Netherlands), according manufacturer’s instructions.
Glab, licoA, and glycy were dissolved in DMSO at 50 mg mL ™"
Highest concentration of DMSO in measurements was 1% (v/v),
which did not affect cytotoxicity (data not shown). LDH activity in
the supernatant was expressed as percentage of the maximum
releasable LDH in enteroids (enteroids treated with 1% Triton™
X-100) and calculated with eqn (1).
exp.value — low control

Cytotoxici = 100 1
ytotoxicity (%) high control — low control X @)

In this equation, exp.value is the UV absorbance at 492 nm
(Multiskan Ascent, Thermo Fisher Scientific or Spectramax
M2, Molecular Devices, Sunnyvale, CA, USA), low control is the
spontaneous LDH release in untreated cells, and high control
is the maximum releasable LDH in Triton™-treated enteroids.
To correct for the variable number of enteroids per Matrigel®
dome, each enteroid dome was treated as its own positive
control by taking the total releasable LDH of each well after
24 h incubation (Fig. A1, ESIf). Cytotoxicities and half-
maximal inhibitory concentrations (ICs,) of glab, licoA, and
glycy after 24 h incubation were determined with GraphPad
Prism 9.3.1. In brief, for each compound a non-linear
regression of log transformed concentrations was performed.
Results were expressed as mean values + standard error of the
mean (SEM).

Four hour and 24 h stability of glab, licoA, and glycy in mIC
with Matrigel® domes was evaluated. For this, 50 pg mL ™" of

This journal is © The Royal Society of Chemistry 2024
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each compound was incubated for 4 h and 24 h at 37 °C, after
which the compounds were separated and identified with
Reversed Phase Ultra High Pressure Liquid Chromatography
coupled to Photodiode Array detection and Mass Spectrometry
(RP-UHPLC-PDA-MS"), and quantified based on UV absor-
bance at 280 nm. UV peaks were integrated using the AVALON
integration algorithm with the auto-calc function (Xcalibur
4.1) (see section 2.8.1 and 2.8.2 for RP-UHPLC-PDA-MS" set-
tings). Seven-point calibration curves (0.1-100 pg mL™") of
glab, licoA, and glycy were used (R* > 0.9999). Glab, licoA, and
glycy were considered stable in mIC, with recoveries of 97 =+
0.39, 95 + 0.93, and 97 + 6.3% after 4 h, and 98 + 0.81, 95
0.57, and 105 + 8.5% after 24 h incubation, respectively.

I+

2.6.  Cell viability by WST-1

Effects on cell viability in apical-out jejunal enteroids after 4 h
glab (12.5-500 pg mL™' in hIC) exposure was assessed by
measuring cleavage of the tetrazolium salt WST-1 to formazan
by cellular mitochondrial dehydrogenases, using a WST-1 cell
viability kit (PromoKine, Heidelberg, Germany), according to
manufacturer’s instructions. Cell viability was expressed as the
percentage of the control (mouse small intestinal enteroids in
hIC) and calculated with eqn (2).
exp.value

Here, exp.value is the UV absorbance at 450 nm
(Spectramax M2, Molecular Devices, Sunnyvale, CA, USA) and
low control is spontaneous cleavage of WST-1 to formazan by
mitochondrial dehydrogenases in untreated enteroids.
Measured cell viabilities were normalized to total cell content
for each well containing enteroids. For this, enteroids were
incubated at 37 °C for 20 min with TrypLE™ Express enzyme
reagent to dissociate the apical-out enteroids, after which the
enzyme was inactivated with FCS. Cells were counted on a
TC20 automated cell counter (BioRad, Hercules, CA, USA).

2.7. Cell viability by Live-Dead cell viability assay

Effects on cell viability in apical-in enteroids by glab, licoA,
and glycy (1.56-500 ug mL~" in mIC) were assessed after 24 h
of incubation with the Live-Dead Cell Viability Assay Kit
according to manufacturer’s instructions (Merck-Millipore,
Burlington, MA, United States). Enteroid medium was aspi-
rated and reagent mixture (containing calcein-AM and propi-
dium iodide) was added. Enteroids were incubated for 1 h and
images were recorded with a Leica DMil inverted microscope
equipped with a Leica EL6000 fluorescence external light
source. Images were analyzed with ImageJ or using Leica LAS
X software.

2.8. Biotransformation of glabridin, licochalcone A, and
glycyoumarin in apical-in and apical-out jejunal enteroids
Biotransformation of glab in apical-out jejunal enteroids, and
of glab, licoA, and glycy in apical-in jejunal enteroids was eval-
uated after 0 h, 4 h, and 24 h of incubation. For this, enteroids
were exposed to 37.5 or 50 ug mL ™" glab (116 or 154 pM), 25 pg

This journal is © The Royal Society of Chemistry 2024
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mL™" licoA (74 pM), and 37.5 pg mL™" glycy (102 pM). These
were the highest concentrations tested at which no cytotoxicity
(LDH) was observed (data not shown).

2.8.1. Reversed phase liquid chromatography
(RP-UHPLC-PDA). Samples were separated on a Thermo
Vanquish UHPLC system (Thermo Scientific, San Jose, CA,
USA) equipped with a pump, degasser, autosampler, and a
PDA detector. The flow rate was 400 pL min~' at a column
temperature of 45 °C. Injection volume was 1 pL. Eluents used
were water-acidified with 0.1% (v/v) FA (A) and acetonitrile-
acidified with 0.1% (v/v) FA (B). Samples were separated on an
Acquity UPLC C18 (150 mm x 2.1 mm, i.d. 1.7 pM) with a
VanGuard (5 mm x 2.1 mm) guard column of the same
material (Waters, Milford, USA). The elution program was
started by running isocratically at 1% B for 1.09 min, followed
by 1.09-38.70 min linear gradient to 70% B, 38.70-39.79 min
linear gradient to 100% B, 39.79-45.24 min isocratically at
100% B. Eluent was adjusted to start conditions in 1.09 min,
followed by equilibration of 5.45 min. Detection wavelengths
for UV-Vis were set in a range between 190 and 680 nm.

2.8.2. Electrospray ionization ion trap mass spectrometry
(ESI-IT-MS”). Mass spectrometric data were acquired using a
LTQ Velos Pro linear ion trap mass spectrometer (Thermo
Scientific), equipped with a heated ESI probe coupled in-line
to the Vanquish UHPLC system. Nitrogen was used as sheath
and sweep gas (48 and 2 arbitrary units, respectively). Data
were collected in negative ionization (NI) and positive ioniza-
tion (PI) mode between m/z 150-1000. Data-dependent MSn
analyses were performed by collision-induced dissociation
with a normalized collision energy of 35%. MS" fragmentation
was performed on the most intense product ion in the MS™™*
spectrum. Dynamic exclusion with a repeat count of 3, repeat
duration of 5.0 s, and an exclusion duration of 5.0 s was used
to obtain MS? spectra of multiple different ions present in full
MS at the same time. Ion transfer tube and source heater
temperature were 254 °C and 408 °C, respectively. Source
voltage was 3.5 (PI) and 2.5 (NI) kV. Data were processed using
Xcalibur 4.1 (Thermo Scientific).

2.8.3. Quantification of glabridin and metabolites.
Quantification of glab and produced metabolites was based on
their UV absorbance at 280 nm. For this, a seven-point
(0.1-100 pg mL™") calibration curve based on the external stan-
dards of glab, licoA, and glycy (R* > 0.999) was used. UV peaks
were integrated using the AVALON algorithm with the auto-calc
function (Xcalibur 4.1). Metabolites were quantified as glab,
licoA, and glycy equivalents.

2.9. gRT-PCR of intestinal cell markers

Apical-in ECM-embedded (grown in mIC and hIC) or apical-
out suspended enteroids (grown in hIC) were collected and
pelleted by centrifugation at 200g for 2 min at RT. RNA was iso-
lated using TRIzol reagent and further purified according
manufacturer’s protocol (Invitrogen™), after which RNA
content and quality was measured with the NanoDrop®
ND-1000 spectrophotometer (Isogen Life Science, Utrecht, the
Netherlands). Complementary DNA (cDNA) was synthesized

Food Funct, 2024, 15,1852-1866 | 1855
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Table 1 qRT-PCR primers. A list of forward and reverse primers that were used to detect different cell type markers in apical-in and apical-out

enteroids in this study

Cell marker Gene Forward primer Reverse primer Ref.
Stem cell Lgr5 GACAATGCTCTCACAGAC GGAGTGGATTCTATTATTATGG 27
Paneth cell Lyz GGAATGGATGGCTACCGTGG CATGCCACCCATGCTCGAAT 27
EEC* Chga TTCCATGCAGGCTACAAAG GTCTTTCCATCTCCATCCAC 28
Goblet cell Muc2 ATGCCCACCTCCTCAAAGAC GTAGTTTCCGTTGGAACAGTGAA 29
Enterocyte Villin CACTCACACAAGACCTGCTCAAG ACTGCTTGGCTTTGATGAAGTTCA

TA cell? Ki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT 27
Normalization Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 30

“EEC = enteroendocrine cell. ? TA = transit amplifying.

from 500 ng of RNA using the iScript™ cDNA synthesis kit
(BioRad) according to manufacturer’s instructions. The follow-
ing thermal cycling conditions were used: 5 min at 25 °C,
20 min at 46 °C, and 1 min at 95 °C. Primer sequences were
obtained at the online PrimerBank database and/or from lit-
erature (Table 1). qPCR was performed with a CFX384 thermal
cycler (BioRad) using the SensiMix SYBR No-ROX kit (Bioline,
Alphen aan de Rijn, the Netherlands). The housekeeping gene
Gapdh was used for normalization.

To compare the relative gene expression of epithelial cell
markers in the enteroids and mice, microarray data obtained
from mucosal scrapings from jejunal tissue (generated from
3 male C57BL/6 mice) was used.”*

2.10. Statistical data analysis

Cytotoxicity (LDH), cell viability (WST-1), and gene expression
between enteroids and in vivo data were analyzed by analysis of
variance (ANOVA) using GraphPad Prism 9.3.1 (Boston, MA,
USA). Significant differences (p < 0.05) were compared with
the negative control using Dunnett’s post hoc comparisons.
Differences in gene expression of intestinal cell markers
between passages and between apical-in and apical-out enter-
oids was analyzed by multiple unpaired t-tests with Welch’s
correction, respectively.

3. Results

3.1. Glabridin, licochalcone A, and glycycoumarin show a
dose-dependent cytotoxicity in mouse apical-in enteroids

Before determining the cytotoxicity of prenylated phenolics in
apical-out enteroids, we assessed the cytotoxicity of glab, licoA,
and glycy in apical-in enteroids after 4 h and 24 h of exposure.
This apical-in enteroid model is currently the state-of-the-art
model. However, here the basolateral side is exposed to the
experimental agents. Cytotoxicity was determined by the
release of LDH (Fig. 2). Glab, licoA, and glycy displayed a dose-
dependent increase in cytotoxicity after 4 h and 24 h of
exposure (Fig. 2A). Glab did not exhibit any significant cyto-
toxicity up to 75 pg mL™" (231 pM) after 4 h and up to 25 g
mL™" (77 pM) after 24 h, compared to the negative control.
Significant cytotoxicity (28% cytotoxicity) for glab was seen at

1856 | Food Funct, 2024, 15, 1852-1866

100 pg mL™" (309 pM, p < 0.0001) and at 37.5 ug mL™" (36%
cytotoxicity) (116 pM, p < 0.0001) after 4 h and 24 h stimu-
lation, respectively. After 4 h exposure, licoA showed 32% cyto-
toxicity at 250 pg mL™" (740 pM, p = 0.01), while for glab cyto-
toxicity was observed at a lower concentration (100 pg mL™").
After 24 h licoA showed comparable cytotoxicity as glab, with
56% cytotoxicity at 37.5 pg mL™' (111 pM, p < 0.0001).
Lastly, glycy seemed less cytotoxic compared to aforemen-
tioned compounds, as no significant cytotoxicity was observed
up to 250 ug mL™"' (679 uM) after 4 h, and up to 50 ug mL™"
(136 pM) after 24 h. Significant cytotoxicity after 24 h
glycy exposure was observed at 62.5 pg mL™' (170 uM,
p < 0.0001).

Half-maximal cytotoxic concentrations (ICs,) of glab, licoA,
and glycy after 24 h incubation were calculated (Fig. 2B), and
were established at 49 pg mL™" (151 pM) for glab, 37 pg mL™*
(109 pM) for licoA, and 60 pug mL™' (163 uM) for glycy.
Moreover, glycy cytotoxicity was observed with a distinct off-on
effect, whereas glab and licoA showed a more gradual dose-
response effect, as was shown by the steepness of the
regression slopes (Fig. 2B).

Additionally, effects on cell viability (by the Live-Dead cell
viability assay) after 24 h of incubation with glab, licoA, and
glycy on apical-in mouse enteroids were assessed by staining
live and dead cells with calcein AM (green) and propidium
iodide (red), respectively (Fig. 2C). In agreement with our LDH
assay, non-cytotoxic concentrations of 25 pg mL™' (74 pM)
licoA and 50 pug mL™" (136 pM) glycy did not visually show
cytotoxicity. Also incubation with 37.5 pg mL™" (116 uM) of
glab did not visually increase the amount of dead cells, even
though this concentration did show significant cytotoxicity
(37% cytotoxicity compared to the negative control, p < 0.001,
Fig. 2A). Toxic concentrations of glab (75 pg mL™", [116 uM]),
licoA (37.5 pg mL ™" [111 pM]), and glycy (75 pg mL™" [204 pM])
resulted in brightly red colored, irregularly shaped, enteroids,
indicating non-viable or dead enteroids.

In order to validate the robustness of the established
general cytotoxicity model, cytotoxicity of glab in apical-in
enteroids from different passages was assessed (Fig. B2, ESIT).
Passage number hardly influenced the assessed cytotoxicity of
glab in apical-in enteroids, with established ICsy’s of 49 +
0.6 ug mL™" (151 = 1.0 pM) in enteroids with high passage

This journal is © The Royal Society of Chemistry 2024
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number (>30) and 42 + 0.7 ug mL™" (129 + 1.3 uM) in enteroids
with low passage number (<13).

3.2. The apical microvilli brush border is faced outwards in
mouse apical-out enteroids

The polarity of mouse enteroids was reversed according to the
protocol of Co et al. for human enteroids.>"** In brief, we
removed the ECM, thereby disrupting interactions between gel
proteins with basolateral f1 integrin receptors in the enter-
oids. This triggered a coordinated movement of the epi-
thelium, resulting in eversion of enteroid polarity without
alterations to individual cells.”"** We successfully produced
apical-out mouse enteroids, as shown by staining F-actin in
the cytoskeleton (Fig. 3). During polarity reversal, the microvilli
brush border moved from the inside of the apical-in enteroid
(Fig. 3A) towards the outside of the apical-out enteroid
(Fig. 3B). Also, suspended apical-out enteroids visually lacked
a lumen, which was present in apical-in enteroids (see dark
inner circle, Fig. 3A, upper right panel). Besides a thick F-actin
layer on the luminal side of apical-in enteroids (Fig. 3A, upper

Side view

Apical-in

o)

Apical-out

F-actin

View Article Online
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right panel), a thin F-actin layer on the basolateral side was
seen as well.>> By generating this apical-out model enteroids
can be easily exposed from their apical side.

3.3. Mucus surrounds the apical microvilli brush border in
apical-out enteroids

After the polarity of mouse apical-in enteroids was reversed,
we stained the fucose units in the mucus layer in apical-out
enteroids with Ulex europaeus agglutinin I rhodamine, which
binds to mucosal glycoproteins containing a-linked fucose
residues (Fig. 4). Fucosylation is ubiquitous in the intestinal
epithelium in mice.**** From Fig. 4 it can be seen that the
apical-out mouse enteroids exhibit a fucose containing mucus
layer surrounding the apical brush-border (Fig. 4A). In apical-
in enteroids, however, this fucose containing mucus layer is
located at the apical brush-border surrounding the lumen
(Fig. 4B). Interestingly, at sites where F-actin in the cytoskele-
ton was not stained in the apical-out enteroid (Fig. 4A, white
arrows), the fucose containing mucus was absent, indicating
that the enteroid did not always completely reverse polarity.

Cross-section

Fig. 3 Polarity reversal in mouse jejunal enteroids shown by confocal imaging. Panels (A) show apical-in enteroids schematically (left; actin cytoske-
leton in purple) and confocal images of suspended mouse enteroids with an apical-in polarity (middle and right) and panels (B) show apical-out
enteroids schematically (left; actin cytoskeleton in purple) and confocal images of mouse enteroids with an apical-out polarity (middle and right).
Nuclei were visualized with DAPI (blue) and the actin cytoskeleton in the microvilli brush border was stained with ActinRed™ 555 (white). Scale bars
in panels (A) and (B) are 10 pm and 30 pm, respectively. Illustrations in (A) and (B) were created with BioRender.com.
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Side view Cross-section

A Apical-out

Fig. 4 Fucose staining of mucosal glycoproteins in apical-out and apical-in mouse jejunal enteroids. Confocal side views and cross-sections of
apical-out (A) and apical-in (B) mouse enteroids stained for actin (shown in white) and for fucose units attached to mucus (shown in green). The
white arrows in panels A show parts of the enteroids that have an apical-in polarity and are not flipped. Nuclei were visualized with DAPI (shown in
blue), the actin cytoskeleton in the microvilli brush border was stained with AlexaFluor™ 660 Phallaoidin (white), and fucose units in the mucus layer
was stained with Ulex Europaeus Agglutinin | Rhodamine (fucose) (shown in green). Scale bars are 30 um.
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3.4. Gene expression of intestinal epithelial cell markers in
apical-out enteroids reflects in vivo gene expression better
than apical-in enteroids

To establish whether the generated apical-out enteroids
retained their specific gene expression profile, we compared
the gene expression of epithelial cell markers (stem cells,
transit amplifying cells, goblet cells, enteroendocrine cells,
Paneth cells, and absorptive enterocytes) from both enteroid
models, and compared this to the gene expression of mucosal
jejunal scrapings from C57BL/6 mice (Fig. 5).*' Apical-out
enteroids showed a reduction of Igr5 (stem cells) and ki67
(transit amplifying cells) expression compared to apical-in
enteroids (Fig. 5A, p < 0.05), suggesting a shift to differen-
tiation when changing the enteroids’ polarity. Apical-out enter-
oids also showed downregulation of chga and lyz expression,
suggesting the presence of fewer enteroendocrine and Paneth
cells compared to apical-in enteroids. Markers for goblet cells
(muc2) and enterocytes (villin) were equivalent between both
enteroid models. It should be noted that apical-in and apical-
out enteroids were grown in mIC and hIC medium, respect-
ively, and thus a medium effect could possibly also affect the
observed differences in gene expression: based on the gene
expression of epithelial markers in apical-in enteroids grown
in hIC, it was shown that medium also affected the gene
expression of epithelial cell markers, besides enteroid polarity
(e.g. chga expression, Fig. C3A, ESIT).

Based on the ratio in gene expression between epithelial
markers (Igr5, ki67, muc2, chga, and lyz) and villin, it seemed
that apical-out enteroids show a better resemblance to in vivo
jejunal tissue compared to apical-in enteroids grown in mIC
and hIC (Fig. 5B and Fig. C3B, ESIf): the relative gene
expression of epithelial markers (with the exception of lyz) in
apical-out enteroids and in vivo tissue was comparable (p >
0.05), whereas expression of Igr5, ki67, chga, and lyz in apical-
in enteroids was significantly different compared to in vivo
tissue (Fig. 5B). Lastly, we compared the gene expression of all
epithelial markers in enteroids with a low (passages < 15) and
high (passages > 15) passage number (Fig. C3A, ESIf). Passage
number did not affect gene expression of epithelial cell
markers in apical-in and apical-out enteroids.

3.5. Glabridin shows lower cytotoxicity with apical-out mouse
enteroids than with apical-in mouse enteroids

After establishing apical-out enteroids, we determined intesti-
nal in vitro cytotoxicity of the promising antibacterial glab by
measuring the release of LDH, and determining the effect of
glab exposure on the enteroids’ viability by measuring mito-
chondrial dehydrogenase by WST-1. Cytotoxicity and cell viabi-
lity results are shown in Fig. 6.

Apical-out enteroids seemed to better tolerate glab exposure
than apical-in enteroids, as significant cytotoxicity in apical-
out enteroids was observed at 500 pug mL™" glab (1543 uM)
with 36% (p = 0.005) and 67% cytotoxicity (p < 0.0001) after
4 h and 8 h exposure, respectively (Fig. 6A), whereas significant
cytotoxicity in apical-in enteroids was observed at 100 pg mL™"
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Fig. 5 Gene expression of epithelial cell markers in apical-out and
apical-in enteroids. Panel (A) shows qRT-PCR gene expression analysis
of epithelial cell markers for stem cells (lgr5), transit amplifying cells
(ki67), goblet cells (muc2), enteroendocrine cells (chga), Paneth cells
(lyz), and enterocytes (villin) in apical-out and apical-in enteroids, grown
in human (hIC) and mouse growth medium (mIC), respectively. Gene
expression was normalized to gapdh housekeeping gene. Panel (B)
shows the ratio between gene expression of epithelial markers (lgr5,
ki67, muc2, chga, lyz) compared to villin gene expression in (1) jejunal
scrapings from C57BL/6 mice,®* (2) apical-out (relative towards gapdh;
grown in hIC), and (3) apical-in enteroids (relative towards gapdh grown
in mIC). Data are expressed as the mean + SEM of eight biological repli-
cates, measured in duplicate. In vivo data from (B) were measured in
three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001.

(309 uM) after 4 h exposure (Fig. 2A). Cytotoxic ICs, values
were not established, as we did not observe a 100% cytotoxic
response after 4 h and 8 h glab incubation at the highest con-
centration tested (Fig. 6B). Cell viability (or mitochondrial
activity, as measured by WST-1) was affected at lower concen-
trations than where cytotoxicity was observed after 4 h

This journal is © The Royal Society of Chemistry 2024
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stimulation in log pg mL™2, (C) cell viability of apical-out enteroids after 4 h glabridin exposure in pg mL™, (D) representative RP-UHPLC-MS chroma-
tograms of biotransformation of glabridin between 22 and 32 min in negative ionization mode extracted ion chromatograms at m/z 323 (glab), m/z
403 (glab-sulfate), and m/z 499 (glab-glucuronide) at t = 0 h (top), t = 4 h (middle), and t = 24 h (bottom), and (E) comparison of biotransformation
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500 pg mL™%: n = 1, measured in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

exposure to glab, and a clear dose-response relationship
between glab concentration and cell viability was seen
(Fig. 6C). Up to 50 ug mL™" (154 pM) there was no significant
reduction on enteroid viability, whereas at 100 pg mL™"
(309 pM) glab decreased the cell viability to 47% (p = 0.001)
compared to the negative control (set at 100% viability).

The enteroids were exposed to glab only for 4 h and 8 h, as
we noticed after 24 h a high intrinsic LDH release in the nega-
tive control (Fig. D4A, ESIt), which was hypothesized to be
(partly) caused by shedding of dead intestinal cells from the
villus tip to the intestinal lumen (the small intestinal epi-
thelium turnover in mice takes about 1-2.5 days®’). Washing
the apical-out enteroids decreased the high intrinsic LDH con-
centrations in the negative control, and thus the measured
cytotoxicity (Fig. D4B, ESIf). Nevertheless, the cell viability
after 24 h was greatly reduced compared to the control (at 0 h
of incubation), see Fig. DAC, ESL.}

Lastly, we determined the biotransformation of glab (at
non-toxic concentrations) in both apical-out (section 3.4) and
apical-in (section 3.1) enteroids, i.a. in order to assess whether

This journal is © The Royal Society of Chemistry 2024

the determined cytotoxicities were caused by glab itself and/or
by its possible metabolites. Identification of metabolites was
based on comparison of spectroscopic and spectrometric data
with those from literature.?® Annotations of all metabolites are
shown in Table E1 (ESIt). Both apical-out and apical-in enter-
oids were able to transform glab into glucuronide and sulfate
metabolites, although apical-out enteroids transformed lower
amounts compared to the conventional apical-in enteroids
(Fig. 6D and E). After 4 h of glab incubation, glab-glucuronide
was detected in both apical-out and apical-in enteroids, at con-
centrations of 0.6 pM and 1.9 pM, respectively. Glucuronides
increased further to 3.9 pM in apical-out and to 18.4 pM in
apical-in enteroids after 24 h glab incubation (notably the
apical-out enteroids were shown to have a reduced cell viability
at 24 h [Fig. DAC, ESIf]). Glab-sulfate could only be quantified
after 24 h of glab incubation, at concentrations of 0.3 pM and
1.3 puM in apical-out and apical-in enteroids, respectively.
Biotransformation of licoA and glycy was only determined in
apical-in enteroids, where the main products formed were also
phase II metabolites, glucuronides and sulfates (Fig. F5, ESIT).

Food Funct, 2024, 15,1852-1866 | 1861
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Besides phase II metabolites, we tentatively identified phase I
metabolites of licoA and glycy in apical-in enteroids (Table E1
and Fig. F5, ESIt). LicoA was, amongst others, metabolized to
saturated-licoA (possibly by hydrogenation of the double bond
between the A-ring and B-ring, Fig. 1), which was further glu-
curonidated to saturated-licoA-glucuronide. For glycy, i.a. the
prenyl chain was metabolized by hydroxylation.?”

4. Discussion

4.1. Mouse apical-out enteroids offer a relevant
gastrointestinal model, well-suited for conducting cytotoxicity
and cell viability screening

We successfully developed a mouse apical-out enteroid model
that provides several advantages over the currently most used
apical-in model. The model is suitable to study the in vitro
bioactivity and toxicity of compounds that may be present in
the intestine, such as nutrients, non-nutrient bioactive food-
components, drugs, and metabolites formed in the intestine.
Apical-out enteroids can be suspended in culture medium and
do not require embedding in ECM. Because their apical
surface is faced to the outside and not towards the lumen,
these enteroids better mimic the in vivo situation and can
easily be exposed to test compounds, without the need of
micro-injection. Furthermore, we demonstrated that mucus is
formed outwards at the luminal/apical side, as was visualized
by the fucose containing mucus layer, representative of the
proximal small intestine.® Moreover, we showed that the epi-
thelial cell marker profile in apical-out enteroids were a better
mimic of their in vivo counterpart compared to apical-in enter-
oids. The enteroids also demonstrated phase II biotransform-
ation capacity. As was demonstrated by Co et al. for human
apical-out enteroids, apical-out enteroids have shown to reca-
pitulate properties and functions of the native intestinal epi-
thelium, including barrier function, absorptive, and secretory
properties.>'*?

We showed that apical-out enteroids were less susceptible
towards glab compared to the conventional apical-in enteroids,
as cytotoxicity (as measured by LDH) after 4 h glab stimulation
was 5 times lower in apical-out than in apical-in enteroids.
This reduced susceptibility can possibly be explained by the
hydrophilic mucus layer (consisting of O-glycans such as
N-acetylglucosamine, galactose, and fucose units>®) surround-
ing the apical-out enteroids. We hypothesize that the hydro-
phobic properties of glab impede its diffusion through the
hydrophilic mucus layer, thereby restricting its exposure to the
epithelial cells. Apical-out enteroids were found suitable for
cytotoxicity testing at least up to 8 h incubation, as we did
observe decreased mitochondrial activity in enteroids after
24 h. Shorter incubation times are more representative of the
in vivo situation since the small intestinal transit time in mice
is approximately 90 min.** Besides cytotoxicity, we found
reduced mitochondrial activity after glab exposure at lower
concentrations as measured by LDH.
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Next to determining intestinal cytotoxicity in apical-out
enteroids, we assessed the cytotoxicity in the conventional
apical-in model, which is still a more commonly used model
in biomedical research.'® With this model, experimental
agents are added to the basolateral surface of the enteroids,
which is a different situation from that which occurs in vivo
upon exposure to substances in the lumen. Therefore, such a
set-up is less suitable for evaluation of intestinal toxicity of
drugs and other bioactives. However, our comparison of the
prenylated phenolics in apical-in enteroids gives a good indi-
cation of cytotoxicity in healthy tissue. Our results demonstrate
that 4 h basolateral exposure to glab seemed to be most toxic,
followed by exposure to licoA and glycy, respectively. After 24 h
basolateral exposure, licoA and glab showed higher cytotoxicity
than glycy. In literature, effects on cytotoxicity and/or cell viabi-
lity of glab, licoA, and glycy in mice are described for mouse
skin, fibroblast, and liver derived cell lines, in which reported
cytotoxicities occurred at lower concentrations (~30 pM) than
those observed in our study.*™** In cell lines, it has been
shown that the cytotoxic mode of action of licoA, glycy and
structural similar compounds of glab (glabrene and 4'-O-
methylglabridin), was related to changes in cell cycle signaling
pathways, ultimately leading to apoptotic cell death via
different mechanisms.”>*” We observed that apical-in enter-
oids exposed to cytotoxic concentrations of glab, licoA, and
glycy showed morphological changes compared to non-cyto-
toxic concentrations, which could possibly suggest membrane
permeabilization and/or membrane disruption. Antibacterial
mode of action of prenylated phenolics has been implicated
with the interaction, permeabilization, and/or disruption of
the bacterial membrane.*® In order to determine if prenylated
phenolics interact with the enteroids’ cell membranes, further
research regarding e.g. barrier integrity needs to be done.>*

4.2. Mouse enteroids are able to transform prenylated
phenolics into other metabolites

In this study we demonstrate that apical-out and apical-in
enteroids are able to transform prenylated phenolics into their
glucuronides and sulfates. These phase II biotransformation
reactions are catalyzed by UDP-glucuronosyltransferases
(UGTsS) located in the endoplasmic reticulum and by cytosolic
sulfotransferases (SULT), respectively and are known to take
place in enterocytes and the liver, rendering the compounds
more hydrophilic.**>! Besides phase II biotransformation, we
also observed some phase 1 biotransformation reaction pro-
ducts derived from licoA and glycy, such as saturated-licoA (by
hydrogenation of the double bond between the A and the
B-ring, Fig. 1) and glycy with hydroxylation on the prenyl
chain.*”

Compared to apical-out enteroids, apical-in enteroids
showed a higher capacity to metabolize glab. This could be
explained by the mucus layer surrounding the apical-out enter-
oids, which impedes the entrance of glab into the enterocytes.
Alternatively, glab could be subjected to polarized transport
(apical to basolateral and vice versa), as was shown by Cao and
co-workers.*® Incubation for 4 h showed little biotransform-

This journal is © The Royal Society of Chemistry 2024
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ation of glab, suggesting that the effects on cytotoxicity and
cell viability are likely due to the parent compound and not to
its metabolites. Overall, these results demonstrate that enter-
oids are useful for determining intestinal biotransformation,
in contrast to e.g. Caco-2 cells, in which i.a. CYP enzymes are
missing.'®*?

4.3. Glabridin, licochalcone A, and glycycoumarin do not
exhibit cytotoxicity in enteroids at concentrations equivalent
to their minimum inhibitory concentration (MIC) values
against Gram-positive bacteria

Lastly, we compiled and compared all measured cytotoxicity
data (measured with LDH) and cell viability data (measured
with WST-1) after 4 h exposure to prenylated phenolics in
apical-in and apical-out enteroids. This was compared with
our previously obtained cytotoxicity data in Caco-2 cells and
our reported MICs against a variety of Gram positive bacteria.
A schematic summary of the highest non-toxic concentrations
and highest concentrations where cell viability was not
impaired is shown in Fig. 7.

The highest non-toxic concentrations for glab, licoA, and
glycy in apical-in and apical-out enteroids were higher than
their MICs (between 9.3-77 pM) against various Gram positive
bacteria (Lactobacillus buchneri, Streptococcus mutans, and
Staphylococcus aureus), as tested in van Dinteren et al’
However, against Gram negative bacteria (Escherichia coli) and
yeasts (Zygosaccharomyces parabailli and Yarrowia lipolytica),
cytotoxicity was observed at antibacterial concentrations (MICs
between [271-309] pM (ref. 1)). Both enteroid models were
more resilient than Caco-2 cells, where cytotoxicity and
reduced cell viability was observed at concentrations equi-
valent to the MICs. However, it should be noted that direct
comparison of concentrations between various model systems
with different experimental conditions should be approached
with caution, as it only provides indicative information. When

o
o
o
1
1

1
- -
%_ - ° - (I:)I Cytotoxicity
=100 + Viability
o =@ ||
B o
] I Caco-2
[=
8 10 + I Apical-in enteroids
g [l Apical-out enteroids
(& [IMIC range
1

Glab LicoA Glycy

Fig. 7 Comparisons of cytotoxicity and viability of glabridin (glab), lico-
chalcone A (licoA), and glycycoumarin (glycy) for different models.
Schematic summary of highest non-toxic concentrations (measured
with the LDH assay, shown in squares) and non-reducing cell viabilities
(measured with the WST-1 assay, shown in circles) of glab, licoA, and
glycy with their reported minimum inhibitory concentrations (MICs)
against a variety of Gram positive bacteria (shown as a range in the
yellow shaded box)! in human colon cancer (Caco-2) cells (shown in
blue),! apical-in mouse enteroids (shown in green), and apical-out
mouse enteroids (shown in red).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

comparing our previously reported cytotoxicities in human
Caco-2 cells of glab, licoA, and glycy with published cytotoxici-
ties in mouse cell lines, cytotoxicity in Caco-2 cells seems to be
at roughly twice the concentration (~70-140 pM (ref. 1)) com-
pared to those in different mouse cell lines (ICsq’s of ~ 30 pM
(ref. 40 and 42)).

5. Conclusion

We successfully developed a mouse apical-out enteroid model
to evaluate the effects of prenylated phenolics on cytotoxicity
and cell viability. Compared to conventional apical-in enter-
oids, the novel model represents the small intestine relatively
well, as shown by the comparison of the gene expression of
epithelial cell markers with those from in vivo jejunal tissue.
The newly developed model allowed us to assess cytotoxicity
and cell viability of glab, which neither showed cytotoxicity
nor negative effects on the cells’ metabolic activity at concen-
trations where it is effective against Gram positive bacteria.
Apical-out enteroids were more robust towards glab than the
conventional apical-in enteroids and exhibited less functional
phase II biotransformation capacity, possibly due to the hydro-
philic mucus layer surrounding them. Also for licoA and glycy
no general cytotoxicity in small intestinal apical-in enteroids at
their MICs against Gram positive bacteria was observed. Our
results indicate that the potential antimicrobials from licorice
roots do not show in vitro cytotoxicity in mouse enteroids at
their MICs against Gram positive bacteria. A logical next step
is to verify these findings in human enteroids.
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