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Bioaccessibility and unravelling of polyphenols,
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in vitro gastrointestinal digestion of a novel
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This study assesses the transformation and stability of polyphenols, sulforaphane, and indoles in a fermented
beverage made from broccoli leaves during in vitro gastrointestinal digestion (GID). This process was simulated
using a dialysis membrane to assess intestinal absorption. The total phenolic compounds (TPC) and antioxidant
TEAC assays showed an increase in phytochemical content due to the GID process. The higher TPC and anti-
oxidant activity observed after digestion was likely due to the enzymatic transformation of polyphenols in
mildly alkaline conditions. Individual phytochemical analysis revealed that hydroxycinnamic acids, particularly
3CQa, remained stable initially but then decreased significantly during intestinal digestion. Acylated flavonoids
exhibited a decrease during intestinal digestion, while deacylated flavonoids initially decreased before stabilising.
This indicated the occurrence of enzymatic hydrolysis of more structurally complex flavonoids to glycosylated
flavonoids such as kaempferol-3,7-diglucoside, and kaempferol-3-sophoroside-7-glucoside. Consequently,
deacylated flavonoids were highlighted for their high bioaccessibility rate after in vitro GID. Glucosinolate-
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hydrolysis products, including sulforaphane and indoles, exhibited a general decrease during digestion, with
sulforaphane showing 51% bioaccessibility. The study highlights the dialysed in vitro GID process, which affects
the release and transformation of bioactive compounds, potentially increasing their bioaccessibility and the
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1. Introduction

The fruit and vegetable industry produces by-products that are
rich in functional compounds, and which have the potential to
both benefit health and also reduce the progression of chronic
diseases. Today, the agri-food industry must devise strategies
to reduce food loss and waste, promote a circular economy,
and enhance the efficiency of the food sector." In this context,
broccoli leaves represent a novel avenue for the development
of functional beverages with potential health benefits.>
Furthermore, fermentation has been proposed as a means of
enhancing the value of by-products, not only by improving the
sensory qualities of foods, but also by increasing the concen-
tration and bioaccessibility of phytochemicals.® Previous
studies have shown that fermentation can significantly
increase the total phenolic content (TPC) and antioxidant
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subsequent health benefits of the lactofermented beverage made from broccoli leaves.

capacity of plant foods.* This enhancement is attributed to the
breakdown of complex compounds into simpler forms by
microbial enzymes, thereby increasing their bioaccessibility
and enhancing their antioxidant activity. Different works have
reported the use of the fermentation process in broccoli
florets,”” and broccoli by-products such as stalk and leaves.>?
During fermentation, several polyphenols are released from
the food matrix and transferred to the liquid medium in
which the fermentation takes place. This transfer is due to the
enzymatic activity of lactic acid bacteria, which catalyses the
hydrolysis of ester groups of polyphenols linked to the plant
cell wall.® Thus, fermentation stands out as an assisted extrac-
tion of polyphenols such as hydroxycinnamic acids, and a
high diversity of flavonoids, which include deacylated flavo-
noids, as well as acylated flavonoids. The latter are complex fla-
vonoid groups molecules in which hydroxycinnamic could be
found linked to the glycoside moieties in their complex struc-
ture.” The phenolic compounds are recognised for their poten-
tial anti-cancer properties and their ability to counteract dis-
eases associated with oxidative stress. Previous research has
shown that the health-promoting effects of dietary phenolic
compounds are due to their antioxidant, anti-inflammatory
and anticarcinogenic activities.® Other authors reported the
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biotransformation of glucoraphanin into sulforaphane
through fermentation processing, as an alternative to maintain
the myrosinase activity.” This biotransformation also appears
in the literature in the development where sulforaphane and
indoles were monitored during the shelf life of a fermented
beverage made from broccoli leaves.” Isothiocyanates impact
tumour environments, inhibit stem cell renewal, alter metab-
olism, affect microbiota, and protect against H. pylori.°

However, the bioaccessibility of these phytochemicals, refer-
ring to the proportion that is absorbed and utilized by the
body, remains a critical factor in their effectiveness.'® It is
essential to understand the behaviour and dynamic bioaccessi-
bility of these bioactive compounds during gastrointestinal
digestion (GID) in order to evaluate their true potential as
functional ingredients. In vitro digestion models are widely
used to simulate the human GID process'' and enable the
study of the stability and bioaccessibility of polyphenols and iso-
thiocyanates. Such models provide insight into how these com-
pounds are released from the food matrix, transformed by diges-
tive enzymes, and potentially absorbed across the intestinal
barrier."” The use of a semipermeable cellulose membrane as a
dialysis step could assess the transfer of phytochemicals by
passive diffusion and also allow the study of phytochemicals
potentially available for further uptake."® Phenols and isothiocya-
nates undergo complex changes during digestion that may affect
their bioaccessibility and health benefits."* Thus, some authors
have reported the in vitro GID of these phytochemicals from
fruits and vegetables, and smoothie-like beverages.">'® Although
the kinetic release of these phytochemicals from the solid food
matrix is often reported, relatively few studies have focused on
liquid foods such as coffee and tea.'””'® 1t is proposed that the
formation of these phytochemicals during in vitro GID may be
due to conversion by digestive enzymes (amylases, lipases, and
proteases) under alkaline conditions."

The present work studies the phytochemical characteris-
ation of a lactofermented beverage made from broccoli leaves
during the in vitro GID process. The objective is to find out the
dynamic evolution and transformation of hydroxycinnamic
acids, acylated and deacylated flavonoids, and the glucosino-
late-hydrolysis products sulforaphane and indole compounds
during in vitro GID. This research aims to elucidate the bioac-
cessibility of these phytochemicals in the gastrointestinal tract
and explore their potential health benefits upon absorption.
The results will contribute to a better understanding of the
impact of lactofermentation and GID on the bioaccessibility of
bioactive compounds, which will in turn support the develop-
ment of foods with improved functional properties.

2. Materials and methods
2.1 Fermented beverage elaboration

For the fermentation of broccoli by-products, fresh broccoli
leaves (Brassica oleracea L. var. Italica cv. Parthenon) were
obtained from the Levante Sur Coop. in south-eastern Spain (La
Palma, Cartagena, Spain). Broccoli leaves were immersed in
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drinking water at a ratio of 1:10 (w/w) in a Bionet FO-2CC bio-
reactor (Bionet, Fuente Alamo, Spain) under aseptic conditions.
An inoculum (6 log CFU mL™") of Lactiplantibacillus plantarum
CECT 749, isolated from pickled cabbage (Spanish Type Culture
Collection, University of Valencia, Spain), was used to initiate the
fermentation process. The fermentation was conducted for a
period of four days at a temperature of 27.7 °C, in accordance
with the results of previous optimisation experiments.> All details
regarding the development and characterization of this beverage
can be found in the article Salas-Millan et al.”

2.2 Invitro gastrointestinal digestion, recovery index and
bioaccessibility of phytochemicals in lactofermented beverage

A bioaccessibility assessment was conducted via an in vitro gas-
trointestinal assay in accordance with the INFOGEST protocol.™*
This method included different stages of oral, gastric, and intesti-
nal digestion, respectively. The latter stage was carried out by
dialysis,”® simulating passive diffusion of phytochemicals after
intestinal digestion, using a Spectrum™ 132 706 dialysis mem-
brane tube (12-14 kDa; Fisher Scientific, USA). The GID assay
was conducted in triplicate, with samples collected at each stage
of digestion and at 30-minute intervals during intestinal diges-
tion up to 180 minutes (30, 60, 90, 120, 150, and 180 min). In the
current in vitro digestion, no enzyme inhibitors were used after
the digestion steps according to the INFOGEST standardised
method. For each digestion stage, 10 mL of sample was collected
and subsequently frozen until analysis.

The recovery index, which represents the amount of phyto-
chemicals recovered after the different stages of gastrointesti-
nal digestion and dialysis, was calculated in comparison with
the undigested fermented beverage. Additionally, the percen-
tage bioaccessibility was also calculated by comparing the con-
centration of phytochemicals in the dialysis fraction (which
represents what passed through the dialysis membrane) with
that in the gastric digestion fraction."®

2.3 Total phenolic content and antioxidant capacity
assessment in the digested lactofermented beverage

Total Phenolic Content (TPC) and Trolox Equivalent Antioxidant
Capacity (TEAC) were evaluated in the different gastrointestinal
steps during the in vitro assay. Additionally, the evolution during
the GID process was compared with and without an intestinal
dialysis step to assess the progression of digestion. The measure-
ments followed the procedure described by Salas-Millan et al.**
For the TEAC analysis, the ABTS reagent (2,2-azinobis-(3-ethyl-
benzothiazoline-6-sulfonate)) was obtained from Sigma Aldrich
(St Louis, USA). The results were expressed as mg gallic acid equi-
valent (GAE) for TPC and pmol trolox equivalent (TE) per litre in
fermented beverage.

2.4 Quantification of individual polyphenols, sulforaphane,
and indoles by LC-MS analysis

The extraction of the individual polyphenolic compounds, sul-
foraphane, and indoles was performed in accordance with
Gonzales et al.>®* and Yu et al.”® methodologies respectively,
with minor modifications. A 5 mL sample of each digestion

This journal is © The Royal Society of Chemistry 2024
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step was previously filtered (0.45 pm polyamide membrane
filter) before solid phase extraction (SPE, C18-500 mg, Sigma
Aldrich, St Louis, USA). In the case of the dialysate fraction,
250 mL was used to isolate and preconcentrate the phytochem-
ical that had diffused through the dialysis membrane.

The individual polyphenolic compounds were identified by
LC-MS/MS-ESI-QToF in previous work,” and their quantifi-
cation was carried out as per Gonzales et al. (2015)* using an
Agilent 1200 high-pressure liquid chromatograph (HPLC,
Santa Clara, USA), equipped with a G1311B quaternary pump,
a G1329B standard autosampler and a G1316A column heater,
coupled to a 6420 triple quadrupole mass spectrometer (QqQ)
with an electrospray ionisation (ESI) source. Individual poly-
phenolic compounds were separated on a reverse phase Luna
Omega C18 column (2.1 x 100 mm; 3 pm). The mobile phase
consisted of solvent A (0.1% formic acid in water) and solvent
B (0.1% formic acid in acetonitrile). The analysis was per-
formed in negative mode, with the autosampler injecting 5 pL
of sample; the oven temperature was set at 35 °C and a gradi-
ent elution of 0.1-2% B over 15 min, 2-31% B over 22 min, fol-
lowed by 31-95% B to 47 min with 5 min isocratic conditions
at 95% B. The capillary voltage, gas temperature, gas flow, and
nebuliser pressure were set at 4000 V, 350 °C, 11 L min™" and
40 psi, respectively. The quantification of hydroxycinnamic
acid derivatives was expressed as mg of chlorogenic acid
equivalents (89175, PhytoLab GmbH & Co, Vestenbergsgreuth,
Germany), and as mg of rutin (89270, PhytoLab GmbH & Co)
for flavonoid derivatives, in both cases per litre of fermented
beverage. The transition for identified individual polyphenols
is shown in the ESI Section (Table S17).

The determination of sulforaphane and the indoles indol-3-
carbinol, ascorbigen and diindolylmethane was performed
according to the methodology described by Hauder et al
(2011),>* with minor modifications. The same HPLC/MS
instrument, column and mobile phases used for the quantifi-
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cation of polyphenols were used for the quantification of sul-
foraphane and indoles compounds. The analysis was per-
formed in positive mode with the mass spectrometer para-
meters set as follows: capillary voltage of 3500 V, gas tempera-
ture at 325 °C, gas flow rate of 10 L min™' and nebuliser
pressure of 45 psi. Only one transition was considered for
quantification (Table S1t). The concentration of glucosinolate-
hydrolysis products compounds was quantified using auth-
entic standards - sulforaphane (S6317) and indole-3-carbinol
(I7256, Sigma Aldrich, St Luis, USA), and ascorbigen
(TR-A787038, TRC, Toronto, Canada) - expressed as mg per
litre in the fermented beverage. Sulfuraphane conjugation was
not considered in the bioaccessibility assessment.

2.5 Statistical analysis

The results are presented as means and the standard error of
the means. A two-way analysis of variance (ANOVA) was
employed, and means were compared using Fisher’s least sig-
nificant difference (LSD) for mean difference. A p-value of
<0.01 was considered significant and all analyses were per-
formed using Prism (GraphPad Software, San Diego, CA, USA).
A cluster correlation heatmap was constructed using Pearson r
distance to examine the concentration of flavonoids derivatives
in the intestinal digestion fraction at different time points.
This analysis was conducted using MetaboAnalys 5.0 (https:/
www.metaboanalys.ca).

3. Results and discussion

3.1 TPC and TEAC during in vitro gastrointestinal digestion
of lactofermented beverage made from broccoli leaves

The initial values of TPC and TEAC of the fermented beverage
from broccoli leaves and their evolution during the dialysed
and non-dialysed GID process are shown in Fig. 1. After four
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Fig. 1 Total phenolic content (A) and antioxidant capacity (B) in the lactofermented beverage through the in vitro gastrointestinal digestion
process. (*) Indicates a statistically significant difference between samples with and without dialysis, with a p-value < 0.01. FB: fermented beverage
made from broccoli leaves. OD: oral digestion. GD: gastric digestion. ID: intestinal digestion, dialysed (solid line) or not dialysed (dashed line), con-

ducted at 30 min intervals up to 180 min.

This journal is © The Royal Society of Chemistry 2024
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days of fermentation at 27.7 °C, the beverage exhibited 259 mg
GAE per L of TPC and 192 pmol TE per L of antioxidant
capacity. No differences were found in TPC after the oral and
gastric digestion stages. On the other hand, there was an
increase in TPC in the intestinal digestion process, which
could be attributable to either the release of TPC or its bio-
transformation in both the dialysed and non-dialysed assays.

The non-dialysed intestinal digestion process conducted at
30 min intervals up to 180 min showed an increase in the first
30 min, reaching and maintaining a concentration of 641 to
700 mg GAE per L. This was statistically significant (p-value >
0.01) in comparison to the beverage under dialysis intestinal
digestion process. On the other hand, the TPC levels in the dia-
lysed intestinal digestion showed a different evolution, with a
Gaussian-/ike curve distribution during the 180 min of the intesti-
nal digestion process. Thus, the increase in TPC was less pro-
nounced compared to the non-dialysed intestinal digestion
process, suggesting a passive diffusion of polyphenolic com-
pounds during their release from the food matrix through the
dialysis membrane to the dialysate. The peak of TPC occurred at
90 min of intestinal digestion, reaching 520 mg GAE per L; the
TPC levels then decreased to 343 mg GAE per L after 180 min.

For the antioxidant capacity, the results followed different
trends compared to TPC during the in vitro GID process. For
example, no statistical differences were observed between the
dialysed and non-dialysed intestinal digestion until 60 min.
However, from that point onwards, a notable increase was
observed in the TEAC in the non-dialysed intestinal digestion,
from 90 to 180 min (209 to 273 pmol TE per L). On the other
hand, after 90 min of dialysed intestinal digestion, the TEAC
levels decreased, suggesting the importance of passive
diffusion through the membrane of antioxidant compounds
from fermented beverage.

3.2 Evolution and transformation of individual
phytochemicals during dynamic in vitro gastrointestinal
digestion

Individual polyphenolic compounds, sulforaphane, and
indoles (indol-3-carbinol, ascorbigen and diindolylmethane)
were quantified in each stage of the dialysed in vitro GID using
a dialysis membrane to assess the passive diffusion of phyto-
chemicals (Fig. 2A). The relative evolution of the phytochem-
icals was evaluated using the recovery index, which provided a
more comprehensive overview of the dynamic process and
transformation of each phytochemical through the in vitro GID
process.

Twenty polyphenolic compounds were characterised from
the fermented beverage (Table 1) and were classified into three
groups. The first group consisted of eight hydroxycinnamic
acid (HA) derivatives, including isomers of 3-, 4- and 5-caffeoyl-
quinic acid (3-, 4-, and 5CQa, respectively), isomers of 1- and
5-feruloylquinic acid (1-, and 5FQa, respectively), disinapoyl
gentiobioside and sinapic and ferulic acids. The flavonoid
derivatives were classified into two categories, depending on
their chemical structure: acylated and deacylated flavonoids.
Acylated flavonoids (AF) are composed of eight flavonoids
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which have an acyl bond with a hydroxycinnamic acid
(caffeoyl, feruloyl, hydroxyferuloyl or sinapoyl) in their struc-
ture. On the other hand, deacylated flavonoids (DF) are com-
posed of four glycosylated flavonoids with no additional struc-
ture beyond hexoses or pentoses.

Regarding the in vitro GID process evolution of individual
polyphenols, a general view (Fig. 2B) showed a slight decrease
after the oral and gastric digestion compared to the first
30 min of intestinal digestion (Fig. 2B, and Table 1) for all
polyphenolic compounds. In the fermented beverage, the total
amount of HA was found to be 69.7 mg L™'. The major com-
pound in this group was 3CQa, quantified at 34.5 mg L™, fol-
lowed by 4CQa and 1FQa, quantified at 10.2 and 14 mg L™,
respectively. The HA content decreased from 55 to 50 mg L™*
after the oral and gastric digestion, respectively. Thus, a sig-
nificant decrease was observed in the HA level after the first
30 min of intestinal digestion, when it dropped to 17.8 mg L™*
and decreased even further to 4.6 mg L ™" after 180 min.

In terms of the recovery index (Fig. 2D), 3CQa demonstrated
greater stability after gastric digestion (77%) in comparison to its
other 4- and 5CQa isomers (29 and 37%, respectively). However,
we found that the 5CQa isomer exhibited a superior recovery
profile, with 37% recovery index after 60 min of intestinal diges-
tion, in comparison to 3- and 4CQa, which exhibited 14 and 21%,
respectively. Finally, the recovery index of CQa isomers decreased
in a range from 2 to 11% after 180 min of dialysed internal diges-
tion. A superior recovery rate was obtained after oral and gastric
digestion for 1- and 5FQa, with a recovery index of 85 to 100% in
both isomers (Fig. 2D). Furthermore, in the dialysed intestinal
digestion process, 5FQa exhibited a reduction of up to 24% in its
recovery index; this was higher than that observed for the rest of
the HA. The overall recovery index of HA during the intestinal
digestion was low, with only 4.3 mg L™" of the total HA passing
the dialysis membrane, mainly 3- and 4CQa, with 1.3 and 1.0 mg
L™, respectively.

The fermented beverage from broccoli leaves showed a
higher concentration of AF relative to DF, at a ratio of 5:3.
Fig. 2B shows that while the acylated flavonoids exhibit a
decline over the intestinal digestion, the deacylated flavonoids
initially decreased within the first 30 minutes (15 mg L),
before increasing and maintaining a concentration of 40 to
50 mg L™ until 180 min. Among the AF, the triglycosylated
kaempferol-3-sinapoylsophoroside-7-glucoside and kaemp-
ferol-3-feruloylsophoroside-7-glucoside were the main AF in
the fermented beverage, with concentrations of 79.6 and
53.1 mg L™, respectively. As can be seen in Fig. 2D, the feru-
loyl and sinapoyl AF derivatives had greater stability during
the intestinal digestion process, with a recovery index range of
20 to 26%, compared to the caffeoyl AF derivatives, which
decreased from 3 to 6% after 180 min of intestinal digestion.
In general, the rest of the diglycosylated AF exhibited a
decrease throughout the intestinal digestion, with the excep-
tion of kaempferol-3-feruloylsophoroside, which maintained a
stable recovery ranging from 20 to 43%. Although the concen-
tration of that compound was relatively low compared to the
rest of the AF (0.15 to 0.47 mg L") throughout the internal

This journal is © The Royal Society of Chemistry 2024
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Individual polyphenols (hydroxycinnamic acids, acylated and deacylated flavonoids), sulforaphane, and indoles in the fermented beverage

during the in vitro gastrointestinal digestion process. FB: fermented beverage made from broccoli leaves. OD: oral digestion. GD: gastric digestion.
ID: intestinal digestion dialysed, conducted at 30 min intervals up to 180 min. DD: dialysate. (A) Chromatograms of LC-QqQ of lactofermented bev-
erage from broccoli leaves and its dialysed intestinal digestion dialysed at 180 min and dialysate. (B) Concentration of grouped hydroxycinnamic
acids, acylated and deacylated flavonoids and (C) sulforaphane and indole compounds. Statistical differences are shown in Table 1. (D) Recovery
index (%) of each individual compound by the in vitro GID process. (E) Correlation heatmap considering Pearson r distance measure during intestinal
digestion from 30 to 180 min of flavonoid derivatives.
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digestion process, the value suggested greater stability of those
molecules or a possible low kinetic of transformation to DF
with the loss of the feruloyl moiety. Yant et al (2018)*
reported an increase in the concentration of feruloyl acylated
flavonoids after bile acid binding assay in simulated oral diges-
tion using solvents of kale extract, suggesting better bioaccessi-
bility of these compounds after the in vitro GID process.

Five DF were identified in the fermented beverage, one of
which belonged to glycosylated quercetin derivatives (querce-
tin-3-diglucoside) and four belonged to glycosylated kaemp-
ferol derivatives: kaempferol-3-sophoroside-7-glucoside
(K-3Soph-7G), kaempferol-3,7-diglucoside (K-3,7dG) and
kaempferol-3-sophoroside. K-3,7dG was the most abundant of
its group, representing 90% with 64 mg L' in the fermented
beverage (Table 1). In general, the DF group showed a different
dynamic during the in vitro GID process compared to the AF,
in which some of them increased their concentration through-
out the intestinal digestion. Thus, although the total DF
decreased to 15.5 mg L after 30 min of dialysed intestinal
digestion, they increased and remained stable for 180 min,
from 37.5 to 49.5 mg L. The recovery index (Fig. 2D) showed
this dynamic of each DF during GID, particularly the increase
in the production of K-3,7dG and K-3Soph-7G. The correlation
chart (Fig. 2E) shows the Pearson’s correlation coefficient for
each flavonoid compound from 30 to 180 min of dialysed
intestinal digestion stages. It showed two differentiated clus-
ters divided into AF and DF. Furthermore, the clusters of DF
showed a lower correlation for AF, which supports the hypoth-
esis of conversion of the acyl bonds and glycosides by hydro-
lysis. The positive correlation between groups of AF com-
pounds showed a similar trend in their concentration during
the intestinal digestion process.

With regard to sulforaphane and indoles, their concen-
tration was also monitored during the in vitro GID process
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(Fig. 2C, and Table 1). These compounds had a lower concen-
tration compared to the rest of the individual polyphenols
characterised. Thus, sulforaphane was quantified at 2.5 mg
L' in the fermented beverage, and indoles such as ascorbi-
gen, indole-3-carbinol, and diindolylmethane were quantified
at 0.30, 0.15 and 0.03 mg L™, respectively. Sulforaphane main-
tained its concentration through the oral and gastric digestion
stages with no significant differences. However, its concen-
tration decreased from 1.65 to 0.96 mg L', with a recovery
index from 64% to 37% over 180 min of intestinal digestion.

As for the indoles, all of them decreased drastically during
the gastric digestion (Fig. 2C) and were quantified below
0.01 mg L™, for instance ascorbigen and diindolylmethane.
This lower stability of the indoles was also shown in the
results recovery index (Fig. 2D), where they remained at 5%
throughout the intestinal digestion process, with the exception
of indole-3-carbinol, whose decrease during the digestion step
from 85 to 15% showed greater stability.

3.3 Bioaccessibility assessment of phytochemicals from
lactofermented broccoli beverage

The percentage of bioaccessibility of individual phytochem-
icals characterised and classified in each of the groups men-
tioned above is shown in Fig. 3. These values correspond to
the proportions of compounds that pass through the dialysis
membrane by passive diffusion during the intestinal digestion
stage, which simulates the intestinal barrier. The concen-
tration of each compound in the dialysate is therefore con-
sidered (Table 1).

HA had a bioaccessibility of less than 20%, except for the
isomers 4- and 5CQa which had 36 and 60%, respectively.
Considering the absolute values of concentration, each isomer
of CQa showed a concentration of around 1 mg L™" in the dia-
lysate (Table 1). Nevertheless, due to the higher concentration

Fig. 3 Bioaccessibility of individual polyphenols (hydroxycinnamic acids, acylated and deacylated flavonoids), sulforaphane, and indoles during the
in vitro dialysed gastrointestinal digestion process of lactofermented beverage made from broccoli leaves.

This journal is © The Royal Society of Chemistry 2024
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of 3CQa in the gastric digestion stage (26.5 mg L"), its values
were below 6% based on the calculation of the percentage of
bioaccessibility (section 2.2), rather than having the same con-
centration as its homologues. 1- and 5FQa were passively
diffused 0.53 and 0.31 mg L', respectively, with a bioaccessi-
bility of 4 and 7.

With regard to AF, the bioaccessibility of diglycosylated
kaempferol-3-O-sinapoylsophoroside and kaempferol-3-O-feru-
loylsophoroside was highlighted at 110 and 415%, respectively.
Both are major precursors of their tetraglycosylated forms:
kaempferol-3-O-sinapoylsophoroside-7-diglucoside and
kaempferol-3-O-feruloylsophoroside-7-diglucoside, respect-
ively. In the same way, DF also had a higher percentage of
bioaccessibility, in K-3-Soph-7G and K-3,7-dG, as a precursor
of all kaempferol derivatives, with 430% and 150%,
respectively.

Sulforaphane had a bioaccessibility of 51% and its value in
the dialysed fraction was 1.12 mg L™", and 0.96 mg L™" for the
180 min intestinal digestion process. On the other hand, the
indoles had <15% bioaccessibility. Nevertheless, their concen-
tration in the dialysate was 0 mg L™" for ascorbigen and lower
(<0.01 mg L") than the gastric digestion stage.

4. Discussion

The TPC and TEAC assays showed a general increase and
transformation of the phytochemical content throughout the
GID process. Furthermore, a dialysis membrane step could
explore the dynamics of an in vitro absorption of this phyto-
chemical through the intestinal barrier.>® This enables better
understanding regarding its absorption and utilisation by the
body. Several authors have proposed that the observed increase
in TPC and TEAC during the GID process is due to the pro-
duction of polyphenolic and antioxidant compounds from the
food matrix, particularly from the plant cell wall and other cell
wall macromolecules, such as proteins and
polysaccharides.'®?” However, although an increase in TPC
and TEAC compared to the initial fermented beverage was
observed, the beverage did not contain a food solid matrix,
which would not suggest the release of antioxidant com-
pounds. This is due to the fact that only the liquid was col-
lected after the fermentation process whilst the leaves were dis-
carded. Consequently, the dynamics in the content of TPC and
TEAC of this fermented beverage could not be compared to
other beverages such as fruit juices or smoothies. Moreover,
the discrepancies between TPC and TEAC measurements are
attributable to the fact that these values do not correlate per-
fectly. In particular, polyphenolic compounds are not primar-
ily responsible for antioxidant capacity due to differences in
reactivity with Folin reagent and among polyphenolic com-
pounds.”® The higher TPC values and TEAC measured after
the in vitro intestinal digestion process could be due to the
transformation of polyphenolic compounds by digestive
enzymes and in mild alkaline conditions.’® Consequently, the
characterisation and tracking of individual polyphenolic com-
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pounds could provide insight into the evolution of these com-
ponents during the in vitro GID process, as explained below.

In the individual phytochemical assessment, the HA recov-
ery index decreased after gastric digestion, and low drastically
along the dialysed intestinal digestion. These results differed
from those of previous studies,"”” which indicated that the
different CQa isomers present in coffee beverages did not
undergo a decline after oral or gastric digestion. Furthermore,
these authors reported a significant reduction in 4- and 5CQa
compared to 3CQa after 60 min of intestinal digestion. On the
other hand, recovery indexes of 1- and 5FQa were consistent
with those reported by Alongi et al.,>® who compared CQa and
FQa isomers in a coffee beverage and reported a decrease in
those phytochemicals after the in vitro GID process.

The two deacylated flavonoids K-3,7dG and K-3Soph-7G are
the precursors of the acylated flavonoid. Both showed an
increase during the in vitro GID process, suggesting a hydro-
lysis of AF to DF by hydrolytic enzymes from artificial intesti-
nal fluids (amylases, lipases and proteases) at basic pH, as
explained below. During this stage, acylated and/or deacylated
glycosylated flavonoids may be hydrolysed to flavonoids with a
lower amount of glycosylation, to their aglycone forms (kaemp-
ferol) or to other undetectable compounds.*?

Among the glucosinolate-hydrolysis products (sulforaphane
and indoles), the decrease in sulforaphane concentration
throughout the intestinal digestion contrasts with that reported
by other authors,'® who noted a higher concentration after suc-
cessive GID steps, mainly due to better extractability from the
food matrix. In our case, as our beverage is simply a liquid
extract obtained from the fermentation of broccoli leaves, there is
no food matrix to support such an increase. Indeed, a decrease
was observed due to the dialysed intestinal digestion process.
The observed decrease in indoles during gastric digestion is con-
sistent with previous studies evaluating the content of indole
compounds in Brassicaceae sprouts, describing similar trends in
their concentration.® Consequently, the observed decrease in
indoles during gastric digestion can be attributed to a lower
stability by the in vitro GID process.

These results elucidate the stability of phytochemicals such
as hydroxycinnamic acids, flavonoids, sulforaphane, and
indoles during in vitro GID and passive diffusion through a
dialysis membrane. In addition, the conversion of higher flavo-
noids, such as acylated flavonoids, to deacylated flavonoids
has also been studied to understand the release mechanisms
of these phytochemicals. Nevertheless, the study of the absorb-
able fraction across the dialysis membrane could elucidate the
bioaccessibility of all these bioactive compounds. Previous
works also reported similar values for the percentage of bioac-
cessibility of hydroxycinnamic acids after an in vitro GID with
a dialysis step using fruit juices.**> However, the differences
between the isomers were not reported as in the present work.

Both acylated and deacylated flavonoids demonstrated a
different evolution pattern during the in vitro GID process.
Kaempferol-3-O-sinapoylsophoroside and kaempferol-3-O-feru-
loylsophoroside are major precursors of their tetraglycosylated
forms: kaempferol-3-O-sinapoylsophoroside-7-diglucoside and

This journal is © The Royal Society of Chemistry 2024
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kaempferol-3-O-feruloylsophoroside-7-diglucoside, respect-
ively. These values greater than 100% indicate a release of
these compounds from their main derivatives, due to the bio-
transformation by the hydrolytic enzymes from intestinal
fluids that increase the concentration,'? as proposed in Fig. 4.
Moreover, this biotransformation improves the bioaccessibility
of these flavonoids through the dialysis membrane. Similarly,
K-3Soph-7G and K-3,7-dG also had a higher percentage of
bioaccessibility as the DF precursor of all kaempferol deriva-
tives. The results suggest that DF diffused passively through
the dialysis membrane, with the sequential formation and
generation of these structures occurring during the intestinal
digestion process, as explained by Kuvow et al. (2016)** with
de- and acylated anthocyanin from purple sweet potato.

The results of the remnant sulforaphane in the intestinal
fraction after the in vitro GID process and the content in the
dialysate suggested that sulforaphane was not degraded during
intestinal digestion, but rather transferred by passive diffusion
through the dialysis membrane, resulting in a good bioaccessi-
bility percentage. In accordance with our findings, previous
research has also reported sulforaphane bioaccessibility values
in in vitro GID with dialysis, ranging from 40 to 60% in fresh
broccoli samples.** The low bioaccessibility and stability of the
indoles throughout the in vitro GID have also been reported in
cruciferous sprouts,” with undetected values after gastric
digestion.

Furthermore, the biotransformation of major flavonoids to
precursor flavonoids through enzymatic activity is highlighted,
increasing the bioaccessibility of the latter. The polyphenolic
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compounds present after intestinal digestion corresponded to
the fraction of compounds that were not assimilated and could
pass into the colon. These included DF as K-3Soph-7G and K-3,7-
dG; and AF as kaempferol-3-sinapoyl-sophoroside-7-glucoside
and kaempferol-3-feruloyl-sophoroside-7-glucoside, which could
potentially be metabolised by the colon microbiota.>® Therefore,
consumption of flavonoids has a positive effect by enriching ben-
eficial species in the gut microbiota, such as Bifidobacterium and
Lactobacillus. Additionally, other reports have highlighted the pro-
duction of degradation products beneficial to human intestinal
cells, such as short-chain fatty acids (acetate, propionate, and
butyrate)®” which are associated with support of intestinal epi-
thelial cells, improvement of innate and adaptive immunity,
increase in mucus thickening and enhancement of tight junction
proteins, among others.*® Similarly, the remaining sulforaphane
and indol-3-carbinol content in the non-dialysed fraction
(180 min intestinal digestion) could also pass through the colon
and potentially exert its effect, repairing physiological destruction
of the gut barrier and decreasing inflammation.*® Sulforaphane
also reversed induced gut dysbiosis in mice and mitigated ulcera-
tive colitis, and increased Butyriciococcus genus species in gut
microbiota that produce butyrate.*®

In conclusion, the present study unravels the transform-
ation and evolution of polyphenols, sulforaphane, and indoles
present in a fermented beverage made from broccoli leaves,
focusing on their individual molecules and their correlation
with each precursor during the dialysed GID process. The
bioaccessibility of phytochemicals, particularly hydroxycin-
namic acids, flavonoids, sulforaphane, and indoles, was influ-

Kaempferol 3-O-feruloylsophoroside-7-O-glucoside
N g
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T

Fig. 4 The proposed mechanism of biotransformation during the in vitro gastrointestinal digestion of a lactofermented beverage made from broc-
coli leaves. The scissors symbols show the different cleavages that flavonoids undergo during gastrointestinal digestion. Green scissors indicate the
cleavage of 7-O-glucoside. Red scissors represent the cleavage of the acylate bond of hydroxycinnamic acid with the diglucosidic moiety. Blue scis-
sors show the cleavage of the interglycosidic bond from the diglucoside moiety at the 3-O-position.
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enced by their conversion and passive diffusion during diges-
tion, which enhanced increased the availability of certain
compounds.

Hydroxycinnamic acid, especially 3CQa, showed stability
during the early stages of digestion, but decreased significantly
during dialysed intestinal digestion. Acylated flavonoids
decreased during intestinal digestion, whereas deacylated fla-
vonoids decreased initially but then stabilised, which would
suggest hydrolysis of acylated flavonoids to deacylated flavo-
noid by digestive enzymes. Glucosinolate-hydrolysis products,
such as sulforaphane, and indoles showed a general decrease
during digestion. Sulforaphane showed a bioaccessibility of
51%, whereas indole compounds had a lower bioaccessibility
(<15% BA).

Overall, the study highlights the dynamic changes and
stability of phytochemicals in a fermented broccoli beverage
during the GID process. The dialysed GID influences the
release and transformation of bioactive compounds, poten-
tially enhancing their bioaccessibility and subsequent health
benefits. Further research on individual polyphenolic com-
pounds in more advanced in vitro models, including in vivo
assays, would strengthen the mechanism and their bioaccessi-
bility across the intestinal barrier, and could provide deeper
insight into their absorption and health effects.
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