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Abstract

Introduction Organic acids from plant food have been
shown to play an important role in the prevention of
chronic diseases (osteoporosis, obesity), inherent to wes-
tern diets, but little is known about their bioavailability in
the small intestine, information that needs to be determined
in order to quantify likely effects on human health.
Methods An in vitro model of human digestion was
carried out, comprising simulated oral, gastric and pan-
creatic digestion followed by an in vitro model of small
intestine absorption using Caco-2 cell monolayers. As
models for fruits and vegetables, freeze-dried or raw
samples of banana and sweet potato were used.

Results Organic acids have been found to be slowly
released from the food matrix during simulated digestion of
both banana and sweet potato, either raw or after freeze-
drying. In the Caco-2 cell assay, malic and oxalic acids
were absorbed more than citric acid. Oxalic and citric
acids, but not malic acid, were transported across the cell
monolayer. The release and uptake of major organic acids
from model fruits and vegetables using established in vitro
simulation processes was not quantitative and varied with
acid type.
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Conclusion Partial uptake is consistent with a dual
nutritional role for organic acids as alkalinising agents
(fraction which is taken up) and as modulators of large
intestinal function (fraction which is not taken up in the
small intestine). Studies of in vivo digestive release and
uptake are needed in order to identify the contribution of
organic acids to the nutritional value of fruits and
vegetables.
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Introduction

Several studies have shown the link between the con-
sumption of fruits and vegetables—rich in biologically
active compounds—and the prevention of chronic pathol-
ogies such as cancer, obesity and cardiovascular diseases
[1-3]. Most of the emphasis in studies of nutritional fruits
and vegetables has been on vitamin and other phyto-
chemical components such as carotenoids and anthocya-
nins [4]. Organic acids are less intensively studied, but are
a characteristic feature of fruits and vegetables and one of
the components of a diet rich in plant-based foods that have
become depleted in Western-style diets [5]. Therefore, the
intake and the bioavailability of micronutrients such as
organic acids need to be determined to quantify likely
effects of food on nutritional status for the population.
Previous studies have established the preventive health
benefit of organic acid consumption from fruit and vege-
tables [6—11]. Indeed, these are the main sources of organic
acids (chelated with potassium or magnesium) such as
malate and citrate, which have been shown to exert
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alkalinizing effects after metabolism, with a potential to
prevent low-grade metabolic acidosis inherent to western
diet consumption [12-14]. These organic anions are
absorbed in the digestive tract and metabolised in various
tissues, especially the liver and intestine, and finally pro-
duce CO, and energy [15]. In plant foods, they are partially
neutralised, essentially by potassium. This leads to the
production of potassium bicarbonate which neutralises
fixed acidity produced from protein catabolism [12].
Besides their alkalinising effect, interest in organic acids is
increasing due to their potential to modulate short-chain
fatty acid (SCFA) production in the large intestine. Previ-
ous work on rats has shown that a fibre diet supplemented
with potassium citrate changes the caecum SCFA profile
by decreasing succinate and increasing butyrate concen-
trations; compared to a non-supplemented fibre diet [16].
Production of SCFA, especially butyrate, is important for
colonic health and may potentially increase mineral
absorption, particularly calcium or magnesium, by lower-
ing the colon pH [17]. Moreover, SCFA might improve
mineral absorption by chelating divalent cations which
would increase their uptake by intestinal cells [18].

To date, measurements of total concentrations of
organic acid nutrients have been reported. To achieve
nutritional effects in a specific tissue or organ, all bio-
active compounds must be bioavailable, i.e. released from
the food and effectively absorbed from the gut into the
circulation. Conversely, for effects in the large intestine,
bioactive compounds should not be fully absorbed by the
end of the small intestine. To assess potential bioavail-
ability, in vitro digestion/Caco-2 cell culture models have
been developed in recent years. The model modified from
Glahn et al. and from Laurent et al. has been used in the
current study [19-22]. In vitro digestion simulates the
physiochemical and biochemical conditions encountered
in the gastrointestinal tract and is used to estimate the rate
and extent of release of bioactive compounds from the
food matrix into the intestinal lumen (bioaccessibility)
and therefore potentially available for uptake. Originally
derived from human colon adenocarcinoma, Caco-2 cells
have been studied for their ability to differentiate into
enterocytes. The cells can express some features charac-
teristic of mature small intestinal cells, such as a well-
defined brush border on the apical cell membrane and
tight junctions that only allow molecular passage through
cells; as occurs primarily in the digestive tract [23, 24].
This in vitro model is currently the best approach, in term
of cost and time, to investigate the bioavailability of food
component as a prelude to in vivo studies. Thus, the use
of Caco-2 cells is acceptable even though there may exist
some physiological differences compared to in vivo
conditions, due to the fact that the Caco-2 cells are of
human origin.
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The objective of the present study is to determine the in
vitro release and absorption of organic acids from plant
origin, namely citric, malic and to a lesser extent oxalic
acids, which are known to play a key role in western diet-
induced metabolic acidosis protection [12]. Thus, to further
understand organic acid bioavailability from banana and
sweet potato as examples of a fruit and a vegetable, an in
vitro model combining human gastric and pancreatic
digestion followed by human intestinal absorption (via
Caco-2 cells) was investigated in this study.

Materials and methods
Chemicals

Citric, malic and oxalic acid were purchased from Sigma
(Castle Hill, Australia). Amylase (human salivary), pepsin,
bile extract and pancreatin (from porcine stomach mucosa
and pancreas) were purchased from Sigma. Dulbecco’s
modified Eagle medium (DMEM), non-essential amino
acid solution (NEAA), L-glutamine solution, antibiotic
solution (100 U/L penicillin G and 100 pg/mL strepto-
mycin), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer solution and Foetal bovine serum
(FBS) were purchased from Invitrogen (Mulgrave,
Australia). Hank’s Balance Salt Solution (HBSS), 0.02%
Ethylenediaminetetraacetic acid (EDTA), Dimethyl Sulf-
oxide (DMSO) and 0.25% Trypsin/l mM EDTA solution
were purchased from Sigma. HPLC methanol was
purchased from LABSCAN (Taren Point, Australia).
1,4-Piperazinediethanesulfonic acid (PIPES) was pur-
chased from Sigma.

Sample preparation

Fresh mature banana (Musa acuminata) and sweet potato
(Ipomoea batatas) samples were purchased from the local
supermarket. Sweet potatoes and peeled bananas were cut
into small cubes (size: 1 cm’) immediately prior to the in
vitro digestion experiment. The freeze-dried samples were
prepared as follows: fresh bananas and sweet potatoes were
cut into small cubes (1 cm®) and placed into petri dishes.
After overnight storage at —20 °C, they were freeze-dried
for 80 h at —50 °C and 10.5 mPa. Thereafter, the dried
pieces were stored in a desiccator or manually ground into
powder and stored at 4 °C until analysis.

In vitro model for human digestion
The protocol was developed by modifying the method of

Glahn et al. and Laurent et al. [19-22]. Fresh (4 g) or
freeze-dried (1 g) banana and sweet potato were ground
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with a food chopper from Zyliss® (Oxenford, Australia),
applying ten pressures for all samples to simulate masti-
cation. Chopped samples were transferred into 5 mL of
saliva solution (1.3 mmol/L CaCl,; 0.2 mmol/L MgSOy;
12.8 mmol/L KH,POy; 23.8 mmol/L. NaHCO;5; pH 6.9)
containing phosphate buffer (diluted 1:5) in a 50-mL falcon
tube. a-Amylase (10 pl, 100 U/L) was added and the
samples were incubated in a shaking water bath (37 °C,
55 rpm) for 10 min. To mimic the gastric step, 5 mL of
gastric juice (130 mmol/L NaCl, 5 mmol/L. KCI, 5 mM
PIPES) containing 0.5 mL of pepsin solution (0.2 g of
pepsin dissolved in 5 mL HCI 0.1 mol/L) was added. The
pH was adjusted to 2 with 1 N HCI, and the samples were
incubated (37 °C, 55 rpm) for 60 min. After incubation,
the pH was raised to 6.0 by dropwise addition of 1 M
NaHCO; to reproduce the pancreatic medium, and then
2.5 mL of pancreatic-bile extract (0.05 g of pancreatin and
0.3 g of bile extract dissolved in 25 mL. NaHCOj3 0.1 mol/
L) was added together with 20 mL of duodenal solution
(120 mmol/L. NaCl; 5 mmol/L KCI). The pH was adjusted
to 7.0 with 1 M NaHCOs, and the samples were incubated
for 60 min (37 °C, 55 rpm).

Aliquots were collected at 10 min during the mouth
step and at 20, 40 and 60 min during gastric and pan-
creatic digestion. To inactivate the enzymes, all collected
digests were put on ice for 10 min. Then, the aliquots
were filtered with a Millipore syringe filter of 0.45 pm,
filtered through a 300 mg C18 Sep Pak SPE from and
stored at 4 °C until HPLC analysis or transport experi-
ments were conducted.

Cell culture

Caco-2 cells were obtained from the American Type
Culture Collection (ATCC® HTB-37™) and used in the
study between serial passage 24 and 30. Caco-2 cells were
maintained and expanded in a 25-cm® flask at 37 °C in an
atmosphere of 5% CO2 and 95% air at constant humidity.
The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% FBS, 1%
L-glutamine, 1% NEAA for 7 days until reaching 80% of
confluence. Then, the cells were harvested by treatment
with 0.25% Trypsin/l mM EDTA, washed and resus-
pended in DMEM with 10% FBS for 7 days (until 80% of
confluence) into a new 25-cm’ flask. For the transport
experiment, the cells were seeded at a density of
100,000 cells/insert in a polycarbonate membrane-coated
transwell cell culture insert (pore size 0.4 pum; 24-well
plate; 6 mm, Corning Costar) from DKSH (Hallam,
Australia). The culture was performed for 21 days post-
confluence in DMEM supplemented with 1% antibiotic
solution. The medium was changed every 2 days until day
21.

Transport study of organic acids by Caco-2 cells

Measurements of the trans epithelial electrical resistance
(TEER) were performed using a Millicell-ERS (Millipore)
probe equilibrated with the HBSS-25 mM HEPES buffer.
Measurements were done before and after each transport
bioassay. The TEER is the measurement of the tissue resis-
tance and is a sensitive and convenient method to assess and
validate the integrity of the monolayer. The values obtained
are determined by the cellular resistance (between luminal
and serosal membrane) and the paracellular resistance (tight
junctions). These TEER values were corrected by the TEERs
of transwell inserts without monolayer containing the HBSS-
25 mM HEPES buffer. If the cell monolayer contains non-
tight junctions, the TEER value is lower (<200 ohm/cm?)
than for tight junctions (up to 1,000 ohm/cmz) [25].

Samples collected at 60 min from the simulated pancre-
atic step were investigated for their potential to be absorbed
across the intestinal epithelium using the Caco-2 cell-based
model. Pure citric, oxalic and malic acids at 1 mg/mL were
also investigated. During the bioassay, 200 ul of digested
samples (previously filtered as mentioned above) or stan-
dards were placed in the apical chamber (Fig. 1) of the
inserts, and the transport of target species into the basolateral
chamber was monitored by analysis of sample aliquots as a
function of time. An aliquot of 400 pl from the basolateral
chamber was collected every 30 min for 2 h. At the end of
the experiment, remaining aliquots from the upper chamber
were also collected to compare the concentration of organic
acids from the initial time (Fig. 1). Each aliquot collected
after trans-cellular transport was analysed by HPLC for
organic acid concentrations.

HPLC analysis of organic acids

Organic acid concentration was measured by HPLC before
commencing transport experiments. Standards of pure
organic acids (malic, citric, oxalic) were prepared at 1 mg/
mL in ultrapure water (Milli-Q water purification system,
Millipore Australia Lty Ptd) as well as a standard mixture
(of all acids) for calibration curves at various final con-
centrations (1, 7.5, 15, 25, 75, 100, 250, 500 pg/mL, and
1 mg/mL). Samples were also prepared by extraction of
ground freeze-dried crops. Powder (0.5 g) was weighed
into a 10-mL plastic vial, and 1% H3PO, (5 mL) was
added. The vials were shaken on an orbital shaker (IKA
KS260) for 30 min (400/450 rpm) and centrifuged at
1,900 g for 10 min (at 22 °C). The supernatant was
collected and incubated overnight with 20 pl of pectinase
at 37 °C (Optivin® 5XL, Croydon, Australia) to remove
any pectin in order to avoid column blockage. Lastly, the
samples were filtered with a Millipore syringe filter of
0.45 pm from Pall (Melbourne, Australia) and filtered
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Fig. 1 Schematic diagram of the in vitro Caco-2 cell model for
intestinal absorption. During the bioassay, 200 pl of digested samples
or standards are placed in the apical chamber of the inserts and the
transport of target species into the basolateral chamber is monitored
by analysis of sample aliquots as a function of time. An aliquot of

through a 300-mg C18 solid phase extraction column (SPE)
from Alltech (Baulkham Hills, Australia) as follows: the
SPE was conditioned with 1 mL of 100% methanol and
then rinsed with 5 mL of pure water to remove any residual
methanol. A volume of 3 mL of extract was passed through
the SPE and 1 mL was collected for analysis.

The instrumental setup used was an HPLC Shimadzu
instrument (Tokyo, Japan) composed of a SIL-10AD auto
injector, a LC-10AT pump, a DGU-14A degasser, a CTO-
10AS column oven, a SPD-10AS UV Vis detector and a
SCL-10A system controller. Separation of the organic acids
was achieved using an isocratic mobile phase composed of
25 mM potassium phosphate at pH 2.5. The column used
was an Alltech Prevail OA (GRACE Davison Discovery
Sciences, Victoria, Australia), 5 um, 250 x 4.6 mm, and
the mobile phase was set at a flow rate of 1 mL/min. The UV
detection was at 210 nm and the column temperature at
25 °C. The injection volume was 20 pl.

Statistical analysis

Values are given as the means £ SEM, and significance of
differences (P < 0.05) between mean values was deter-
mined, by analysis of variance (ANOVA) using a general
linear model (GLM), with Minitab 15 Software.

Results

Chromatography validation

Validation of the method included assessment of accuracy,
linearity, precision and limits of detection. The results are
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400 pl from the basolateral chamber is collected every 30 min for
2 h, and at the end of the experiment, remaining aliquots from the
upper chamber are also collected to compare the concentration of
organic acids from the initial time. HBSS, Hank’s balance salt
solution

summarised in Table 1. The accuracy of the method was
tested with different concentrations of the standards.
Recoveries of citric, oxalic and malic acids from the
Prevail organic acid column were higher than 86%. The
calibration curves were prepared using 8 concentrations
within the range 7.5-1,000 pg/mL. The linearity of
response for the standards was high as shown by the
regression coefficients (r*) which were greater than 0.998.
The intraday precision was tested with 6 repeated samples
of each organic acid. The relative standard deviations
(RSD) were less than 5%. The limits of detection (n = 6)
at a signal-to-noise ratio of 3 were 10.7, 8.9 and 0.4 pg/mL
for citric, malic and oxalic acids, respectively.

In vitro digestion and release of organic acids

Figure 2 shows the HPLC chromatograms of total organic
acids and their release after simulated gastric and pancre-
atic digestion, from banana (a) and sweet potato (b). It is
interesting to observe that chromatograms of total organic
acids before and after digestion have different patterns.

Quantification of the results from in vitro gastric and
pancreatic banana digestion is shown in Fig. 3. The per-
centage of release of oxalic acid (Fig. 3a) and citric acid
(Fig. 3b) is higher from fresh fruit than from processed
ones, but the maximum amount released after combined
gastric and intestinal simulated digestion was 50%. Each
step of digestion (mouth, gastric and pancreatic) caused a
significant (P < 0.05) release of organic acids, especially
of oxalic acid, from the food matrix compared to the pre-
vious step. The release was also more relevant during the
pancreatic/intestinal step with a maximum release after
20 min.
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Table 1 Chromatography validation including calibration curve parameters, accuracy, precision and limits of detection of the organic acid
standards

Y =aX + b* % Recovery” Precision (RSD)? LOD® (pg/mL)
a b 2
Citric acid 15 27.0 0.9998 86.6 0.8 10.7 £ 2.1
Malic acid 1.1 12 0.9999 104.8 47 89+ 1.6
Oxalic acid 1.7 11.8 0.9999 101.2 2.5 04 +0.1

# In the calibration formula, a is the slope of the regression line and b is the intercept of the regression line
° The percentage of recovery has been calculated from the Prevail organic acid column

¢ The corresponding concentrations to the LOD for citric, malic and oxalic acids are 15, 15 and 1 pg/mL, respectively. Values are the
means = SD (n = 6)

d RSD, relative standard deviation
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Fig. 2 HPLC chromatograms of total organic acid concentration as well as the chromatograms of organic acid released after simulated gastric
and pancreatic digestion, from banana (a) or sweet potato (b)
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Fig. 3 Kinetic of release of oxalic acid (a) and citric acids (b) during
in vitro mouth-, gastric- and pancreatic-simulated digestion of fresh or
processed banana. ¢ Kinetic of release of oxalic acid during in vitro
digestion of fresh or processed sweet potato. Values are the
means == SEM (n = 3) determined by HPLC, expressed as a
percentage of the initial concentration in dry (for freeze-dried) or
fresh crops

A similar trend was observed for the sweet potato
samples, with an increased release during the pancreatic
step of oxalic acid: 10.7 and 11.5% from fresh and freeze-
dried, respectively (Fig. 3c). However, the percentage
amount of oxalic acid released from sweet potato samples
was much less than from banana (ca 10% vs. ca 40%).

Transport study of organic acids by Caco-2 cells

In our study, the cell monolayer TEER values were ranging
between 500 and 800 ohm/cm? (data not shown). The pure
acid standards were tested during the transport bioassay. A
significant decrease of malic acid concentration of ca 65%
(P < 0.05) was observed in the upper chamber after 2-h
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4 mouth I gastric I pancreatic Table 2 Pure organic acid concentrations in the inserts (apical
S 80 chamber) before (¢ 0 min) and after (+ 120 min) the in vitro Caco-2
© I | cell transport bioassay
© 50 ol
% 40 I el l/ ¢ Organic acid concentration % of disappearance
5 | 7 [ \ (ng/mL)
‘S 30
S Y I £ 0 min £ 120 min
o 20 I ,’ £
3 10— 'f — V- -fresnbanana Citric acid ~ 475.9 &£ 1.1  3445+£366  27.6
.,‘OZ V : freeze-dried banana Malic acid  761.1 £4.0 2653 £ 18.6* 65.1
0 A T ¥ T . . *
X 10 20 0 60 20 0 50 Oxalic acid 3469 £ 2.3  122.6 £29.3 64.7

Values are the means = SEM (n = 3) expressed in pg/mL

* A significant difference (P < 0.05) compared to the initial state (¢
0 min)

incubation (Table 2). In contrast to malic acid, a much
lower (statistically insignificant) decrease in citric acid
(around 28%) from the upper chamber concentration was
observed (Table 2).

A significant disappearance of oxalic acid (similar to
malic acid) of 65% was observed from the upper chamber
(Table 2). It should be noted that oxalic acid was the only
standard acid found in the bottom chamber with a per-
centage of recovery quite high (around 70%).

The in vitro transport of organic acids from banana and
sweet potato is illustrated in Fig. 4a and b, respectively.
We can observe from the HPLC chromatograms that the
patterns are different before (# 0 min) and after (r 120 min)
the bioassay in the apical chamber, showing that some
components have disappeared from the apical side of the
monolayer. The chromatogram from the basolateral
chamber shows that oxalic acid peak was detected after
120 min from both banana and sweet potato digests in
contrast to citric and malic acid peaks which were not
detected in the basolateral chamber.

The oxalic acid flux via the cell monolayer for samples
released from fresh or freeze-dried banana digests is shown
in Fig. 5. The values obtained for oxalic acid flux were
between 10 and 30 pg/min/cm?* with a maximum flux at 30
and 60 min for fresh and freeze-dried banana, respectively.
By expressing the passage rate (ng/min) as a function of
cell monolayer area (cm?), it is possible to extrapolate to
potential in vivo uptake rates by choosing an appropriate
value for intestinal epithelial cell areas available for uptake
in vivo.

Discussion
In vitro digestion and release of organic acids
The different patterns observed from HPLC chromato-

grams of organic acid digestion release (Fig. 2) seem to
indicate that individual organic acids are released
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Fig. 4 HPLC chromatograms of organic acid concentrations in the apical chamber before (r 0 min) and after (+ 120 min) the cell monolayer
transport bioassay as well as the organic acid concentrations in the basolateral chamber at # 120 min; from banana (a) and sweet potato (b)

differentially from the cell matrix after gastric and pan-
creatic digestion. Quantification of the results from in vitro
gastric and pancreatic banana digestion (Fig. 3) confirms
this observation and shows that acids were released grad-
ually and incompletely. As they are such small and
hydrophilic compounds, it is perhaps surprising that the
organic acids released were globally less than 50% of the
total content. This is most likely due to slow passage of
organic acids across cell walls during the in vitro digestion
process and the lack of cell wall-degrading enzymes in the
upper digestive tract, thus limiting the amount of organic
acids released. If this mechanism is correct, then release of
organic acids would be predicted to occur mostly in the
large intestine where microbial enzymes would be

expected to breakdown cell walls and enhance release of
organic acids from the food matrix.

The difference of amount of acids released from sweet
potato suggests that plant structure has an influence on the
rate and extent of release. The more robust cellular struc-
ture of sweet potato is the most likely reason for the dif-
ferent rates and extent of release of, for e.g., oxalic acid
from sweet potato and banana. The difference between the
two crops in terms of release behaviour was greater than
the difference between fresh and dried forms of the same
crop (Fig. 3).

These preliminary results are very interesting as to the
best of our knowledge; the release of organic acid from
plant-based foods during digestion has not previously been
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studied in vitro. Many other nutrients such as carotenoids
[26], iron [27, 28], calcium [29, 30] or polyphenols [27, 31]
have been studied for their intestinal bioavailability using a
model of in vitro digestion alone or combining in vitro
digestion/Caco-2 cell. However, in most of these studies,
the digests were directly used for intestinal absorption
without focusing on the nutrient release as a function of
time per se. A few studies have investigated digestion
nutrient bioavailability. Among them, one study [32]
evaluated the bioavailability of carotenoids and tocophe-
rols present in broccoli using both in vitro and in vivo
approaches. During their in vitro digestion, the authors also
collected samples from each step of the digestion for
nutrient analysis. They discovered that more than 75% of
lutein, f-carotene, retinol and a-tocopherol remained
within the food matrix at the duodenal phase.

From our study, HPLC analysis of processed sweet
potato digests, compared to fresh samples, indicated that a
smaller part of the total acids was available after the in
vitro digestion (data not shown). Although process tech-
niques, such as freeze-drying, could disrupt food mem-
brane microstructure [33] favouring release, they could
also cause compaction of cell wall matrices making release
less favourable. The very low release extent of acids
observed may also be partly due to the limited incubation
time of the pancreatic/intestinal step (120 min), which may
be longer under in vivo conditions.

Transport study of organic acids by Caco-2 cells

It is established from the literature that an acceptable TEER
value for Caco-2 cell monolayers should be from 200 to
1,000 ohm/cm? [34]. Others studies have considered that
acceptable TEER values for bioassays were >400 ohm/cm?
[25, 35]. Lower values indicate that tight junctions between
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cells are not developed enough or are damaged such that
some small molecules could pass via a paracellular route to
the basolateral chamber. Our results obtained between 500
and 800 ohm/cm” seem to indicate good integrity of the
monolayer during the bioassay experiment.

The results obtained for standard malic acid are very
interesting (Table 2). Indeed, this indicates that malic acid
has been either taken up by the monolayer or transported
through. Steinert [36] reported that the absorption of a
compound from the luminal to the serosal compartment can
be expressed by the decrease of the concentration in the
upper chamber. In vivo, it is well established now that the
intestinal monolayer is able to absorb and to transport
nutrients from the intestinal lumen to the blood capillary
[37]. After 1 h of bioassay, several components were
detected in the bottom of the insert as shown by HPLC
analysis (data not shown). Our results showed that the
retention times obtained did not match with any of the
tested standards in the study; thus malic acid might have
been metabolised in the cell monolayer yielding com-
pounds that were detected in the bottom chamber. Indeed,
malic acid is known to be involved in the citric acid cycle
and to take part in the production of tricarboxylic cycle
intermediates such as oxaloacetate. Alternatively, a portion
of the absorbed malic acid could still be inside the cells
without being metabolised. Concerning citric acid, there is
little information about its intestinal transport in mammals.
Some studies have shown an intestinal transepithelial
transport of citrate in humans [38, 39], in calves [40] or in
rat small intestine using sacs of everted intestine [15]. The
citrate is transported in the mono-protonated form citrate®~
[41]. Oxalic acid from the diet is less absorbed and poorly
metabolised in the tissues compared to malate or citrate,
and the absorbed part is essentially channelled towards
kidney excretion [12]. The high recovery of oxalic acid in
the basolateral chamber suggests that metabolism within
the cells was minor.

Steinert [36] found that the highest transport efficiencies
of anthocyanins across Caco-2 cells were reached after 1 h,
followed by a notable drop. Our study (Table 2; Fig. 4)
showed that neither citrate nor malate could be detected in
the bottom chamber in contrast to oxalate, which may
suggest that oxalate was less metabolisable than the other
organic acids. This result is interesting since there is no
experimental evidence so far for the transepithelial fluxes
of organic acids across Caco-2 cells (Fig. 5). A previous
study could not measure any transepithelial flux of citrate
(or succinate) across Caco-2 cells, indicating that the
substrate was possibly metabolised or that the concentra-
tions were too low to be measured [42]. In vivo, the
intestinal basolateral membrane may contain Na'-inde-
pendent pathways for transport of citrate and tricarbally-
late, a non-metabolizable tricarboxylate. The basolateral
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transporter may be an anion exchanger [15], but to the best
of our knowledge, no citrate transporter has been shown in
the basolateral membrane in the Caco-2 cells, which would
explain why no citrate was found in the basolateral
chamber in our study.

In conclusion, although release rates and extents may be
enhanced by cooking processes, results obtained for soft
(raw) banana tissue suggest that limited organic acid
release may be a general feature for solid fruits and
vegetables. Simulated intestinal transport of organic acids
from digests has shown the possible metabolism of malate
and citrate within Caco-2 cells, consistent with the in vivo
hypothesis of citrate and malate metabolism within
enterocytes.

It is surprising to observe such a difference of behav-
iour in both digestion release and cell transport between
the different organic acids. The studied acids are all
polycarboxylates, and not very different in terms of
structure, but they were not released or absorbed at the
same rate. Hypotheses such as a different affinity of
organic acids for minerals (potassium and calcium) or
other compounds of the cell wall matrix (e.g., pectin)
could explain the diverse behaviours observed. Minerals
such as potassium, calcium and magnesium are well
known to be chelated to the organic acids in plant food
and therefore play an important role on the alkalinising
impact of fruits and vegetables and thus their protective
impact against chronic diseases [43]. The difference in
release behaviour could also be explained by the in vitro
conditions, namely temperature or pH that affects the
matrix and its components (such as pectin or hemicellu-
loses) which may then affect the organic acid release
pattern. Moreover, previous study from Epriliati et al.
(2009) also found differences in behaviour between
organic acids from fresh or processed mango and papaya
during in vitro transport. The authors found some citric
and malic acids in the basolateral chamber, which is not
the case in the present study. This could be explained by
the fact that the cells may metabolically consume different
organic acids depending on other components released
from the relevant fruit or vegetable [35].

One consequence of incomplete release of organic acids
from solid fruits and vegetables under gastric and small
intestinal conditions is that a significant fraction will sur-
vive to the large intestine. It is possible that this could have
positive effects on fermentation processes [8] and that
organic acids could have dual nutritional benefits of (a)
combating metabolic acidosis (fraction taken up from the
small intestine) and (b) modulation of large intestinal
microbial metabolism (fraction not taken up from the small
intestine). As the plant tissue structure is likely to be the
origin of the incomplete release of organic acids from fruits
and vegetables, only solid forms of these foods would be

expected to provide organic acids for large intestinal
fermentation.
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