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Dietary fibers such as fructans can protect the intestinal epithelial barrier integrity, but the mechanisms
underlying this protection are not completely understood. We aimed to study the protective effect of
B(2—1)-p(2—6) branched graminan-type fructans (GTFs) on gut epithelial barrier function that was dis-
rupted by three different agents which impact the barrier function via different cellular mechanisms. The
effects of GTFs were compared with those of linear p(2—1) inulin-type fructans (ITFs). T84 intestinal epi-
thelial monolayers were incubated with GTFs and ITFs. Afterwards, the monolayers were challenged with
the barrier disruptors calcium ionophore A23187, 12-myristate 13-acetate (PMA) and deoxynivalenol
(DON). Transepithelial resistance was measured with an electric cell-substrate impedance sensing
system. All fructans studied prevented the barrier disruption induced by A23187. ITF Il protected from the
disruptive effects of PMA. However, none of the studied fructans influenced the disruption induced by
DON. As a measure of disruption-induced inflammation, interleukin-8 (IL-8) production by the intestinal
epithelium was determined by ELISA. The production of IL-8 induced by A23187 was decreased by all
fructans, whereas IL-8 production induced by DON decreased only upon pre-treatment with ITF Il. None
of the studied fructans prevented PMA induced IL-8 production. GTFs just like ITFs can influence the
barrier function and inflammatory processes in gut epithelial cells in a structure-dependent fashion.
These distinct protective effects are dependent on the different signaling pathways that lead to gut barrier
disruption.
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plexes named tight junctions (TJs)* that avoid the entry of
larger, possibly immunologically active macromolecules, or

1. Introduction

The gastrointestinal epithelium is considered as the gate-
keeper of the human body that separates and protects the host
from the harsh conditions in the gut lumen." To function as a
barrier, the epithelial cells are linked by multiprotein com-
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other agents such as pathogenic organisms that are harmful to
the host.> These TJs allow the entry of molecules with radii
between 3.5 and 6 A* but can actively regulate their per-
meability in response to physiological stress.” Under normal
barrier conditions, the transport of ions, water, and other
molecules into the underlying lamina propria® is actively regu-
lated by the epithelial intestinal cells to provide the host with
the desired luminal molecules.”

Impairment of the intestinal barrier function has been pro-
posed to be involved in the ever-growing list of Western dis-
eases such as autoimmune diseases, allergies, some types of
cancers, colitis, and inflammatory disorders.® The disruption
has been attributed to not only the more frequent use of
barrier disrupting medications such as nonsteroidal anti-
inflammatory drugs (NSAIDs)’ and proton pump inhibitors
(PPIs)'>" but also the consumption of westernized diets rich
in barrier disrupting food additives, high fat, or the absence or
lower consumption of dietary fibers.">"* Although this empha-
sizes the importance of disrupted gut barrier function in
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disease development, it also opens venues to treat or prevent
disease as many food molecules have been shown to stimulate
gut barrier function.'*'?

One such family of food molecules that have been shown
to regulate the barrier function of gut epithelial cells are
dietary fiber fructans.'® Fructans are mostly plant-derived
polysaccharides that can be categorized by the F,, type, where
F indicates fructose units, and the GF, type, where G indi-
cates a glucose molecule linked to n number of fructose
units."”” Fructans can be linked by f(2—1) bonds rendering
them a linear structure.'® These fructans are of the inulin
type'® and often extracted from chicory. These inulin-type
fructans (ITFs) are often used in infant formulas® and have
been shown to protect the gut barrier function in a chain-
length dependent fashion.'® Another group of fructans that is
used as a food additive in infant formulas is fructans linked
by both p(2—1) and B(2—6) bonds.>"** These types of fruc-
tans are branched and known as graminans.>*>*> These gra-
minan-type fructans (GTFs) are extracted from plants of the
Asparagaceae family such as Agave tequilana and are one of
the most complex fructans described to date.>® It is unknown
whether these branched fructans have any effect on gut
barrier function.

Barrier disruption can occur via different cellular pathways
in gut epithelial cells, but it is unknown by which pathways
fructans protect epithelial cells from disruption. In vitro,
barrier disruption can be induced by different agents and sig-
naling mechanisms. Calcium ionophores, such as A23187,
cause an increase of intracellular calcium leading to the dis-
ruption of the gut epithelial barrier.”” Another agent, 12-myris-
tate 13-acetate (PMA), is a tumor-promoting phorbol ester
which has been shown to disrupt the gut barrier function via
the activation of protein kinase C (PKC).*® Another family of
molecules that induce barrier disruption are trichothecenes
such as the fungal toxin deoxynivalenol (DON) that act via
MAPK signaling.”>*° This toxin is produced by the members
of the fungal genus Fusarium, which represents the most
common source of mycotoxin contamination of crops world-
wide.*' As these agents disrupt the epithelial barrier via
different mechanisms, they can be wused to investigate
the mechanisms underlying the protection against barrier
disruption.

We aimed to determine whether and to what extent gra-
minans of different molecular weights from agave could
protect against gut barrier disruption. In addition, we com-
pared the effects of GTFs with the barrier protective effect
of ITFs from chicory. As it is unknown by which mecha-
nisms fructans can protect against barrier disruption, we
compared the effects induced by the calcium ionophore
A23187, PMA and the fungal toxin DON which disrupt the
epithelial integrity via different signaling pathways. Finally,
interleukin-8 (IL-8) production by the intestinal epithelial
cells was quantified as a measure of inflammatory stress
induced by the above-mentioned disruptors and it was
determined if fructans are able to protect from this inflam-
matory stress.
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2. Materials & methods

2.1. Fructans

To study whether fructans with different structures and mole-
cular sizes can protect against the disruption of the intestinal
barrier of epithelial T84 cells, two formulations of p(2—1)-
B(2—6)-linked graminan-type fructans from the Agave tequilana
Weber blue variety (agave) and two formulations of p(2—1)-
linked inulin-type fructans from Cichorium intybus (chicory)
were included. Agave fructans GTF I (Metlos™) and GTF 1I
(Metlin™) were provided by Nekutli™ (Guadalajara, México).
Chicory fructans ITF I (Frutafit™ CLR) and ITF II (Frutafit™
TEX!) were provided by Sensus™ (B.V. Roosendaal, The
Netherlands). These fructans have also been studied and ana-
lyzed in previous studies from our group.**??

2.2. Cell lines

For determination of the potential protective effect of chicory
and agave fructans on the barrier function of intestinal epi-
thelial cells, we used colonic epithelial T84 cells (Sigma-Aldrich,
Zwijndrecht, The Netherlands) between passages 28 and 34.
Epithelial T84 cells were cultured in Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12 Ham with 15 mM HEPES
and sodium bicarbonate (Sigma, Dorset, UK), supplemented
with 10% heat-deactivated fetal bovine serum (Sigma-Aldrich,
Dorset, UK) and gentamicin 50 mg ml™" (Sigma-Aldrich, Dorset,
UK) (complete medium). The epithelial T84 cells were cultured
at 37 °C with 5% CO,, until 80% confluence. The medium was
refreshed twice a week. For maintenance, the cells were pas-
saged after treatment with trypsin (Sigma-Aldrich, Dorset, UK).

2.3. Disruptors

The epithelial T84 monolayers were challenged using chemical
compounds that disrupt the barrier function via different
intracellular routes.”’”?° The barrier disruptors used herein
were the calcium ionophore A23187, also known as calcimycin,
the food-contaminant mycotoxin DON, and PMA. The concen-
trations used herein were previously demonstrated to induce
epithelial barrier disruption.'**®

2.4. Transepithelial electrical resistance measurements

The T84 cell-intestinal epithelial barrier function was moni-
tored in real time with an electric cell-substrate impedance
sensing system (ECIS, Applied BioPhysics™ model Z6). First,
epithelial T84 cells were seeded at a density of 10 000 cells per
well in a final volume of 300 pl, in a 96-well PET plate with
gold electrodes (96W20idf PET, Applied Biophysics). To
increase the electrical stability of measurements, the plates
were pre-incubated at room temperature (R.T.) for 30 min with
a PBS solution of i-cysteine (2 mg ml™') before seeding.
Afterwards, the plates were washed with Dulbecco’s modified
Eagle’s medium (DMEM) with 4.5 g L' glucose, 3.9 mM
t-glutamine and 1 mM sodium pyruvate (Catalog number
BE12-604F, Lonza, USA) and coated overnight at R.T. with a
solution of 0.1% bovine serum albumin and 1% purified
soluble collagen in DMEM. After washing the plates with com-
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plete medium, epithelial T84 cells were seeded and cultured at
37 °C with 5% CO, for 21 days to allow the formation of a
monolayer with stable transepithelial electrical resistance
(TEER). The culture medium was refreshed every other day.
For TEER measurements, the plates were placed in the ECIS
equipment and the resistance was monitored for 5 hours at
400 Hz to ensure a stable measurement. Afterwards, the experi-
ment was started. Epithelial T84 cells were pre-incubated for
24 hours with 10 mg ml™" of the four studied fructans ITF I,
ITF II, GTF I, and GTF II. This was followed by the addition of
the disruptor calcium ionophore A23187 (4 uM, Sigma-Aldrich,
UK), DON (8.4 pM, Sigma-Aldrich, UK), or PMA (1000 nM,
Sigma-Aldrich, UK). After adding the disruptor, the TEER was
monitored in the presence of the calcium ionophore A23187
for 3 hours, and with DON and PMA for 24 hours. The cells
incubated only with the culture medium were used as
untreated controls. The cells treated only with disruptors were
included as positive controls. At least five independent experi-
ments were performed with three technical replicates. To
quantify the changes in the TEER after the different treat-
ments, the area under the curve (AUC) was calculated.
Untreated controls were set as 100% and the different con-
ditions were related to the untreated controls.

2.5. Measurement of IL-8 production of epithelial T84 cells

To investigate whether disrupting molecules induce inflam-
mation in T84 cells, the production of the pro-inflammatory
cytokine IL-8 was measured. To that end, supernatants from
the T84 cells were collected once the TEER experiments were
finished. The supernatants were stored at —20 °C until further
use. IL-8 was quantified with an ELISA kit (R&D Systems,
Abingdon, UK) according to the manufacturer’s protocol.

2.6. Statistical analyses

GraphPad software version 9.2 was used for statistical analyses.
The Shapiro-Wilk test was performed to test for the normality
distribution of the data. Since AUC and IL-8 data are normally
distributed, such data were expressed as mean + SD. The sig-
nificance was assessed with one-way ANOVA with Dunnet’s
multiple comparison test. A p-value < 0.05 was considered as
statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001, and
**%%p < 0.0001.

3. Results

To study whether the differences in their chemical character-
istics are important for their effects on the modulation of the
induced-disruption of the epithelial barrier, four fructan for-
mulations were used. The graminan-type fructans studied are
oligosaccharides with p(2—1) and p(2—6) linkages, which
confer them a branched structure. GTF I is a mixture of fruc-
tans enriched with DP 3-4, although oligosaccharides with DP
7-45 are also present in lower amounts. GTF II is a mixture of
mainly longer fructans whose DP ranges between 3 and 60
with most components around DP 17, although some higher

This journal is © The Royal Society of Chemistry 2022
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molecular weight molecules are present. Both GTFs are com-
posed of fructan structures of the F, and GF, series of fructan
structures (Table 1).** In addition, in these two mixtures, there
are molecules that represent the neo-levan type, which are
characteristic of fructans extracted from agave plants.>® The
inulin-type fructans included are oligosaccharides with only
B(2—1) linkages, which confer them a linear structure. ITF I is
a mixture of fructans with a DP range of 3-10, but it also pos-
sesses chains of DP up to 25. ITF II is a mixture of longer
chain fructans with a DP of 10-60. ITF I contains both F,, and
GF,, types of oligosaccharides, whereas ITF II is constituted
only of GF,, units (Table 1).*?

3.1. Agave and chicory fructans exert a protective effect on
calcium ionophore-induced disruption of gut epithelial barrier
function

To test the potential protective effect of branched graminan-
type fructans on the intestinal barrier function, epithelial T84
cell monolayers were preincubated with GTFs before adding
the barrier disruptor calcium ionophore A23187 after which
the TEER was measured for three hours. Linear inulin-type
fructans were also tested to compare the effects between
branched and linear fructan structures. After pre-incubation
with fructans for 24 hours, A23187 was added to the cells fol-
lowed by TEER measurements for three more hours. Fig. 1A
shows a representative example of TEER measurements. These
TEER values were used for calculating AUC. As shown in
Fig. 1B, the incubation of T84 cells with A23187 decreased
their AUC to 27% + 5.5 (p < 0.001) compared with that of the
untreated control. This effect of A23187 was strongly attenu-
ated when the cells were preincubated with GTFs or ITFs since
the AUC of these cells was similar to that of the untreated
control. ITF II was the fructan with the strongest protective
capacity against the barrier function disruption as the AUC
decreased only by 4.7% = 3.7, followed by GTF 1 (7% =+ 4), GTF
IT (8.2% + 4) and ITF I (12.5% + 5.4).

3.2. Linear long chain unbranched fructans exert protective
effects against PMA-induced disruption of gut epithelial
barrier function

PMA is a well-known barrier disruptor which acts via the acti-
vation of PKC.”® We aimed to challenge the intestinal mono-
layers with this disruptor in order to study whether the protec-
tive effect exerted by chicory and agave fructans occurred via
PKC. To that end, T84 monolayers were pre-incubated with
fructans for 24 hours, followed by the addition of PMA and
incubation for another 24 hours. A representative example of
the TEER experiment is shown in Fig. 2A. These data were
used for the calculation and plotting of the AUC percentage
(Fig. 2B). Compared with the untreated control, PMA induced
a reduction of 17% + 1.5 (p < 0.01) in the AUC. This was lower
in cells pre-incubated with ITF II where the AUC reduction was
10% + 3.3 (p < 0.05) (Fig. 2B). The fructans ITF I, GTF I and
GTF 1I did not influence the AUC reduction induced by PMA,
since the AUC values obtained were 83.5% + 1.8 for GTF II,
80% =+ 2 for ITF I and 78% + 2 for GTF I (Fig. 2B).
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Table 1 Characteristics and comparison of the differences between linear and branched fructans
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32,33

Representative Haworth projections of fructans present in the mixture

Fructan mixture Structure DP range

3.3.
disruption of gut epithelial barrier function

No protective effect of fructans on DON induced

To investigate the ability of fructans to protect from epithelial
barrier disruption exerted via MAPK signaling, epithelial T84
cells were also challenged with the fungal toxin DON.
Monolayers of T84 cells were pre-incubated for 24 hours with
the different fructans studied. Afterwards, DON was added fol-
lowed by a subsequent incubation of another 24 hours. A
representative example of the TEER measurements under
different experimental conditions is shown in Fig. 3A. DON
decreased the AUC significantly to 87.1% + 1.3 (p < 0.01) com-
pared to the control (Fig. 3B). This disruption could not be pre-
vented with the fructans studied, since the AUC was 80.8% =+ 2
for ITF 1, 79.5% + 1.9 for GTF I, 88.8% =+ 0.24 for ITF II, and
86.7% =+ 3.5 for GTF II (Fig. 3B).

3.4. Fructans protect T84 intestinal epithelial cells from the
inflammatory effect induced by the calcium ionophore and
DON but not by PMA

We aimed to investigate whether fructans could protect from
the inflammation exerted by the different studied epithelial
disruptors.

6740 | Food Funct,, 2022,13, 6737-6748

ITF I Linear 3-10

GTF I Branched 3-45

ITF I Linear 9-60

GTF 11 Branched 3-60

To that end, IL-8 secretion from T84 cells was measured at
the end of TEER experiments. The calcium ionophore strongly
increased the production of IL-8 by T84 cells from 182 + 18 pg
ml™" to 1531 + 96 pg ml™" (p < 0.001). Interestingly, pre-incu-
bation with all the tested fructans significantly decreased the
production of IL-8. Compared with the effect of the positive
control (set as 100%), ITF II caused a reduction in IL-8 pro-
duction of 72% + 3 (p < 0.001), GTF I attenuated it to 68% =+ 3
(p < 0.001), followed by GTF II which decreased it to 66% + 6
(p < 0.001), while ITF I reduced IL-8 production by T84 cells to
63% + 3 (p < 0.001) (Fig. 4A).

Incubation with DON increased the IL-8 production from
182 + 18 pg ml™" to 1671 + 131 pg ml™" (p < 0.0001). Pre-incu-
bation with linear fructans ITF I and ITF II significantly
decreased the IL-8 production of T84 cells. ITF I reduced IL-8
production to 31% =+ 2 (p < 0.05), and ITF II reduced it to
57.5% * 4 (p < 0.0001). In contrast, branched chain fructans
did not influence the inflammation induced by DON, since
there were no statistical differences between the IL-8 pro-
duction of the positive control and cells pre-treated with these
agave fructans (Fig. 4B).

PMA significantly stimulated IL-8 production in T84 cells.
Under these conditions, IL-8 increased 17-fold the untreated

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The protective effect of p(2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the calcium iono-
phore A23187. Confluent monolayers of T84 cells were pre-incubated
with 10 mg ml™* of the linear fructans ITF | and ITF Il and the branched
fructans GTF | and GTF Il for 24 hours. Afterwards, the calcium iono-
phore A23187 (4 uM) was added and the cells were incubated for three
more hours. (A) The representative example of a TEER measurement
with ECIS. (B) Calculated area under the curve (AUC). The % AUC of
fructan pre-incubated epithelial cells was compared with that of the
untreated controls. Statistical differences between the positive control
and the different conditions were determined. Data from five indepen-
dent experiments are presented as mean + SD. ***p < 0.001.

control (from 182 + 18 pg ml™" to 3111 + 118 pg ml™").
However, none of the studied fructans attenuated the inflam-
matory effect exerted by PMA, since the production of IL-8 was
similar to that of the positive control. In cells pre-incubated
with ITF I, the IL-8 value was 3020 + 62 pg ml™", 3321 + 117
pg ml™* for GTF I, 3034 + 95 pg ml™" for ITF II and 3136 + 84
pg ml~" for GTF II (Fig. 4C).

4. Discussion

Previous reports from our group and others have demonstrated
the beneficial effects of inulin-type fructans on gut epithelial
barrier function.'®?* These studies have shown that for ITF,
this protection is dependent on the chain length of the fruc-
tans. One of the new findings in this study is that the ITF
induced protection was dependent on the applied disrupter
and specific biochemical pathways. This is not known yet for
ITFs. In addition, we studied for the first time the effects of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The protective effect of p(2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the protein kinase
C activator PMA. (A) Representative example of a TEER measurement
with ECIS when preincubated with 10 mg ml™ of agave and chicory
fructans for 24 hours followed by the addition of 1000 nM PMA, and
incubation for another 24 hours. (B) Calculated area under the curve
(AUC). All the tested conditions were compared with the untreated
control. Statistical differences between the positive control and cells
pre-incubated with fructans were investigated. Data from five indepen-
dent experiments are presented as mean + SD. ****p < 0.0001.

GTFs which are different from those of ITF. The ITFs are com-
posed of fructose units with only f-2—1 linkages, which confer
them a linear structure. The GTFs are extracted from agave
plants and are more complex than ITFs. Fructans from agave
are a mixture of oligosaccharides with p-2—1 and p-2—6 lin-
kages, also known as graminans or agavins. This gives them a
branched structure. Moreover, fructans from the neo-series
have also been found in the mixtures extracted from agave.”®
Their barrier-protective effects have never been studied. Since
fructans from agave represent one of the most complex fructan
types described to date, we compared their effects on gut epi-
thelial barrier function with those of fructans with a linear
structure and by which pathways they protect against barrier
disruption. To the best of our knowledge, this is the first study
where the protective effects of branched fructans from agave
on gut epithelial barrier function are studied. The application
of these fructans would be useful especially in regions where
the agave plant is endemic, such as in the American continent,
from the Canadian/United States border to the Northern
region of South America.*”
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Fig. 3 No protective effect of (2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the MAPK signaling
disruptor DON. The TEER was monitored during a 24-hour pre-incu-
bation of T84 monolayers with the studied fructans ITF I, ITF Il GTF | and
GTF II. Afterwards, DON 8.4 uM was added followed by TEER monitoring
for another 24 hours. (A) Representative image of TEER measurements.
(B) Calculated area under the curve (AUC) obtained from the TEER
measurements. There was a non-statistical difference between the posi-
tive control and the cells pre-treated with fructans. The results are pre-
sented as mean + SD of five independent experiments. **p < 0.01.

To the best of our knowledge, this is the first study where it
is investigated whether the protection of the intestinal barrier
integrity exerted by fructans is dependent on the intracellular
route by which the disruption is induced. To that end, three
different disruptors which act via PKC or MAPK signaling were
used. We found that the disruption induced via the PKC
pathway was attenuated by ITF II, while the disruption
induced by MAPK signaling was unaffected. Moreover, the pro-
tective effect of GTFs was not similar to that observed for ITFs,
since ITF II was the only fructan that protected against the dis-
ruptive action of PMA, whereas the branched fructans did not
influence the epithelial barrier impairment provoked by this
molecule. This again illustrates that dietary fibers can attenu-
ate barrier disruption depending on their chemical structure.

All fructans were effective in preventing barrier disruption
induced by the calcium ionophore A23187. This effect was
strongest with ITF II, followed by those with GTF I, GTF 11, and
ITF 1. We hypothesize that the observed efficacy of fructans to
attenuate A23187 induced barrier dysfunction is through a
competition for the cell-binding site of the stressor on the cell
membrane. Fructans possess a neutral charge. This neutral
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Fig. 4 Production of IL-8 by T84 epithelial intestinal cells stimulated
with epithelial barrier disruptors in the presence or absence of p(2—1)
and p(2—1)-p(2—6) fructans. T84 cells were pre-incubated with agave
and chicory fructans, followed by the addition of the calcium ionophore
A23187 (A), DON (B), or PMA (C) and 24 more hours of incubation. IL-8
production was quantified from cell supernatants collected at the end
of the experiment. From five independent experiments a comparison
between the positive control and tested conditions was performed to
determine the influence of the studied fructans on the inflammatory
effect induced by the barrier disruptors. Untreated cells served as nega-
tive controls. The results are presented as mean + SD. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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charge allows fructans to interact with the lipidic bilayer of
cell membranes by the establishment of non-polar
interactions.*®® By this, fructans could occupy the binding
sites of A23187, thus preventing, or reducing the binding of
this disruptor. The binding mechanism of the calcium iono-
phore A23187 has been previously described. At physiological
PH, the protonated form of A23187 prevails, and can strongly
bind to the phospholipidic cellular membrane.** To induce
barrier disruption, A23187 binds and transports divalent
calcium ions across the cell membrane, with a concomitant
increase of intracellular calcium.”® Such an increase of intra-
cellular calcium has been associated with changes in tight
junctions and decreased resistance of T84 monolayers, a
process ultimately mediated by PKC.'*?”*! Fig. 5 schematically
presents our proposed mechanism of protection of epithelial
barrier function exerted by fructans.

The results were different with PMA induced barrier disrup-
tion. Only ITF II had a statistically significant effect on barrier
disruption induced by PMA. Our findings indicate that protec-
tion against disruption by PMA is exclusive to linear structures
of fructans and is chain-length dependent. The exclusive pro-
tection of ITF II from the disruptive action of PMA compared
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to those of other fructans could be explained by the long and
linear structure of ITF II. Vereyken et al. studied the require-
ments for the establishment of interactions between inulins of
different DP with mono- and bilayer lipidic systems. They
found a strong dependency of the inulin chain length on the
capacity to interact with lipid layers in favor of longer inulin
that established the strongest interactions. In this study it was
also proposed that the linearity and flexibility of furanose
rings are the main characteristics responsible for the strong
interaction between the long chain inulins and lipids.*® This
would be different for GTFs since their branched structure
would provoke a more spatially disordered arrangement of
their chains, which would decrease their physical contact with
the cell membrane, leading to more free spaces for PMA for
establishing interactions.

We found that the long chain fructan ITF II was the only
fructan that exerted protection from the disruptive action
of PMA. This finding seems to contradict the findings of
Vogt et al.'® where only non-statistical differences were
found with long-chain inulins. Notably, however, differ-
ences in ITF dosing might be responsible for that, as Vogt
et al. used a hundred-fold lower dose of fructans (0.1 mg

C) Epithelium under stress pre-treated with
fructans
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Fig. 5 Proposed mechanism of action of the protective effect of linea
barrier function.
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ml™") for pre-treating T84 cells compared to the present
study.

The disruptive effects of both PMA and the calcium iono-
phore A23187 are PKC-dependent®” but the ways in which they
lead to PKC-induced disruption are different. The intestinal
barrier function depends on the assembly or disassembly of
the proteins of the TJs. These TJs are regulated by the phos-
phorylation of the serine and threonine residues of their pro-
teins. This regulation is achieved by protein kinases such as
PKC. PKC is involved in TJ opening. At the cell membrane,
PKC can phosphorylate TJ proteins such as occludin. This
phenomenon has been observed when TJs are disassembled,
and the barrier function is disrupted.*” In the present study,
A23187 was used as it facilitates the transport of calcium ions
into the cytoplasm. This sudden calcium influx activates the
calcium-dependent PKC, leading to the disassembly of the TJs.
PMA works differently. PMA is an analogue of diacylglycerol,
one of the natural activators of PKC. In contrast to A23187,
PMA binds directly to a specific region of PKC which leads to
activation.*® This activation induces the translocation of PKC
to the cell membrane and the disassembly of TJs.

At a structural level, A23187 and PMA also are different.
A23187 is an antibiotic extracted from Streptomyces chartreu-
sensis** composed of a carboxylic acid with a pyrrole ketone
moiety, a substituted benzoxazole group and a spiroketal
ring.”®> Two molecules of this compound chemically coordinate
with a Ca®" ion, which serves as a cation carrier into the cell.*®
However, PMA possesses a phorbol group that contains a long
acyl chain, which confers it a highly hydrophobic nature
(PubChem database, https:/pubchem.ncbi.nlm.nih.gov, con-
sulted on November 9, 2021). Due to this property, PMA pos-
sesses a very high affinity for cellular lipid membranes®” and
probably a higher affinity than that of most fructans as fruc-
tans can only establish non-polar interactions with the cell
membrane. This difference in affinity between A23187 and
PMA for the cellular lipid membranes would likely be the
reason for the differences in the effectiveness of fructans in
protection from the barrier disruption induced by these agents.

We found that the long chain linear fructan ITF II had the
strongest protective effect on epithelial barrier integrity when
cells were challenged with A23187 and PMA. This confirms the
findings of Wu et al. who showed that pre-incubation of Caco-
2 Bbel monolayers or intestinal organoids exposed to short-
chain and long-chain inulins protects the intestinal epithelial
barrier from injury caused by enterohemorrhagic Escherichia
coli. In addition, they also demonstrated that barrier function
was reinforced through a PKC-dependent mechanism by a
set of techniques that included the host-kinome with a
282-peptide immune array, gene enrichment analysis, and
measurement of PKC isoform activities in the presence and
absence of specific-isoform inhibitors.**

The epithelial barrier disruption provoked by the fungal
toxin DON was not attenuated by the studied fructans. This
toxin is known to decrease the transepithelial resistance via
MAPK signaling.*® Our findings, therefore, suggest that fruc-
tans cannot prevent the MAPK pathway induced epithelial
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barrier disruption. This is in accordance with a previous report
where the microbiota-independent effects of galacto-oligosac-
charides (GOS) on intestinal epithelial integrity and the release
of IL-8 were studied and compared with those of FOS and
inulin, in combination with GOS or alone. To that end, the
different oligosaccharides were added to Caco-2 monolayers,
and after 24 hours of incubation the fungal toxin DON was
added to the cultures. Afterwards, the TEER and lucifer yellow
permeability were quantified to determine the integrity of the
intestinal barrier. Only GOS and not the fructans had protec-
tive effects on the impairment induced by DON.**

In addition to protecting against barrier disruption, the
studied fructans have also been shown to have other health
benefits. The prebiotic roles of inulin-type fructans and fruc-
tans from agave have been studied by our group and
others.?>*”*® These dietary fibers can exert an indirect ben-
eficial effect on intestinal homeostasis by modifying the micro-
biota composition and supporting the production of its meta-
bolic products such as short chain fatty acids (SCFAs).*® The
beneficial effect of SCFAs was demonstrated in vitro by
Commane et al. These researchers found that the epithelial
barrier of Caco-2 cells was strengthened by the fermentation
products of Bifidobacterium Bb 12, which was exposed to ITFs
of different molecular sizes.’ This finding was later confirmed
by Van den Abbeele et al. who demonstrated that the inulin-
fermentation products from adult microbiota strengthened the
gut barrier by increasing the TEER in Caco-2 cell monolayers
via SCFA production.”* Moreover, our group demonstrated that
inulin-type fructans contribute to the maturation of the glyco-
calyx, which is an important component of the gut epithelium
composed of glycans and proteins. The glycocalyx serves as a
scaffold for the binding of intestinal commensal microbiota
and it strengthens the gut barrier. By this, it avoids the
adhesion of pathogen microorganisms. Kong et al. demon-
strated that the incubation of Caco-2 cells with inulin-type
fructans increased the glycocalyx development by enhancing
its thickness and area of coverage of molecules that constitute
the glycocalyx such as albumin, heparan sulphate and hyaluro-
nic acid.>?

The protection by the studied fructans from the disrupting
action of A23187 was also reflected in the attenuation of the
inflammatory state of T84 cells, since along with the protection
from the epithelial barrier disruption, the concentration of the
pro-inflammatory cytokine IL-8 decreased significantly. IL-8,
also known as the chemotactic factor CXCLS, is considered an
essential pro-inflammatory cytokine that is constitutively
expressed by epithelial cells. This chemokine functions as an
early warning signal to cells in the underlying lamina propria.
When a potential danger is detected, it is released which sub-
sequently leads to inflammatory responses by recruiting
immune cells such as neutrophils to the site of injury.”*”* Yu
et al. previously demonstrated that A23187 stimulates IL-8 pro-
duction in T84 cells following the release of intracellular
calcium.” The exacerbated expression of this cytokine is also
strongly associated with intestinal inflammatory disorders
such as ulcerative colitis.*®

This journal is © The Royal Society of Chemistry 2022
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The observed regulatory effect of the studied fructans on
IL-8 production by T84 cells exposed to A23187 indicates that
fructans not only protect from barrier disruption but also con-
tribute to the lowering of inflammatory events as reported
before.'®>”

In the present study, a 17-fold increase of IL-8 production
was observed when stimulating T84 monolayers with PMA. It
is known that this epithelial disruptor activates PKC signaling
which leads to the up-regulation of IL-8 gene expression in T84
cells.”® The inflammatory effect observed was not influenced
by the studied fructans. IL-8 production was also not attenu-
ated by ITF II that protected from PMA induced barrier disrup-
tion, indicating that barrier disruption and regulation of
inflammatory processes in epithelial cells might involve
different pathways. A similar separate effect on barrier func-
tion inflammatory processes of fructans was observed for epi-
thelial cells treated with DON. The production of IL-8 in T84
cells challenged with DON was significantly reduced by both
studied ITFs in a chain-length dependent manner while
barrier disruption was unaffected. These results suggest an
MAPK-dependent regulatory role of ITFs on inflammatory pro-
cesses but the absence of such an effect on the barrier func-
tion of gut epithelial cells.

5. Conclusions

To the best of our knowledge, this is the first study where the
direct protective effects of GTFs on intestinal epithelial barrier
function are addressed. We demonstrated that GTFs, just like
ITFs, can prevent gut barrier disruption in a structure and
size-dependent fashion. Their effect is most pronounced in
calcium ionophore A23187-induced gut epithelial cell barrier
disruption. This is different for ITFs that showed efficacy in
not only A23187 but also PMA-induced gut barrier disruption.
Specifically, the longer chain ITF II had such an effect. Linear
ITFs in contrast to branched GTFs were able to reduce A23187
and DON-induced enhanced secretion of IL-8 by gut epithelial
cells. These fructans were ineffective in reducing DON induced
barrier dysfunction but efficacious in lowering inflammation,
which suggest that different pathways are involved in how fruc-
tans can influence barrier function and inflammatory pro-
cesses in gut epithelial cells.

Our results may lead to better and broader uses of agave
fructans in areas where agave is endemic and chicory inulin is
not available such as in Latin America.>® There are several
lines of applications of these fructans. They can be applied as
a substitute for human milk oligosaccharides, which have
health benefits in human milk. We show here that specific
fructans might be used to protect against barrier disruption.
Tailoring infant formulas supplemented with GTFs would be
an option for babies with specific gastrointestinal issues such
as premature babies.’® In addition, in adults our findings may
lead to new applications. Gastrointestinal discomfort and also
barrier disruption are very common issues in adults.>**® Food
with specific fructans may lead to lower frequencies of barrier

This journal is © The Royal Society of Chemistry 2022
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disruption and lower discomfort. In the pharmaceutical
sector, due to their non-digestible characteristics, ITFs have
been used as drug stabilizers and carriers, improving drug dis-
solution and facilitation of controlled release of drugs to
specific target sites such as the colon.®® Overall, the present
study contributes to a better understanding of the health pro-
moting effects of fructans and their applications in specific
chemistries to support specific health benefits.
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