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Abstract: Many functional food ingredients improve intestinal barrier function through their colonic
fermentation products short chain fatty acids (SCFAs). Effects of individual SCFAs have been well
studied, but the effects of SCFA mixtures—colonic fermentation products have been rarely investigated.
Therefore, this study used an EnteroMix semi-continuous model to simulate the colonic fermentation
of three widely used food ingredients, polydextrose, lactitol and xylitol in vitro, and investigated
the effects of their fermentation products on impaired colonic epithelial barrier function through
a mucus-secreting human HT29-MTX-E12 cell model. Fermentation of polydextrose and lactitol
produced mainly acetate, while fermentation of xylitol produced mainly butyrate and resulted in a
much higher butyrate proportion. All fermentation products significantly improved intestinal barrier
repairing as measured by increased transepithelial electrical resistance and decreased paracellular
permeability. Among these, xylitol fermentation products exhibited better repairing effects than that
of polydextrose and lactitol. Correlation analysis showed that the repairing effects were attribute
to butyrate but not acetate or propionate, implying that in the fermentation products butyrate may
play a major role in improving intestinal barrier function. Our results suggest that functional food
ingredients that mainly produce butyrate during fermentation may be of more value for improving
gut health related to chronic diseases.

Keywords: short-chain fatty acids (SCFAs); in vitro colonic fermentation; intestinal barrier function;
lactitol; polydextrose; xylitol

1. Introduction

The intestinal barrier is composed of gut microbiota, mucus, epithelial cells and some
immune cells [1]. It is an important physical barrier that protects the underlying tissue from
various pathogens and toxic substances [1]. Impaired intestinal barrier function has been
associated with many chronic gastrointestinal diseases like coeliac disease, colorectal cancer,
inflammatory bowel diseases, and also contributes to systemic diseases such as diabetes,
allergic diseases and even chronic kidney disease [1-3]. Therefore, the maintenance of a
healthy intestinal barrier, especially the repair of impaired barrier, is of great importance
for the improvement of chronic diseases.

Several studies have highlighted the role of short chain fatty acids (SCFAs) in such
areas. They are known to serve as energy source for colonocytes, enhance intestinal barrier
function, and help to repair wounded epithelium [4-6]. The three major SCFAs, acetate,
propionate and butyrate, have demonstrated positive effects on intestinal barrier function
in vitro [7,8], ex vivo [9], and in vivo [10-12]. However, the level of individual SCFA re-
quired for improving intestinal barrier function seems to be different [7,8,13]. Moreover,
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SCFAs are naturally produced in the colon by microbial fermentation of undigested carbo-
hydrates, but the composition of SCFAs in the fermentation products differs depending
on the source, microbiota composition, site of fermentation, and host genotype [14,15].
Thus, SCFA composition in different colonic fermentation products can vary significantly,
which may affect intestinal barrier function differently. Unfortunately, there are few stud-
ies assessing the effects of mixed SCFAs or colonic fermentation products on intestinal
barrier function.

Polydextrose (PDX), lactitol and xylitol are ingredients widely used in THE food
industry. They are non-digestible carbohydrates that can be fermented by colonic micro-
biota and have shown prebiotic properties [16-18]. The SCFA composition of fermentation
products has been analyzed previously [19,20]; however, the effects of these fermentation
products on intestinal barrier function have not been evaluated. The EnteroMix in vitro
model is a semi-continuous fermentation simulator that is used for studying colonic mi-
crobial fermentation, and has shown good correlations with in vivo studies [21]. Through
four sequentially connected vessels that simulate ascending, transverse, descending and
sigmoid colon, the EnteroMix model is able to achieve semi-continuous influx of nutri-
ents and efflux of waste products, thereby providing a physicochemical condition that
closely resembles the in vivo environment [21]. The HT29-MTX-E12 (E12) cell line is a
subclone of human colorectal adenocarcinoma cell line HT29-MTX [22]. Because of its
characterization on tight junction formation and adherent mucus production [22], E12
cells are highly suitable for studying intestinal barrier function. In the current study, the
EnteroMix model and E12 cell model were combined. SCFA production following in vitro
fermentation of PDX, lactitol and xylitol using EnteroMix model was analyzed, and the
effects of the fermentation products on impaired colonic epithelial barrier function was
investigated by an established HT29-MTX-E12 cell model [23]. The purpose of the study
was to investigate the effects of the fermentation products of two widely used sweeteners,
lactitol and xylitol, and one prebiotic, polydextrose, on impaired colonic epithelial barrier
function. It was hypothesized that fermentation products of PDX, lactitol and xylitol have
different beneficial effects on the repair of impaired intestinal epithelial barrier, and this
discrepancy is due to different SCFA production.

2. Materials and Methods
2.1. In Vitro Fermentations

The in vitro fermentation was performed using the EnteroMix model as previously
described [24,25]. Each simulator consists of four sequentially connected glass vessels, V1
to V4, to model different sections of the human colon from the most proximal to distal area.
Vessels V1, V2, V3, and V4 represent the ascending, transverse, descending and sigmoid
colon, respectively. A synthetic ileal simulation medium (containing starch, peptone,
tryptone, yeast extract, NaCl, KCl, mucin, casein, pectin, xylan, arabinogalactan, NaHCOj3,
MgSQOy, guar gum, inulin, cysteine, KH,POy, KoHPOy, bile salts, CaCly, FeSO,4, hemin
and tween 80) was prepared as previously described [21] and was used as the simulation
control (SC). The test substrates polydextrose (PDX), lactitol, and xylitol were obtained
from Danisco Sweeteners Oy, Kantvik, Finland. For the simulations, 2% mixtures of the
test substrates were prepared in the simulation medium. Two separate simulations were
run for 48 h whereafter the fecal simulation slurries were collected from all vessels. All
samples were stored at —80 °C prior to analysis.

2.2. Analysis of Short Chain Fatty Acids and Lactic Acid

The short-chain fatty acids and lactic acid in fecal simulation slurries were analyzed
using the method by Ouwehand et al. with modifications [26]. In short, internal standard
(100 puL 20 mM pivalic acid), 300 puL of water and 250 pL of saturated oxalic acid solution
were added to 100 pL of the sample. After thorough mixing, the sample was incubated
at 4 °C for 60 min, and then centrifuged at 16,000 x g for 5 min. The supernatant was
analyzed by gas chromatography using a glass column packed with 80/120 Carbopack
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B-DA /4% Carbowax 20 M stationary phase (2 m x 2 mm, Supelco, Bellefonte, PA, USA)
at 175 °C using helium as the carrier gas at flow rate of 24 mL/min. The temperature of
the injector and the flame ionization detector were 200 °C and 245 °C, respectively. The
concentration of acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid,
isovaleric acid, 2-methylbutyric acid and lactic acid was determined.

2.3. HT29-MTX-E12 Cell Culture and Treatments

The human mucus-secreting colonic cell line HT29-MTX-E12 was a kind gift from
Dr. David Brayden and Dr. Sam Mayer (UCD Conway Institute, Dublin, Ireland). E12
cells were maintained in growth medium consisting of Dulbecco’s Modified Eagle medium
(DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10%
fetal calf serum (FCS, Bio-Whittaker, Lonza, Belgium), 4 mM GlutaMax (Gibco), 10 mM
HEPES bulffer solution (Gibco), 100 U/mL penicillin and 100 pug/mL streptomycin (Sigma-
Aldrich, St. Louis, MO, USA) [23]. Before the experiments, cells were seeded at a density
of 2 x 10° cells/cm? on polyethylene terephthalate cell culture inserts with a pore size
of 0.4 pm in 6-well plates (BD Bioscience, Franklin Lakes, NJ, USA), and cultured in 5%
CO; humidified atmosphere at 37 °C for 43 days until fully differentiated as determined
by transepithelial electrical resistance (TEER). Deoxynivalenol (DON, Sigma-Aldrich)
was dissolved in 96% ethanol and further diluted in growth medium without FCS. E12
cells were then exposed to 50 uM DON for 3 days, after which the DON was removed
and compromised cell monolayer was treated with 5% fermentation products in growth
medium without FCS for another 5 days (until d 51). Growth medium without FCS and
fermentation products was used as negative control, and growth medium with 10% FCS
was used as positive control. All cell assays were conducted twice for each batch of
fermentation product. All solutions were filter-sterilized.

2.4. Evaluation of Epithelial Barrier Function

The epithelial barrier function is evaluated by measuring TEER and paracellular
permeability at d 51 as previous described [23]. TEER was measured in triplicate wells
using a Millicell-ERS Volt-ohmmeter (Millipore, Billerica, MA, USA) according to the
manufacturer’s instructions. Paracellular permeability was determined by measuring the
flux of 4 kD fluorescein isothiocyanate-dextran (FITC-D4, Sigma-Aldrich) across the E12
cell monolayer. Briefly, FITC-D4 was added to the apical compartment of the cell inserts
at a final concentration of 2.2 mg/mL in FCS-free growth medium. After 1 h incubation
at 37 °C, FITC-D4 in each basolateral compartment was measured in duplicates using
an EnVision 2103 Multilabel Reader (PerkinElmer, Waltham, MA, USA). Wavelengths of
excitation and emission were set at 485 nm and 538 nm, respectively. Data were presented
as mean =+ SEM, relative to the negative control (without fermentation products and FCS)
in each cell assay.

2.5. Statistical Analysis

The in vitro colonic fermentation was conducted twice, and cell assays were also
performed twice with duplicates for each fermentation. Data was analyzed using statistical
software R version 3.6.1 (R Core Team, Vienna, Austria) [27]. Data on SCFA produc-
tion, TEER and permeability was analyzed by two-way ANOVA in a mixed model using
substrates, simulation vessels (V1 to V4) and their interactions as fixed effects, whereas
simulation and assay numbers were considered as random effects. Normality of data was
tested by Shapiro-Wilk normality test and all data are normally distributed. Differences
among treatments were analyzed by Tukey’s test. Simple correlations between cellular
parameters (TEER and permeability) and SCFAs were evaluated by Pearson’s correlation
analysis. A p < 0.05 was considered significant.
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3. Results
3.1. SCFAs Production during Simulated Colonic Fermentation

After the in vitro colonic fermentation, the composition of SCFAs was analyzed. SCFAs
were produced due to the three substrates, but a small amount of SCFAs was also produced
throughout the four vessels due to the carbohydrate components such as starch, inulin, guar
gum etc. contained in the simulation medium. Overall, total SCFA production was between
43 to 176 mM, with some variation among different substrates (Figure 1). The fermentation of
simulation control (SC), PDX, and lactitol produced mainly acetate, while xylitol fermentation
produced mainly butyrate, and this pattern was constant throughout V1-V4.
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Figure 1. Overall SCFA production profile during in vitro fermentation. Polydextrose (PDX), lactitol
and xylitol was fermented in vitro by the EnteroMix fermentation model, simulation medium was
used as simulation control (SC) (n = 2). The production of acetate, propionate, butyrate and minor
SCFAs (iso-butyrate, 2-methylbutyrate, isovalerate, valerate, lactate) was measured. V1-V4, vessel 1
to vessel 4, represent the ascending, transverse, descending and sigmoid colon. Data are presented as
mean + SEM (mM). For detailed statistical analysis, see Figure 2.
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Figure 2. Production of total and major SCFAs during in vitro fermentation. Polydextrose (PDX), lactitol and xylitol was
fermented in vitro by the EnteroMix fermentation model, and simulation medium was used as simulation control (SC).

V1-V4, vessel 1 to vessel 4, represent the ascending, transverse, descending and sigmoid colon. The production of acetate,
propionate, butyrate and total SCFAs is presented as mean + SEM of two fermentations (n = 2). Within each vessel (V1-V4),
bars with different letters differ significantly at p < 0.05 according to Tukey’s test.
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When compared with SC, all three substrates increased total SCFA production signifi-
cantly except PDX in V1 (p = 0.106, Figure 2). The total SCFAs production was tripled by
lactitol fermentation (~176 mM) and doubled by PDX and xylitol fermentation (~134 mM)
from V1 to V3, but it was not significantly different between the 3 substrates in V4 (133 mM,
107 mM, and 109 mM, respectively). For individual SCFAs, although PDX fermentation
doubled acetate and butyrate concentrations compared with SC, they were not statisti-
cally different. Lactitol fermentation resulted in the highest acetate production (~101 mM,
p < 0.05) in V1-3 among all simulations. Xylitol fermentation did not increase acetate con-
centration as compared with SC, but resulted in the highest butyrate production (~94 mM,
p <0.01) except V1. Propionate production was almost constant among substrates and
vessels, but only PDX fermentation led to a small increase in V2 and V3 compared with SC
(~32mM, p < 0.05).

Despite the differences in actual concentrations, the proportion of each individual
SCFA during the fermentation of SC, PDX, and lactitol did not differ. Xylitol fermentation
resulted in significantly lower acetate percent except V1 (14-22%, p < 0.01) and higher
butyrate percent (62-70%, p < 0.01) due to the production of butyrate (Table 1).

Table 1. Major short chain fatty acids production shown by proportion during in vitro fermentation.

Substrates
Vessels
SC PDX Lactitol Xylitol

Acetate \al 496 +61%2 4524+ 12.6% 609 +£33%2 21.6+13.1%P
V2 481 +6.2%2 469 +45%?3 57.6+40%3 140+ 8.1%P

V3 47.8 +59%32 476 +£23%?2  563+13%?2 137 +34%P

V4 49.0 +£51%°? 489 +£29%? 547 +20%2 1624 1.7%P

Propionate \al 262+ 24%2 168+ 89%3  414+26%P 9.9 +0.7%P
V2 250+19%3%  266+60%2 109+0.0%° 13.6+6.1%3

V3 235+ 1.7% 26.7 +2.7% 13.8 + 1.4% 15.6 & 6.2%

V4 215+ 1.6% 243 +1.9% 15.1 £ 0.9% 16.3 + 3.8%
Butyrate V1 163+38%P  222+114%P 350+59%P 655+ 11.5%2
V2 18.0 £ 4.2%"P 233 +37%P  306+42%P  702+13%2

V3 20.1 +4.0%Pb 25+21%bP  280+02%° 6694 3.0%?

V4 209 +35%b 27+02%bP  27.0+27%° 621+53%2

Data are presented as mean percent + SEM of two fermentations (n = 2). Within a row, numbers with different
letters differ significantly at p < 0.05 according to Tukey’s test. SC, simulation control; PDX, polydextrose.

3.2. Effect of Fermentation Products on Epithelial Barrier Function

When compared with the negative control (growth medium without FCS and fer-
mentation products), all fermentation products including that of SC alone significantly
increased TEER (123-168%, p < 0.001) and decreased the paracellular permeability (36-64%,
p < 0.001) of compromised E12 monolayers (Figure 3). The effects of PDX fermentation
products on TEER and permeability did not differ from that of SC. Lactitol fermentation
products increased TEER to an equivalent level compared with that of SC, but those from
V2 and V4 resulted in lower permeability (p < 0.01). Xylitol fermentation products from
V3 and V4 significantly increased TEER (p < 0.001) and decreased permeability (p < 0.01)
compared with SC, and fermentation products from V4 led to highest TEER (p < 0.001)
while that from V3 resulted in the lowest permeability (p < 0.05).
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Figure 3. Effect of fermentation products on the epithelial barrier function. HT29-MTX-E12 cells were pre-treated with

deoxynivalenol, and then 5% fermentation products of simulation control (SC), polydextrose (PDX), lactitol and xylitol were

added. Transepithelial electrical resistance (TEER) and paracellular permeability data were obtained from four independent
cell assays with duplicates (n = 8), and presented as mean values &= SEM, relative to negative control (NC = 100%). NC
indicates growth medium without FCS and fermentation products. V1-V4 indicates vessel 1 to vessel 4 in in vitro EnteroMix

fermentation model. All fermentation products differed significantly with NC (p < 0.001), and only differences between

fermentation products are shown in the figure. Different lowercase letters indicate significant differences between four

fermentation products within each vessel at p < 0.05 according to Tukey’s test.

To better understand the relation between SCFAs and epithelial barrier function,
correlation analysis was carried out (Table 2). Total SCFAs and butyrate concentration, as
well as butyrate proportion, were positively correlated to TEER (p < 0.05), and negatively
correlated to permeability (p < 0.001). However, acetate and propionate concentration were
not correlated to TEER or permeability, but their proportion were negatively correlated to
TEER (p < 0.05) and positively correlated to permeability (p < 0.05).

Table 2. Correlations between cellular parameters (TEER and permeability) and SCFAs.

TEER Permeability
r p r P
Actual concentration (mM)
Acetate —0.096 0.293 —0.106 0.249
Propionate 0.055 0.543 —0.109 0.234
Butyrate 0.428 <0.001 —0.391 <0.001
Total SCFAs 0.204 0.024 —0.334 <0.001
Proportion of total SCFAs
Acetate —0.333 <0.001 0.221 0.015
Propionate —0.212 0.019 0.231 0.011
Butyrate 0.450 <0.001 —0.368 <0.001

r, Pearson’s correlation coefficient. p, significant level, p < 0.05 was considered significant.

4. Discussion

In recent decades, PDX, lactitol and xylitol have increasingly been investigated in
gastrointestinal research, especially in those studies related to colon health. Their beneficial
effects on colon epithelium are mostly achieved by the modification of microbiota and the
production of SCFAs [16-18]. In concert with a previous study, xylitol fermentation mainly
leads to a dramatic increase of butyrate [20]. In our study, PDX fermentation increased
all three major SCFAs to a small extent, but not as much as lactitol and xylitol and not
statistically differently to the control. Interestingly, although there are small increases in
actual amounts, the proportion of individual SCFAs remained constant throughout V1 to
V4, and the fermentation pattern was the same as reported in other studies [20,21]. The
reason that PDX fermentation only led to small insignificant increases may be attributed to
its slow fermentation [28]. Because of its complex structure, PDX is gradually degraded
and fermented by the colonic microbiota, and therefore leads to a sustained production of
SCFAs from proximal to distal colon [17]. Our results also showed that lactitol fermentation
increased acetate the most, followed by butyrate, which is consistent with the findings of
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Makivuokko et al. [19]. However, Probert et al. reported that the main SCFA in lactitol
fermentation products is butyrate [29], whereas Beards et al. showed that acetate and
propionate increased by the same amount [30]. This inconsistency may be due to the
difference in the in vitro fermentation methods.

Few previous studies have reported that SCFA mixtures and in vitro fermentation
products can improve intestinal barrier function [23,31]. Our results also showed that all
fermentation products increased TEER and decreased paracellular permeability of the com-
promised E12 cell monolayer, indicating that the production of SCFAs promotes intestinal
barrier repair. Notably, despite the huge variation in actual SCFA concentrations, the fer-
mentation products of PDX and lactitol did not provide additional benefits compared with
SC. One possible reason could be that only 5% of the fermentation products were added to
the cell culture medium, thus the variation in final SCFA concentration may not be large
enough to make a difference to barrier repair. Nevertheless, xylitol fermentation products
showed better barrier repairing effect at the same low concentration level, suggesting the
small difference in final SCFA concentrations may not be the main reason for the lack of ef-
fect. In our study, fermentation of SC, PDX, and lactitol produced mainly acetate, resulting
in a constant SCFA proportion, while xylitol fermentation produced mainly butyrate, and
led to much higher butyrate proportion. It seems that the better barrier repairing effects
of xylitol fermentation products were attributed to butyrate, as also supported by the
correlation analysis. Although all three major SCFAs were reported to improve intestinal
barrier function, butyrate was likely to be the most potent [7,8,13]. Butyrate is mostly
utilized locally by colonocytes as a direct energy source, and provides 60-70% of the energy
that is required for colonic cell proliferation and differentiation [14]. Conversely, acetate
and propionate act more systemically in vivo, as the majority are rapidly absorbed and
transported to the liver, and used as substrates for gluconeogenesis, lipogenesis, protein
synthesis or cholesterol synthesis [3,5]. Moreover, the discrepancy among acetate, propi-
onate and butyrate was also assumed as partially related to their different ability to cross
the cell membrane [7]. Nevertheless, in a previous study with the same cell model, no
consistency between the cellular effects (including barrier function and gene expression)
and the levels of butyrate in the fermentation products was observed [23]. Yet, correlation
analysis was not conducted, and the concentration of acetate and propionate were not
measured in that study. The missing information makes direct comparison with our study
very difficult, as the beneficial effects on barrier function may also come from high butyrate
proportion [31]. Chen et al. found that SCFA mixtures with 20% and 50% butyrate repaired
disrupted barrier function, and 50% butyrate further increased the TEER value [31]. In our
study, fermentation products with 16-35% butyrate (SC, PDX and lactitol) improved barrier
function to an equivalent level, while fermentation products with 60-70% butyrate (xylitol)
led to a better barrier repair. Our observation fits well with the findings of Chen et al., sug-
gesting that the proportion of butyrate may actually also be a key factor for barrier repair.
Hence, the better reparative effects of xylitol fermentation products observed in our study
are likely to be due to the high production of butyrate. It has been reported that butyrate
facilitates cell differentiation, and enhances intestinal barrier function by reinforcing the
tight junctions [3,32,33], as well as increasing mucin production [3,34]. Our results imply
that in colonic fermentation products, butyrate may play a major role in intestinal barrier
repair. Of course, the benefits of acetate and propionate cannot be excluded [10,11,35];
there may even be synergistic effects with butyrate.

Our results showed that xylitol may be more potent than PDX and lactitol in improving
intestinal barrier function. However, it was found that low concentrations of SCFAs
promote intestinal barrier function, while high concentrations have no beneficial effects
and may even disrupt barrier function [23,31]. Thus, fibers with slow but steady SCFA
production like PDX could be beneficial in vivo compared to quickly fermented ones that
cause localized high SCFA concentrations [17,31]. In contrast, xylitol is readily fermented
by colonic microbiota, but it is important to note that half of the consumed xylitol is
absorbed in the small intestine in vivo, which leaves only 50% of the dietary xylitol available
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for colonic fermentation [18]. Therefore, their effects in vivo may not be the same as
shown in vitro, and its promising effects warrant further studies. In addition, acetate
is a fermentation product of most gut bacteria, whereas butyrate and propionate are
produced by more specific bacterial species [3]. Although all these ingredients have shown
prebiotic potential [17,18,36], apparently, they have different fermentation patterns, which
could be influenced by different microbial composition. Unfortunately, the changes in the
microbiome were not assessed in the present study, but it would be worthy investigating
how these changes could influence the observed results.

5. Conclusions

In conclusion, the current study combined an in vitro EnteroMix semi-continuous
colonic fermentation simulator and a mucus-secreting human HT29-MTX-E12 cell model,
simulated the fermentation of three widely used food ingredients and their effects on
impaired colonic epithelial barrier function in vivo. Our results showed that fermentation
of PDX, lactitol and xylitol produced different amount of SCFAs, and their fermentation
products promoted the repair of disrupted intestinal barrier in vitro. Among the three
tested ingredients, xylitol fermentation resulted in better reparative effects than PDX
and lactitol, and this is likely to be due to the high production of butyrate. Therefore,
with regard to the selection of functional ingredients for improving gut health related to
chronic diseases, the ingredients that mainly produce butyrate during fermentation may of
particularly interests.
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