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Abstract

The objective of this study was to assess how in vitro gastrointestinal digestion influenced the
bioaccessibility and potential bioavailability of phenolic compounds and methylxanthines in
the cocoa shell (CS) in the form of flour (CSF) and aqueous extract (CSE). To comprehend how
these phytochemicals behaved during gastrointestinal digestion, we also modeled in silico the
colonic microbial biotransformation of the phenolic compounds in the CS. Different groups of
phenolic compounds (mainly gallic and protocatechuic acids, and catechin) and
methylxanthines (theobromine and caffeine) could be found in the CS. Methylxanthines and
phenolic compounds were released differently during gastrointestinal digestion. Whereas
digestion triggered the release of hydroxybenzoic acids (67-73%) and flavan-3-ols (73—88%)
during the intestinal phase, it also caused the degradation of flavonols and flavones. Besides,
the release of phytochemicals was significantly influenced by the CS matrix type. Phenolic
compounds were protected by the CSF matrix. Phenolic acids from CSF were more
bioaccessible in the intestinal (1.2-fold, p < 0.05) and colonic (1.3-fold, p < 0.05) phases than
those from the CSE. Methylxanthines were also more bioaccessible in the intestinal (1.8-fold,
p <0.01) and colonic phases (1.3-fold, p < 0.001) and bioavailable (1.8-fold, p <0.001) in the
CSF. Colonic metabolism demonstrated that the gut microbiota could biotransform non-
absorbed phenolic compounds into other lower molecular weight and more bioavailable
metabolites. These findings support the CS’s potential as a source of bioaccessible,

bioavailable, and active phytochemicals.

Keywords: cocoa shell; cocoa by-products; phenolic compounds; N-phenylpropenoyl-L-amino

acids; methylxanthines; in vitro digestion; bioaccessibility; bioavailability
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1. Introduction

The cocoa shell (CS) is the main by-product of cocoa processing. Specifically, the CS is
separated from the cotyledons during the roasting stage, being considered a waste (Panak
Balenti¢ et al., 2018). Currently, 4.7M tons of cocoa are produced annually, and consequently,
over 900k tons of cocoa shells are generated since the CS accounts for 20% of the cocoa bean
(Boeckx et al., 2020). The large amount of CS discarded during cocoa processing may pose
economic problems by damaging the environment (Panak Balenti¢ et al., 2018). Although the
CS is considered an industrial by-product, its nutritional composition is similar to that of the
cocoa bean, except for its lower fat and higher fiber contents. The CS is composed of proteins
(10—27%), carbohydrates (8—70%), dietary fiber (39—66%), and lipids (1-8%) with a similar
fatty acid composition as the cocoa butter (Cinar et al., 2021). Likewise, the CS contains a
plethora of bioactive compounds, which can confer health benefits. The main phytochemicals
in the CS include methylxanthines, such as theobromine and caffeine, and phenolic compounds
(Rojo-Poveda et al., 2021). The phenolic composition of the CS is comparable to that of the
cocoa beans, primarily comprising phenolic acids and flaval-3-ols. Furthermore, the CS may
contain N-phenylpropenoyl-L-amino acids (NPAs), a family of phenolic/amino acid conjugates
exclusive from cocoa (Lechtenberg et al., 2012). Phenolic compounds are among the most
frequent plant secondary metabolites. Considered natural antioxidants, they elicit diverse
beneficial effects in humans. We previously evidenced the in vitro effects of the
methylxanthines and phenolic compounds found in the CS on ameliorating biomarkers of
metabolic syndrome in both liver (Rebollo-Hernanz et al., 2022) and adipose tissue (Rebollo-
Hernanz et al., 2019). Our studies have also shown the vasoactive properties of a CS aqueous
extract, counteracting age-related endothelial dysfunction in vivo (Rodriguez-Rodriguez et al.,

2022).
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Nonetheless, the bioactivity of these compounds depends on how much they are released from
the matrix, how they change during gastrointestinal digestion, and their metabolism in the gut,
liver, and target tissues. Bioaccessibility measures the proportion of a compound available for
intestinal absorption after being released from the food matrix into the gastrointestinal tract and
biotransformed into forms that could be more bioavailable (including host and gut microbiota
reactions) (Rodrigues et al., 2022). Thus, evaluating compounds’ bioaccessibility is critical in
analyzing their bioactivity (Cosme et al., 2020). Several digestion models have been described
to study the phytochemicals’ bioaccessibility. Among them, static models simulating
gastrointestinal digestion can be useful in predicting the results of in vivo digestion, as they
present many advantages, such as simplicity, rapidity, and cheapness (Brodkorb et al., 2019).
Successively, bioavailability refers to the concentration of compounds absorbed in the
gastrointestinal tract that reaches the target tissues in the intact or biotransformed form to exert
their bioactivity or to be stored (Rodrigues et al., 2022). The standard analyses of potential
absorption and bioavailability are carried out using Caco-2 cells, which simulate the human
intestinal epithelium. However, they present some disadvantages, such as long culture times
and high costs. Hence, simulated models emerge as practical approaches to assess target
compounds’ potential intestinal permeability and mimic their gut microbiota metabolism
rapidly and inexpensively (Wang et al., 2016). This study aimed to evaluate the impact of in
vitro gastrointestinal digestion on the bioaccessibility and potential bioavailability of phenolic
compounds and methylxanthines of the CS. We also modeled the colonic microbial
biotransformation of the CS’s phenolic compounds to understand these phytochemicals’

behavior throughout gastrointestinal digestion.

2. Materials and Methods
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2.1. Materials

Methanol, sodium hydroxide, formic acid, acetonitrile, hydrochloride acid, sodium carbonate,
ferric chloride hexahydrate, potassium chloride, sodium bicarbonate, sodium chloride, and
Folin-Ciocalteu reagent were supplied by Panreac Quimica SLU (Barcelona, Spain).
Polyphenols standards (= 96%), including gallic and protocatechuic acids, and catechin,
epicatechin, and quercetin were provided by Sigma Aldrich (Sigma-Aldrich, St. Louis, MO),
and Extrasynthese (Genay, France). Alkaloids standards (theobromine and caffeine (> 98.5%))
were purchased from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO). 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), potassium persulfate, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, 99%),
ammonium carbonate, calcium chloride dihydrate, magnesium chloride hexahydrate, potassium
phosphate monobasic, porcine pepsin, porcine pancreatin, pronase E and Viscozyme were

purchased from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO).
2.2.  Sample preparation

The CS was provided as a dry material by Chocolates Santocildes (Castrocontrigo, Ledn, Spain)
and stored at 4° C until use. The CS was milled using a laboratory grinder, obtaining the CS
flour (CSF). The flour was stored in sealed flasks at —20 °C until analysis. The CS aqueous
extract (CSE) was produced according to extraction conditions previously optimized for the
ground CS (Rebollo-Hernanz et al., 2021). Briefly, CSE (0.02 g mL™! solid-to-solvent ratio)
was added to boiling water (100 °C) and stirred for 90 min. After extraction, the aqueous extract

was filtered, frozen at —20 °C, freeze-dried, and stored at —20 °C until further usage.

2.3.  Invitro simulated digestion
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The simulated gastrointestinal digestion was performed according to the INFOGEST in
vitro digestion protocol with slight modifications (Brodkorb et al., 2019). Briefly, 1 g of CSF
or 100 mg of CSE were mixed with the simulated salivary fluid for simulating the oral phase,
and the mixture was maintained for 2 min at 37 °C under agitation. The gastric phase was
performed by combining the oral phase with simulated gastric fluid and adding porcine pepsin
solution (2000 U mL™! of digestion), and the samples were incubated at 37 °C for 2 h under
stirring. The intestinal phase was simulated by mixing the gastric phase with simulated
intestinal fluid containing pancreatin (100 U trypsin activity mL™! of digest). The mixture was
incubated at 37 °C while stirring for 2 h. Colonic digestion was simulated as described by
Papillo et al. (2014). Pronase E (5 mL, 1 mg mL') was added to the intestinal phase, and the
pH was adjusted to 8.0. The samples were incubated at 37 °C for 1 h under stirring. After
incubation, the samples were adjusted to pH 4, and 150 pL of Viscozyme was added. The
samples were incubated at 37°C for 16 h under agitation. A digestion blank was prepared for
each digestive phase containing the simulated digestion fluids. The supernatants and residues

obtained from each digestive stage were freeze-dried and stored at —20 °C until utilization.

2.4.  Extraction of free and bound phenolic compounds

Free and bound phenolic compounds were extracted according to Rebollo-Hernanz et al.
(2020). For free phenolic compounds extraction, 1 g of CSF and the residues obtained from
each digestive phase of CSF digestions were combined with 50 mL of methanol: HCI (1%o)-
water 80:20 (v/v). The samples were sonicated for 30 min and incubated at 40 °C for 16 h under
agitation. After incubation, the samples were centrifuged at 4000 x g for 15 min at room
temperature, collecting the supernatants obtained. The extraction process was repeated twice.
The supernatants were combined and then concentrated at 40 °C under vacuum. Alkaline

extraction of bound phenolic compounds was carried out by adding 5 mL of 4 mol L' NaOH
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to the residue obtained after free phenolic compounds extraction. The samples were then
agitated for 1 h under a nitrogen atmosphere. The samples were acidified to pH 2.0 and
centrifuged at 4000 x g for 15 min at room temperature, collecting the supernatant. Afterward,
extraction with 1:1 ethyl ether: ethyl acetate was performed. Three more extractions were
performed using methanol: HCI (1%o)-water 80:20 (v/v). Finally, the supernatants recovered

were combined and concentrated at 40 °C under vacuum.

2.5.  Spectrophotometric analysis of total phenolic content and antioxidant

capacity

2.5.1.  Total phenolic content (TPC)

Total phenolic compounds were assessed by the Folin-Ciocalteu method, according to a
previously adapted protocol (Rebollo-Hernanz et al., 2021). Briefly, 10 uL of the sample were
mixed with 150 pL of diluted Folin-Ciocalteu reagent (1:14, v/v in Milli-Q water) in a 96-well
plate and incubated at room temperature for 3 min. Then, 50 uL. of Na,CO; 20% were added to
the mixture, and the plate was incubated for 2 h at room temperature in the dark. After
incubation, absorbance was recorded at 750 nm. A standard curve of gallic acid (0.01-0.2 mg
mL™!) was done to estimate the concentration of total phenolic compounds. The results were

expressed as mg gallic acid equivalents per gram (mg GAE g™!).

2.5.2.  ABTS radical scavenging capacity

Radical scavenging capacity was measured by the ABTS™ assay as previously described
(Rebollo-Hernanz et al., 2021). To obtain 2.2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic)
acid radical cations (ABTS ™), a solution of ABTS (7 mmol L!) was mixed with potassium
persulfate (2.45 mmol L) and shaken in the dark for 16 h. The ABTS * solution was diluted

in PBS 5 mmol L', pH 7.4, to adjust the absorbance to 0.70 at 734 nm. The assay was
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performed by mixing 30 pL of the sample and 270 pL of the diluted ABTS " solution in each
well in a 96-well plate. The plate was incubated for 10 min, and the absorbance was measured
at 734 nm in a microplate reader. A calibration curve was prepared using Trolox reagent as a
standard solution (0—0.06 mg mL"). The values were expressed as mg Trolox equivalent per

gram (mg TE g ™).

2.5.3.  Ferric Reducing Antioxidant Power (FRAP)

The antioxidant capacity was measured through the FRAP assay as previously described
(Rebollo-Hernanz et al., 2020). Samples (10 pL) were mixed with 300 uL of a working FRAP
reagent (acetate buffer 0.3 mol L™! pH 3.6, 10 mmol L™ tripyridyl s-triazine, 40 mmol L' HCI,
20 mmol L™! FeCl3-6H,0 (10:1:1) (v/v/v)) to each well in a 96-well plate. After incubating the
plate for 10 min at 37°C, the absorbance was read at 593 nm. Trolox was used as a standard
solution (25-800 pumol L™!). FRAP results were calculated and expressed as mmol Trolox

equivalent per gram (mmol TE g ™).

2.6. HPLC-DAD-ESI/MS" qualitative and quantitative analyses of phenolic

compounds and methylxanthines

Samples were analyzed using a Hewlett—Packard-1100 HPLC-diode array detector (DAD)
chromatograph (Agilent Technologies, Palo Alto, CA). The solvents used were 0.1% formic
acid in water (solvent A) and 100% acetonitrile (solvent B). The elution gradient established
was isocratic 15% B for 5 min, 15-20% B for 5 min, 20-25% B for 10 min, 25-35% B for
10 min, 35-50% B for 10 min, and re-equilibration of the column. The separation of
phytochemicals was performed in a Spherisorb S3 ODS-2 C8 column (Waters, Millford, USA)
(3 um, 150 mm x 4.6 mm i.d.) at 35 °C, with a flow rate of 0.5 mL min"!. DAD-detection was
carried out at 280 nm and 370 nm as preferred wavelengths. The mass spectrometer (MS) was

connected to the HPLC system via the DAD cell outlet, and detection was performed in an API-
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3200 Qtrap (Applied Biosystems, Darmstadt, Germany) equipped with an ESI source and triple
quadrupole-ion trap mass analyzer. The phenolic compounds and methylxanthines were
characterized by their retention times, UV and mass spectra, and fragmentation patterns
compared to authentic standards when available. For quantitative analysis, amino derivatives
of caffeic and p-coumaric acid were quantified by calibration curves of the corresponding free
acid. Apigenin 6-C-glucoside was used for C-glycosides flavones derived from apigenin;
flavonols, derivatives of quercetin by the curve of quercetin-3-O-glucoside. Theobromine and
caffeine were quantified by the calibration curves of their respective standard. The results were

expressed as pug g~ ! of sample.

2.7.  Retention index and bioaccessibility calculation

The retention index and bioaccessibility of the phenolic compounds and methylxanthines from

the CS, expressed as a percentage, were determined as follows:

. . h CDigested fraction
Retention Index or Bioaccessibility (%) = x 100
Cnon - digested fraction

where Cpigested fraction cOTTEsponds to the concentration of compounds in the soluble fraction
obtained after in vitro digestion, and Chyp-gigested fraction 18 the concentration of compounds in the
sample before in vitro digestion. The retention index was calculated for oral and gastric stages,

whereas bioaccessibility was calculated for intestinal and colonic stages.

2.8.  Simulated intestinal absorption and bioavailability calculation

The potential absorption of the bioactive compounds found in the CSF and CSE was evaluated
in silico. Predictions of Caco-2 Absorption (C2A) and Human Intestinal Absorption (HIA) were
calculated using canonical SMILES sequences obtained from  PubChem

(https://pubchem.ncbi.nlm.nith.gov/, accessed on April 19th, 2022), using pkCSM-
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pharmacokinetics (http://biosig.unimelb.edu.au/pkcsm/, accessed on April 19th, 2022) and
ADMETIab (https://admet.scbdd.com/, accessed on April 19th, 2022) cheminformatics free

software. The potential bioavailability of the bioactive compound was calculated as follows:

. . . Clntestinalfmction x AbSO”ptiOI’l
Bioavailability (%) = x 100
CNon - digested fraction

where Chestinal fraction cOTTesponds to the concentration of compounds in the soluble intestinal
fraction obtained after in vitro digestion, Absorption corresponds to the percentage of
absorption estimated in silico for each compound, and Chyy._gigested fraction 15 the concentration of

compounds in the sample before in vitro digestion.

2.9.  Simulated colonic gut biotransformation

The human gut metabolism of the tentatively identified compounds was predicted in silico using
Biotransformer (Djoumbou-Feunang et al., 2019). The metabolism prediction was carried out
using the Human Gut Microbial Transformations option. This software predicts small-molecule
metabolism by gut microbial enzymes after entering each compound’s canonical SMILES
sequences. For the compounds containing unknown glycosides, i.e., hexosides and pentosides,
glucosides and arabinosides were considered, respectively, when selecting the SMILE. Only
reactions in the phenolic moiety of the compounds were considered (excluding potential
changes in the conjugated amino acid). Only catabolic reactions (hydrolysis, reduction,
dehydroxylation, oxidation, and C-ring fission) were considered, while conjugation reactions

(methylation, sulphation, or glucuronidation) were ignored.

2.10. Statistical analysis

Results are expressed as the mean + standard deviation (SD) of at least three independent

experiments (n = 3). Data were analyzed by one-way analysis of variance (ANOVA) and post
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hoc Tukey test for comparisons among digestive phases. 7-test comparisons were performed
between the retention indexes and the bioaccessibility of CSF and CSE. Differences were

considered significant at p < 0.05.

3. Results
3.1. The cocoa shell is a source of different phenolic compounds and

methylxanthines

HPLC-DAD-MS" analysis in the CS revealed the presence of 13 phenolic compounds and 2
methylxanthines (Table 1). Among the phenolic compounds studied, two major groups were
identified and quantified: phenolic acids (9) and flavonoids (4). Phenolic acids were further
classified into hydroxybenzoic acids and NPAs. As hydroxybenzoic acids, gallic (compound 1)
and protocatechuic (compound 3) acids were identified by comparing their retention times and
UV spectra with commercial standards. Furthermore, based on UV—-vis and HPLC-DAD-MS"
analyses and previous reports (Oracz et al., 2019), six NPAs were tentatively identified as N-
caffeoyl-L-aspartate, N-coumaroyl-L-aspartate cis, N-coumaroyl-L-aspartate trans, N-caffeoyl-
L-DOPA cis, N-caffeoyl-L-DOPA trans, and N-coumaroyl-tyrosine. These hydroxycinnamic
acid/amino acid conjugates (compounds 4, 5, 7, 10, 12, and 14) were identified in the different
samples. Compound 4 produced a pseudomolecular ion [M—H]~ at m/z 294, yielding a major
MS? fragment ion at m/z 179, owing to caffeic acid excision (Oracz et al., 2019). This molecule
was putatively identified as N-caffeoyl-L-aspartate by contrasting the MS? fragmentation
patterns in previous reports (Cadiz-Gurrea et al., 2014). Compounds 5 and 7 exhibited a [M—H]~
ion at m/z 278 and generated MS? fragmentation ions at m/z 235 and 163, indicative of the
fragmentation of N-coumaroyl-L-aspartate (Cadiz-Gurrea et al., 2014). Compounds 10 and 12

exhibited the pseudomolecular ion [M—H] at m/z 358 and fragment ions at m/z 179, identified
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as clovamide (N-caffeoy-L-DOPA). Compound 14 showed the [M—H]~ ion at m/z 326 and
fragment ions at m/z 282, 163, and 146 corresponding to N-coumaroyl-L-tyrosine, based on the

MS? fragmentation patterns retrieved from published data (Oracz et al., 2019).

Flavonoids were classified into three groups: flavan-3-ols, flavonols, and flavones. Concerning
flavan-3-ols, compounds 6 and 8 showed UV spectra like (+)-catechin and (—)-epicatechin,
respectively. In the case of flavonols, the deprotonated ions of the compounds (m/z 463) yielded
a fragment ion at m/z 301, equivalent to quercetin 3-O-hexoside (compound 13) and quercetin
3-O-pentoside (compound 15). They were identified according to their retention time, mass,
and UV-vis characteristics by comparison with commercial standards. Regarding flavones,
compound 9 (m/z 593) was identified as apigenin 6,8-di-C-glucoside by comparing its feature
with the standard. Its fragmentations in MS? analyses were characteristic of C-glycosidic

flavones (Martini et al., 2018).

Compounds 2 and 11 had a maximum absorbance at 272 and 273 nm, respectively, the
characteristic maximum of methylxanthines, and did not produce ions in the MS negative mode.
They were identified as theobromine and caffeine compared with the pure standard retention

time and spectra.

The composition of phenolic compounds studied in the CSF revealed that hydroxybenzoic acids
constituted the primary phenolic fraction (52.0%); gallic acid accounted for 36.9% and
protocatechuic acid represented 15.1% of the total phenolics (Table 2). The NPAs detected in
CSF (17.0%) included N-caffeoyl-L-aspartate (11.8%), N-caffeoyl-L-DOPA cis (2.1%), N-
coumaroyl-L-aspartate cis (2.0%) and N-coumaroyl-L-aspartate trans (1.1%). Catechin
constituted the major flavonoid (26.5% of the concentration of total phenolics), while
epicatechin (3.1%), quercetin 3-O-glucoside (0.7%), and quercetin 3-O-pentoside (0.8%) were

found in minor concentrations. Methylxanthines were the main fraction among the identified
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compounds, present in 16.0-fold higher concentration than phenolic compounds. Among
methylxanthines, theobromine (75.6%) was the primary compound, followed by caffeine
(24.4%). The phenolic profile of the CSE followed the same pattern as the CSF (Table 2).
Correspondingly, hydroxybenzoic acids (53.8%) were the major phenolic fraction, whereas
gallic and protocatechuic acids were two of the main phenolic compounds, representing 36.6
and 17.2% of the total phenolics, respectively. Among the NPAs found in CSE, the content of
N-caffeoyl-L-aspartate (9.5%) stood out among others, followed by N-coumaroyl-L-aspartate
cis (3.1%), N-coumaroyl-L-aspartate trans (2.2%), N-caffeoyl-L-DOPA cis (1.9%), and N-
coumaroyl-L-tyrosine (0.4%). Among flavonoids, catechin constituted 22.8% of the total
phenolic compounds in the CSE. Likewise, as in the flour, epicatechin (1.7%), quercetin 3-O-
glucoside (0.7%), and quercetin 3-O-pentoside (0.6%) represented a smaller proportion of the
total phenolics. In addition, two new phenolics which had not been detected in CSF were
identified in the CSE (N-caffeoyl-L-DOPA trans (0.5%) and apigenin 6,8-di-C-glucoside
(1.4%). Methylxanthines also represented a large fraction of the total identified compounds.
Theobromine showed a 5.0-fold higher concentration in the CSE than in the CSF, while caffeine

was 80% lower in the CSE.

3.2.  Phenolic compounds and methylxanthines were released throughout the

digestion

The in vitro simulated digestion elicited an increase in the TPC from 46.3 to 58.1 mg GAE g!
in the digested CSE (D-CSE) (Figure 1A). In the digested CSF (D-CSF), the TPC reached 6.6
mg GAE g!, while a significant decrease (from 34.2 to 24.8 mg GAE g!) was observed in the
remained total non-digested phenolics (TND-CSF). Consequently, this reduction was also
noticed in the free (FND-CSF) and bound (BND-CSF) phenolic compounds from the non-

digested phase. However, a significant increase (from 10.5 to 14.7 mg GAE g!) was detected
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from the intestinal phase to the colonic phase in the case of the FND-CSF. Then, the release of
bound phenolic compounds from the non-digested CSF residue (BND-CSF) during the colonic
stage favored the subsequent rise in the FND-CSF. The antioxidant capacity determined by the
ABTS method increased significantly (7.4-fold) throughout gastrointestinal digestion in the
CSE’s bioaccessible fraction (D-CSE), undergoing a slight decrease (5.0%) in the colonic phase
(Figure 1B). In the case of the CSF’s digested fraction (D-CSF), the antioxidant capacity
increased in the final stages of digestion due to the release of phenolic compounds from the
matrix, which consequently decreased the antioxidant capacity (from 73.4 to 59.7 mg TE g™!)
in the non-digested CSF residue (TND-CSF). Similarly, the antioxidant capacity in the FND-
CSF suffered a slight decrease at the first stages of digestion, increasing in the colonic phase
caused by the phenolic compounds’ liberation from the matrix to the digested fraction.
Conversely, the digestive process reduced by 49.0% the antioxidant capacity in the D-CSE
measured by the FRAP method, while in the D-CSF, it caused a gradual increase in the
antioxidant capacity until the intestinal phase (Figure 1C). In the remained non-digested TND-
CSF, the antioxidant capacity decreased by 20.8% throughout the in vitro digestion. The
antioxidant capacity relative to the fractions of free and bound phenolics showed a similar
pattern observed in ABTS and TPC, underlining the increase in the antioxidant capacity of the

FND-CSF and their decrease in the BND-CSF during the colonic phase.

The concentration of phenolic acids (hydroxybenzoic and NPAs) in the CSF did not experience
any significant change at the end of digestion compared to the non-digested CSF (Figure 1D).
Phenolic acids from the CSE were ultimately released during the oral phase, experiencing a
slight decrease (25.6%) at the end of the colonic stage of digestion. The same behavior was also
noticed for the hydroxybenzoic acids of both matrices since they represented the most important
fraction among the phenolic acids studied. However, the concentration of NPAs decreased by

42.2% from the intestinal to the colonic phase in the CSF, and by 84.6%, during the intestinal
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phase, in the case of the CSE. Regarding the CSF, flavonoids (flavan-3-ols and flavonols)
increased 2.9-fold from the oral to the colonic phase, and the same behavior was observed for
flavan-3-ols, which constituted their main fraction (Figure 1E). Although a substantial fraction
of flavonols was released during the oral and gastric phases, they were not detected during the
intestinal and colonic stages. Flavonoids remained stable in the CSE throughout the digestion
process but during the colonic phase. The flavonoid content significantly increased 1.9-fold in
the colonic phase compared to the intestinal phase. Flavan-3-ols revealed the same behavior.
Contrariwise, flavonols in the CSE were released entirely during the oral and gastric phases
(92.6%), but they were not detected during the intestinal and colonic phases. Total phenolics in
the CSF were significantly released during the oral phase and increased (2.6-fold) throughout
digestion, being wholly released during the colonic phase (Figure 1F). In contrast, total
phenolics from the CSE were fully released during the oral phase. Although the digestive
process resulted in a slight reduction in the concentration of total phenolics, especially from the
gastric to the intestinal phase (23.9%), the concentration increased from the intestinal to the
colonic phase (1.5-fold). Methylxanthines were sequentially released from the CSF throughout

gastrointestinal digestion, whereas they were partially degraded in the CSE (Figure 1F).

3.3.  Phenolic compounds’ bioaccessibility depended on the matrix type

The bioaccessibility of total phenolics increased during digestion in the CSF while remaining
unchanged in the CSE, where there was a slight decrease during the intestinal phase (Figure
2A). Phenolic compounds in the CSE reached a significantly higher retention index than CSF
ones during the oral and gastric phases but not in the intestinal and colonic phases. Phenolic
acids presented similar behavior as total phenolics (Figure 2B). In the CSF, phenolic acids were
released from the matrix during the digestive process, showing the highest bioaccessibility in

the colonic phase (96.3%). Phenolic acids in the CSE presented a higher retention index than
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in the CSF in the oral and gastric phases, unlike the intestinal and colonic phases. Flavonoid
retention index and bioaccessibility increased in the CSF and the CSE throughout
gastrointestinal digestion (Figure 2C). The retention index and bioaccessibility of flavonoids
were higher in the CSE than in the CSF, excluding the colonic stage. Methylxanthines increased
their retention index and bioaccessibility during digestion in the CSF (Figure 2D). CSF
methylxanthines’ bioaccessibility increased from the oral (42.0%) to the colonic phase (92.6%).
Contrarily, the CSE methylxanthines’ bioaccessibility did not significantly change at the end
of in vitro digestion, although it decreased during the intestinal phase. Overall, we observed
two different trends: phenolic acids experienced a sequential release from the oral to the colonic
phases, exhibiting lower (40%, p < 0.001) retention indexes in the CSF than in the CSE during
the oral phase but higher during the intestinal (1.2-fold, p < 0.05) and colonic (1.3-fold, p <
0.05) phases. Methylxanthines exhibited the same trend, being more bioaccessible in the
intestinal (1.8-fold, p < 0.01) and colonic phases (1.3-fold, p < 0.001) in the CSF than in the
CSE. On the contrary, flavonoids tended to be more bioaccessible in the CSE than in the CSF,

independently of the digestion stage.

3.4.  Hydroxybenzoic acids and flavan-3-ols were released during digestion, but

flavonols and flavones degraded

Phenolic compounds from the CSF generally showed a low release during the oral phase
(Tables 2-3). Gallic acid was the primary hydroxybenzoic acid (72.0 ug g'), reaching a
retention index of 45.0%. Protocatechuic acid was released by 40.6% (26.6 pg g!). Some
NPAs, such as N-coumaroyl-L-aspartate (cis and trans), were utterly released. On the contrary,
other compounds, such as N-caffeoyl-L-aspartate, were not detected. However, N-coumaroyl-
L-tyrosine, not identified in the ND-CSF, was detected during the oral phase. A minor flavonoid

fraction was released, except for epicatechin, which reached an oral retention index of 113.9%.
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Theobromine and caffeine concentration was lower in the oral phase than before digestion (44.9
and 33.0%, respectively). In the CSE, phenolic compounds and methylxanthines were highly
released during the oral phase, obtaining maximum retention indexes (82.7 to 127.7%) (Table
3). In general terms, oral retention indexes were significantly (p < 0.001) higher in the CSE

than in the CSF (Supplementary Table 1).

In the CSF, the concentration of hydroxybenzoic acids and NPAs did not significantly change
the gastric phase compared to the oral phase. There was no additional release of the above
compounds, except for protocatechuic acid, which increased 2.0-fold (Table 2). However,
some flavonoids, such as catechin and epicatechin, reached 86.8 and 153.8% retention indexes,
respectively (Table 3). The concentration of methylxanthines increased during the gastric
phase, achieving a retention index of 72.7% for theobromine and 59.6% for caffeine. On the
contrary, in the CSE, gallic and protocatechuic acids decreased by 31.2-51.4 % compared to
the oral phase. The concentration of catechin and epicatechin increased to achieve a gastric
retention index of 121.7 and 173.4%, respectively. Flavan-3-ols exhibited a 1.3-fold higher (p
< 0.05) gastric retention index in the CSE than in the CSF (Supplementary Table 1).
Regarding methylxanthines, the concentration of theobromine decreased by 21.9%, and

caffeine levels did not vary.

Gallic acid concentration in the CSF increased 1.7-fold in the intestinal phase, while the
protocatechuic acid did not show significant changes (Table 2). NPAs exhibited different
patterns. N-Coumaroyl-L-aspartate (cis and trans) reached a bioaccessibility of 123.9—314.4%,
whereas N-caffeoyl-L-DOPA cis decreased by 47.1% (Table 3). Catechin bioaccessibility
decreased by 28.2% compared to the gastric phase. The flavonol fraction was not detected
during the intestinal phase. The concentration of caffeine and theobromine increased during the
intestinal phase (1.2—1.3-fold). In the CSE, phytochemicals underwent degradation during the

intestinal phase, but hydroxybenzoic acids increased by 1.2-fold. Flavonols were not detected
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in the CSE during the intestinal phase, and catechin and epicatechin decreased by 28.0% and
44.9%. Other NPAs, including N-coumaroyl-L-aspartate cis, N-caffeoyl-L-aspartate, and N-
caffeoyl-L-DOPA trans, were also not detected during the intestinal phase. Likewise, the
concentration of methylxanthines decreased (theobromine by 29.0% and caffeine by 20.8%)
compared to the gastric phase. Therefore, their bioaccessibility declined to 48.0 and 58.7%,

respectively.

During the colonic phase, the concentration of gallic (165.6 pg g™!) and protocatechuic (107.5
ug g acids increased significantly in the CSF (1.4-fold and 2.3-fold higher than in the
intestinal phase) (Table 2). These compounds reached a colonic bioaccessibility of 103.4 and
164.1%, respectively (Table 3). Among the NPAs, only N-caffeoyl-L-DOPA cis experienced
an increase in its bioaccessibility. The catechin concentration increased during the colonic
phase (142.9% of bioaccessibility). Theobromine concentration increased by 7.9% after the
colonic phase (97.1% bioaccessibility), but no variations were observed in the caffeine
concentration. In the CSE, the concentration of gallic acid increased significantly, displaying a
high bioaccessibility (90.2%). N-coumaroyl-L-aspartate trans bioaccessibility increased to
125.0%. In opposition to the CSF, N-caffeoyl-L-DOPA cis decreased, reaching 64.2% colonic
bioaccessibility. The concentration of flavan-3-ols experienced a sharp increase of 43.5% for
catechin and 76.0% for epicatechin, achieving a bioaccessibility of 155.0 and 397.6%,
respectively. Theobromine and caffeine concentration also increased during the colonic stage,

exhibiting a noteworthy bioaccessibility of 73.7 and 73.0%, respectively.

3.5. Protocatechuic acid, epicatechin, and methylxanthines were the most

bioavailable compounds

After the intestinal stage of simulated digestion of CSF and CSE, the potential bioavailability

of phenolic compounds and methylxanthines was determined using two in silico models (C2A
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and HIA) (Tables 2-3 and Supplementary Table 1). The C2A model provided higher
bioavailability values than the HIA model for hydroxybenzoic acids (1.2 to 1.4-fold),
methylxanthines (1.1-fold), and most NPAs (1.2-fold). Conversely, the HIA model showed
higher bioavailability values than the C2A model for N-caffeoyl-L-DOPA, cis (1.1-fold), and

flavonoids (1.5 to 1.7-fold) (Tables 2-3).

In the CSF, the most bioavailable phenolic compounds were the hydroxybenzoic acids (35.7—
46.3%) (Supplementary Table 1), highlighting protocatechuic acid (44.7-61.8%) (Table 3).
Although, in general, NPAs did not show a high bioavailability (21.6-24.7%), some of them
exhibited an extremely high bioavailability, such as N-coumaroyl-L-aspartate cis (60.7—74.3%)
and trans (154.0-188.6%). Among flavonoids, epicatechin reached a bioavailability of 92.2%.
Methylxanthines were highly bioavailable (76.8-79.5%). In the CSE, the most bioavailable
phenolic compounds were also hydroxybenzoic acids (34.9-46.2%), especially protocatechuic
acid, which could reach 83.7% of bioavailability. However, the NPAs presented low
bioavailability after the intestinal phase of digestion (less than 6.3 %). The flavonoid fraction
reached a bioavailability of 43.8%, and the methylxanthines showed a bioavailability of 42.8—
43.5% (Supplementary Table 1). The results showed that NPAs (3.4—4.8-fold, p <0.001) and
methylxanthines (1.8-fold, p <0.001) were more bioavailable in the CSF than in the CSE. From
the results, hydroxybenzoic acids appeared to be more bioavailable than NPAs, and flavonoids

were less bioavailable than phenolic acids (Supplementary Table 1).

3.6. The cocoa shell flour matrix protected phenolic compounds during
digestion
The behavior of CSF and CSE throughout gastrointestinal digestion was visualized using

principal component and hierarchical cluster analysis coupled to a heatmap (Figure 3). We

observed 13 different factors explaining the variability among samples. The two principal
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components could explain 84.4% of the whole variability (Figure 3A). The first component
(64.9% variability) predominantly included the effects of theobromine, clovamide, vicenin, N-
coumaroyl- and N-caffeoyl-L-aspartate, and gallic and protocatechuic acids. The second
component (19.5% variability) included ABTS and epicatechin. Phenolic compounds and
methylxanthines in the CSF were sequentially released from the matrix from the oral to the
colonic phase. The antioxidant capacity of CSF-released compounds also increased over
digestion. Inversely, phytochemicals in the CSE were fully bioaccessible in the oral phase and
were gradually degraded from the gastric to the colonic phase. Hence, the poor absorption of
phenolic compounds from both matrices yielded similar bioavailable fractions. We can perceive
that the bioavailable fractions of CSF and CSE were similar, notwithstanding their initial
composition. Complementarily, the hierarchical cluster analysis depicted the grouping of the
CS digested fractions according to their composition (Figure 3B). The first group included non-
digested CSE and oral and gastric fractions. The second group clustered the colonic and the
bioavailable phases of CSF and CSE, and the third group contained CSF samples from the non-
digested to the intestinal phase. Altogether, multivariate analysis demonstrated that

gastrointestinal digestion transformed the CS composition matrix dependently.

3.7. Colonic biotransformation of non-absorbed phenolic compounds could

generate smaller metabolites

Phenolic compound colonic metabolism by the gut microbiota was studied in silico, and the
main routes involved in the biotransformation of the phenolics from the CS were summarized
in Figure 4. The flavan-3-ols catechin and epicatechin are transformed into 5-(3.,4-
dihydroxyphenyl)-y-valerolactone by C-ring fission. 5-(3,4-Dihydroxyphenyl)-y-valerolactone
can be dehydroxylated to 5-(3'-hydroxyphenyl)-gamma-valerolactone and 5-(4'-

hydroxyphenyl)-gamma-valerolactone, and hydrolyzed to 4-hydroxy-5-(3,4-
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dihydroxyphenyl)valeric acid. After further transformations (hydrolysis, dehydroxylation, and
oxidation), flavan-3-ols yielded protocatechuic, 5-phenylvaleric, 3-(3-
hydroxyphenyl)propionic, and 3-(4-hydroxyphenyl)propionic acids. Protocatechuic acid,
which may also come from the dehydroxylation of gallic acid, can be dehydroxylated, yielding
hydrocinnamic, p-salicylic, and m-salicylic acids. 5-Phenylvaleric acid can be oxidized to
hydrocinnamic acid. In turn, 3-(3-hydroxyphenyl)propionic, and 3-(4-
hydroxyphenyl)propionic acids can be oxidized, generating m-salicylic and p-salicylic acids,
respectively, or dehydroxylated, producing hydrocinnamic acid. The smallest metabolite
produced from the colonic metabolism of flavan-3-ols might be benzoic acid. Vicenin-2 was
transformed by hydrolysis into apigenin 6-C-glucoside and subsequently hydrolyzed into
apigenin. Apigenin was transformed into naringenin and chrysin by reduction and
dehydroxylation, respectively. After further transformations involving reduction,
dehydroxylation, and C-ring fission reactions, flavones yielded different chalcones. p-Salicylic
and hydrocinnamic acids were the primary metabolites obtained from the colonic metabolism
of flavones, ultimately generating benzoic acid. NPAs (N-caffeoyl-L-DOPA, N-coumaroyl-L-
tyrosine, and N-coumaroyl-L-aspartate) experienced reduction and dehydroxylation reactions,
producing N-3,3- and N-3,4-hydroxypheylpropanoyl-amino acids, and N-cinnamoyl-amino
acids, and, ultimately obtaining N-hydroxycinnamoyl-amino acids. Colonic biotransformation
by the gut microbiota could favorably influence the absorption of some phenolic compounds
from the CS due to their transformation into different compounds than those found in the
intestinal phase of the simulated digestion. The phytochemical diversity of the CS is then
influenced by the colonic biotransformation yielding new metabolites. Distinct routes generated
small, low molecular weight metabolites with increased potential absorption in both C2A and
HIA models (Supplementary Figure 1). Flavan-3-ols exhibited a potential intestinal

absorption of less than 55%. Vicenin-2 could be absorbed in less than 19%. NPAs could be
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absorbed around 15-60%. In contrast, some low molecular weight metabolites obtained after
colonic biotransformation of the non-absorbed compounds (i.e., p-salicylic, m-salicylic, and
benzoic acids) could be fully absorbed in the intestine (Supplementary Table 2).
Consequently, the biotransformation produced during colonic metabolism could play an
essential role in phenolic absorption since smaller and maybe more adsorbable phenolic
metabolites could be produced by intestinal biotransformation of non-absorbed phenolic

compounds.

4. Discussion

The CS is rich in dietary fiber and contains bioactive compounds such as phenolic compounds
and methylxanthines (Rojo-Poveda et al., 2021). In this sense, the revalorization of the CS can
represent a strategy for a transition toward a circular and environmentally sustainable
production model (Garcia et al., 2022). This study represents an advance in the knowledge of
the bioaccessibility and potential bioavailability of phenolic compounds and methylxanthines

from the CS under simulated gastrointestinal conditions.

The CS exhibited a large concentration of methylxanthines (theobromine and caffeine) and
phenolic compounds. The hydroxycinnamic acid fraction was composed of NPAs, mostly N-
caffeoyl-L-aspartate, aligning with previous studies, where this amino derivative was found to
be the most abundant NPA in cocoa beans (Rojo-Poveda et al., 2021). These hydroxycinnamate
derivatives are found exclusively in cocoa products, identified in all parts of the fruit, and
related to the astringent properties (Lechtenberg et al., 2012). The flavonoid fraction was
notable for its high catechin content, while a minor fraction of flavonols and flavones was also
detected. Previous studies support our data, although other authors also identified a fraction of

proanthocyanidins (Rojo-Poveda et al., 2021).
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The concentration of phenolic compounds and methylxanthines was higher in the CSE than in
the CSF. However, they exhibited similar bioactive compound profiles. The heat-assisted
extraction produced the solubilization of phytochemicals and, perhaps, chemical
transformations bringing out new compounds (Antony & Farid, 2022). The high insoluble
dietary fiber content in the CSF could be another reason for the absence of some compounds in
the non-digested CSF. Phenolic compounds are frequently strongly linked to cell wall
polysaccharides, compromising their bioaccessibility (Zhu, 2018). The CSF can slowly and
continuously release phenolic compounds under the acidic, alkaline, and enzymatic conditions
of the in vitro simulated digestion, which could maintain a higher phenolic concentration
beneficial for human health. However, due to the absence of a food matrix, there were no
impediments to releasing and detecting phenolic compounds from the CSE during each step of
the simulated gastrointestinal digestion. Different phenolic compounds were released from the
food matrix, formed, or transformed during gastrointestinal digestion. The digestive system
could increase the antioxidant capacity of phenolic compounds by changing their molecular
weight and chemical structure during simulated digestion (Seraglio et al., 2017; Zhu et al.,
2021). Potential interactions between antioxidant compounds and dietary constituents can also
lead to complexes formations and, consequently, modify phenolic compounds’ bioaccessibility

and antioxidant properties (Seraglio et al., 2017).

The individual phenolic compounds showed different stability in the digestion process. During
the oral phase, phenolics and methylxanthines in the CSE were free, whereas in the CSF, they
were mainly bound to the food matrix. Although saliva contains enzymes that can enhance the
release of some compounds from its matrix, generally, no significant changes occur since the
food remains in the oral cavity for a short time. During the gastric phase, the acid pH, the
enzymatic hydrolysis by pepsin, the particle size reduction, and the residence time of the food

in the stomach enable the degradation of food compounds and facilitate the release of bound
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phenolic compounds. However, the acid pH in the stomach causes the degradation of flavonoid
oligomers to smaller units (Shu et al., 2019). Phenolic compounds are susceptible to alkaline
conditions in the small intestine. Losses in phenolic content after intestinal digestion may be
associated with the transformation and degradation of phenolic compounds suffered under these
conditions. Conversely, the increment of certain phenolic compounds during the intestinal
phase can be the consequence of the conversion of some compounds, such as gallic acid, which
could indicate its dehydroxylation for the generation of protocatechuic acid (Jara-Palacios et
al., 2018). Furthermore, intestinal enzymes can act on the matrix, facilitating the release of
phenolic compounds (Wojtunik-Kulesza et al., 2020). Then again, the food matrix may also
play an essential role in the bioaccessibility of the compounds, as phenolic compounds may be
bound to some components, such as dietary fiber, proteins and fats, which may protect them

from possible degradative processes (Mandalari et al., 2016).

Although most phenolic compounds presented high bioaccessibility, low bioavailability was
estimated in silico. The absorption of phenolic compounds occurs mainly in the small intestine
by passive diffusion or transporters located in the enterocyte membrane. The molecular weight,
lipophilicity, or stereochemistry of phenolic compounds may influence their absorption.
Therefore, phenolic compounds with low molecular weight and high lipophilicity are more
absorbed (Cosme et al.,, 2020). Gallic acid exhibited a high bioaccessibility but lower
bioavailability in both CSF and CSE. Several human studies have shown that this acid is quickly
absorbed in the small intestine, exhibiting excellent bioavailability (Kaliora et al., 2013).
Protocatechuic acid and trans-N-coumaroyl-L-aspartate showed the highest bioavailability
among the phenolic acids studied. Protocatechuic can be efficiently absorbed by intestinal
epithelial cells (Song et al., 2020). In turn, NPAs contain an amide bond which is more stable
than the ester bond and therefore avoids intestinal hydrolysis. They may be absorbed through

the small intestinal epithelium reaching the bloodstream, although their bioavailability has not
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been extensively studied (Oracz et al., 2020). The bioavailability of flavonoids, especially
flavan3-ols, can be affected by many factors, including stereoisomerism. Several studies have
also shown that the bioavailability of (—)-epicatechin is higher than (+)-catechin (Di Pede,
Mena, Bresciani, Achour, et al., 2022). Methylxanthines stood out for their high bioavailability,
especially in the CSF. Caffeine is characterized by its rapid and complete absorption in the
gastrointestinal tract (Barcelos et al., 2020). Theobromine is also absorbed in the small intestine.
Both methylxanthines diffuse passively through enterocytes, reaching the bloodstream (Ellam

& Williamson, 2013).

The CS has been described as a high dietary fiber matrix (Panak Balenti¢ et al., 2018). Then,
the compounds tightly bound to the dietary fiber matrix, and not released during the previous
stages, are susceptible to being liberated by the colonic microbiota action. Hydroxybenzoic
acids were noted for their high bioaccessibility during the colonic phase. Several studies
reported more concentration of protocatechuic acid at the end of the colonic phase than the
concentration ingested. Protocatechuic acid is a colonic metabolite that can be generated by the
action of colonic microbiota from other compounds, such as flavonoids, including anthocyanins
and flavan-3-ols (Zheng et al., 2019). Both the host and the gut microbiota metabolize large
molecules into smaller compounds that can be further digested or absorbed. Microorganisms
predominantly use hydrolytic and reductive processes to metabolize phytochemicals, many of
which are unique to the gut microbiota species. In sharp contrast, the host metabolism tends to
be more oxidative and conjugative. Many reactions, however, occur concurrently between the
host and microbiota-mediated biotransformation. As a result, the combined metabolisms of the
host and microbiota generate metabolites that would not be synthesized by the host alone, which
can significantly modify phytochemicals’ bioactivities within the human body (Koppel et al.,
2017). The structural transformations of NPAs by colonic microbiota have not been extensively

studied. Although some authors report that NPAs could be transformed into phenolic acids
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during microbial degradation, there is no evidence that NPAs are hydrolyzed, conjugated, or
enzymatically degraded by intestinal microbes (Oracz et al., 2020). However, flavonoids that
reach the colon can be metabolized by enzymes of the gut microbiota, which remove the
glycosides producing flavonoid aglycones (Al-Ishaq et al., 2021). Flavan-3-ols underwent
biotransformation by gut microbiota, leading to phenyl-y-valerolactones and related
phenylvaleric acids (Di Pede, Mena, Bresciani, Almutairi, et al., 2022). Low molecular weight
phenolic metabolites of the colonic microbiota are the ones that can be absorbed and reach the

bloodstream and peripheral tissues eliciting bioactive effects (Carregosa et al., 2022).

5. Conclusion

This research presented new knowledge into the gastrointestinal fate of phenolic compounds
and methylxanthines in the CS under simulated conditions. For the first time, we investigated
the bioaccessibility, potential bioavailability, and colonic biotransformation of phytochemicals
from the CS. The CS matrix type played a significant role in the release of phytochemicals. The
CSF matrix protected phenolic compounds, turning them more bioaccessible and bioavailable
than those from the CSE. The digestion prompted the release of hydroxybenzoic acids and
flavan-3-ols but triggered the degradation of flavonols and flavones. Protocatechuic acid,
epicatechin, and methylxanthines were the main compounds absorbed in the intestine after in
vitro gastrointestinal digestion in both samples. In addition, new insights gained on the non-
bioaccessible phenolic compounds by in silico estimation of their colonic metabolism revealed
that the gut microbiota could biotransform non-absorbed phenolic compounds into diverse
lower molecular weight compounds. The results further strengthen the CS as a source of
potentially bioaccessible, bioavailable, and active phytochemicals, which might exert potential

health-promoting properties in the organism.
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Figure Captions

Figure 1. Effect of in vitro digestion of cocoa shell flour (CSF) and cocoa shell extract (CSE)
on the total phenolic content (A), ABTS (B), and FRAP (C) antioxidant capacity from the
digested (D) and non-digested (ND) cocoa shell, including free (FND), bound (BND), and total
(TND) phenolic fractions. Behavior of total phenolic acids (PA) (hydroxybenzoic acids (HBA)
+ N-phenylpropenoyl-L-amino acids (NPAs)) (D), flavonoids (FVD) (flavan-3-ols (F3L) +
flavonols (FVL)) (E), and total phenolics (TP) and methylxanthines (MTX) (F) throughout the
simulated gastrointestinal digestion phases. The results are reported as mean = SD (n = 3).
Points with different letters significantly (p < 0.05) differ according to ANOVA and Tukey’s

multiple range test (between digestion phases, within the same sample).

Figure 2. Impact of in vitro digestion on the release of total phenolics (A), phenolic acids (B),
flavonoids (C), and methylxanthines (D) from the cocoa shell flour (CSF) and the cocoa shell
extract (CSE). The results are reported as mean + SD (n = 3). Bars different letters significantly
(p < 0.05) differ according to ANOVA and Tukey’s multiple range test. 7-test comparisons
were performed between the retention indexes and the bioaccessibility of CSF and CSE.

Differences were considered significant at p < 0.05.

Figure 3. Biplot (scores of samples and load factors of each variable) of the principal
component analysis (PCA) (A) and agglomerative hierarchical cluster analysis coupled to
heatmap (from the lowest (m) to the highest (m) value for each parameter) (B) illustrating the
behavior of phenolic compounds and methylxanthines from the cocoa shell during simulated

gastrointestinal digestion. CSE: Cocoa Shell Extract; CSF: Cocoa Shell Flour; ND: Non-
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Digested; OP: Oral Phase; GP: Gastric Phase; IP: Intestinal Phase; CP: Colonic Phase; C2A:

Caco-2 Absorption; HIA: Human Intestinal Absorption.

Figure 4. Proposed pathways involved in the colonic metabolism of phenolic compounds from
the cocoa shell predicted in silico. 3,3-HPPA: 3-(3-Hydroxyphenyl)propionic acid; 3,4-HPPA:
3-(4-Hydroxyphenyl)propionic acid; 3-H-5(4-HP)VA: 3-Hydroxy-5-(4-hydroxyphenyl)valeric
acid; 4-H-5(3,4-HP)VA: 4-Hydroxy-5-(3,4-dihydroxyphenyl)valeric acid; 4-H-5(3-HP)VA: 4-
Hydroxy-5-(3-hydroxyphenyl)valeric acid; 4-H-5-PVA: 4-Hydroxy-5-phenyl-valeric acid; 5-
(3,4-HP)VA: 5-(3,4-Dihydroxyphenyl)valeric acid; 5(3,4-HP)y-VL: 5-(3,4-Dihydroxyphenyl)-
y-valerolactone; 5-(3-HP)VA: 5-(3-Hydroxyphenyl)valeric acid; 5(3-HP)y-VL: 5-(3'-
Hydroxyphenyl)-y-valerolactone; 5-(4-HP)VA: 5-(4-Hydroxyphenyl)valeric acid; 5(4-HP)y-
VL: 5-(4'-Hydroxyphenyl)-y-valerolactone; 5-PVA: 5-Phenylvaleric acid; 5-P-y-VL: 5-Phenyl-
y-valerolactone; API: Apigenin; API6G: Isovitexin; BA: Benzoic acid; CAT: Catechin; CHRY:
Chrysin; CiA: Cinnamic acid; dhCA: Dihydrocaffeic acid; dhPBCH: 2°,4°,6'-
Trihydroxydihydrochalcone; EPI: Epicatechin; GA: Gallic acid; hCiA: Hydrocinnamic acid;
m-SA: 3-Hydroxybenzoic acid; N-3,3-HPP-AA: N-[3-(3-Hydroxyphenyl)propionyl]-AA; N-
3,4-HPP-AA: N-[3-(4-Hydroxyphenyl)propionyl]-AA; NAR: Naringenin, NARCH:
Naringenin chalcone; N-C-AA: N-Caffeoyl-AA; N-Ci-AA: N-Cinnamoyl-L-AA; N-Cou-AA:
N-Coumaroyl-AA; N-dhC-AA: N-Dihydrocaffeic-acid-AA; N-hCi-AA: N-
(Hydroxycinnamoyl)-AA; PB: Pinocembrin; PBCH: Pinocembrin chalcone; PCA:
Protocatechuic acid; p-CouA: p-Coumaric acid; p-SA: 4-Hydroxybenzoic acid ; VIC2:
Vicenin-2; a-RA: a-Resorcylic acid. Complete information on the phenolic compounds can be

found in the Supplementary Table 2.
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Figure 5. An illustrated diagram integrating the experimental design and the main results and
conclusions retrieved from this study. The cocoa shell (flour and aqueous extract) was digested
in vitro, and the phytochemicals released were evaluated using HPLC-DAD-MS/MS (phenolic
compounds, methylxanthines, and N-phenylpropenoyl-L-amino acids). Metabolites’
bioaccessibility and potential bioavailability were calculated, and the colonic biotransformation

of phenolic compounds and amino derivatives was studied in silico.



Table 1. Identification of phenolic compounds and methylxanthines in the cocoa shell flour and extract by HPLC-DAD-MS.

R, Zmax  Molecular ion 2 o . .

Compound (min) (nm) [M-H]|- (m/%) Fragments MS Tentative identification Common name CID
1 4.70 270 169 _ 3,4,5-Trihydroxybenzoic acid  Gallic acid 370
2 6.00 272 _ _ 3,7-Dimethylxanthine Theobromine 5429
3 6.10 2299(4)1, 153 109 3,4-Dihydroxybenzoic acid Protocatechuic acid 7
4 6.55 323 294 179 N-Caffeoyl-L-aspartate - 23658567
5 6.63 %72% 278 235, 163 N-Coumaroyl-L-aspartate, cis  — 165368074
6 8.50 279 289 245,205, 151, 137 (+)-Catechin Catechin 9064
7 9.50 310 278 235, 163 N-Coumaroyl-L-aspartate, trans — 68537088
8 10.18 279 289 245,205, 151, 137 (—)-Epicatechin Epicatechin 72276
9 12.79 335 593 413, 383, 353,297,283  Apigenin 6,8-di-C-glucoside Vicenin-2 3084407
10 1298 321 358 179 N-Caffeoyl-L-DOPA, cis Clovamide, cis 6443790
11 1347 273 - - 1,3,7-Trimethylxanthine Caffeine 2519
12 1451 323 358 179 N-Caffeoyl-L-DOPA, trans Clovamide, trans 6506968
13 22.06 354 463 301 Quercetin-3-O-hexoside - 5280804
14 23.08 303 326 282,163, 146 N-Coumaroyl-tyrosine Dideoxyclovamide 15825666
15 2479 355 463 301 Quercetin-3-O-pentoside - 12309865




Table 2. Concentration of individual phenolic compounds and methylxanthines (ug g™!) in non-digested and digested cocoa shell flour and extract, and

its potential Caco-2 absorption and human intestinal absorption throughout the different phases of the simulated gastrointestinal digestion.

Compounds ND oP GP 1P CP C2A HIA
Cocoa shell flour
Hydroxybenzoic acids
Gallic acid 160.1 £ 4.32 72.0 £5.8¢ 70.6 £ 3.9¢ 118.4+7.6° 165.6 £ 15.32 63.9+ 4.1 51.2+3.34
Protocatechuic acid 65.5+5.8° 26.6 +0.7¢ 54.1 £0.1¢ 46.4 £2.7 107.5+£9.82 40.5 £2.44 293+ 1.7¢
N-Phenylpropenoyl-L-amino acids
N-Coumaroyl-L-aspartate cis 8.8+ 0.4 9.0+ 0.4b 8.3+0.6° 109+0.8 8.5+1.0° 6.6 £0.5¢ 5.4+044
N-Coumaroyl-L-aspartate trans 4.7+0.54 5.8+0.54 5.2 +0.54 14.8+1.02 - 8.9+0.6° 7.3+£0.5¢
N-Coumaroyl-L-tyrosine — 0.7+0.1¢ 0.5+0.0° 3.8+£0.32 4.1+04 2.1+0.2b 1.8+0.1°
N-Caffeoyl-L-aspartate 51.4+2.9 — — - — — —
N-Caffeoyl-L-DOPA cis 8.9+0.42 5.6 +£0.5¢ 59+0.2¢ 4.2+ 0.64 7.0+£0.8b 0.6+0.1¢ 1.6 £0.2¢
Flavan-3-ols
Catechin 1152+ 8.1 40.3 +£4.24 100.0+2.1% 71.8 £5.5¢ 164.6 + 13.72 23.6+1.8° 39.1 4+ 3.0d
Epicatechin 13.3 £ 1.3b¢ 15.1+1.20b 20.5+0.62 225+ 1.5 — 7.4+ 0.54 12.3 +0.8¢
Flavonols
Quercetin 3-0O-hexoside 29+0.12 09+0.1° 1.0£0.1° - - - -
Quercetin 3-O-pentoside 34+0.02 0.8 £0.1° 0.6 £0.0¢ - - - -
Methylxanthines
Theobromine 5258.0 +48.82 2360.0 £ 19.8¢ 3822.1+410.9¢9 4701.2+128.4> 51059+31.3* 42484+116.0°c 4181.2+114.2«
Caffeine 1693.8 + 3.72 558.2+0.7f 1009.9 + 10.6° 1303.5 £ 9.9b¢ 1329.1 +£30.8> 1276.1 £9.7¢ 1161.3 £8.94



Cocoa shell extract

Hydroxybenzoic acids

Gallic acid 739.3 +£22.42 641.1 £16.6° 311.4 £24.54 391.7 £26.1¢ 666.6 £ 63.52 211.3 £ 14.1¢ 169.3 £11.3¢
Protocatechuic acid 348.8 +24.2° 401.9 +7.32 276.7 +7.2¢ 334.0+23.1° 3103+ 11.2% 291.8 £20.2¢ 210.8 + 14.64
N-Phenylpropenoyl-L-amino acids

N-Coumaroyl-L-aspartate cis 62.2 +6.22 59.3+0.12 63.6 £ 6.02 - - - -
N-Coumaroyl-L-aspartate trans 44.6 + 3.1b¢ 48.6 + 4.0° 40.9£0.2¢ 16.5 +0.24 55.7+3.02 9.9+0.1¢ 8.1+0.1¢
N-Coumaroyl-L-tyrosine 7.7 £ 1.5% 9.8+0.2° 12.6 +1.52 6.3+0.7° - 3.5+£044 2.9+0.34
N-Caffeoyl-L-aspartate 191.3 +18.0% 211.2+7.0 173.0 +£20.1° - - - -
N-Caffeoyl-L-DOPA cis 379+ 1.2° 37.9+3.9® 46.7 + 4.9 30.7£3.1¢ 24.3 +£0.0¢ 4.7+0.5° 11.3£1.2¢
N-Caffeoyl-L-DOPA trans 10.5+£0.32 10.7£0.72 10.1 £0.32 - - - -
Flavan-3-ols

Catechin 460.5 + 14.2¢ 416.0 £ 38.2¢ 560.5 + 56.4° 403.5+2.1¢ 713.8 + 83.32 132.6 £0.7¢ 219.7+1.24
Epicatechin 34.6 £0.6° 30.4 + 4.2 60.1 +5.1° 33.1£3.4¢ 137.7 £ 14.9 109+ 1.1¢ 18.0 + 1.9%
Flavonols

Quercetin 3-O-hexoside 142 +0.12 12.6 £0.5b 122+ 0.4 - - - -
Quercetin 3-O-pentoside 13.1 £0.6% 12.6 £1.22 13.1£0.42 - - - -
Flavones

Vicenin-2 28.7+0.1° 27.8+1.7° 33.6£0.52 19.4+£2.2¢ - 2.3+0.3¢ 3.4 +0.4¢
Methylxanthines

Theobromine 26053.1 £ 1255.0* 22529.8 £205.7° 17597.6 = 1259.4¢ 12498.3 +£490.49 19193.5+862.9° 11294.4 44324 11115.7 +436.14
Caffeine 339.9+19.52 281.1£7.7° 252.0 £ 15.9° 199.6 + 16.5¢ 248.3 £10.0° 195.4 +16.2¢ 177.8 £ 14.7¢

Results are reported as mean = SD (n = 3). Mean values within rows followed by different superscript letters (a, b, c, d, e, f) are significantly different when subjected
to Tukey’s test (p < 0.05). ND: Non-Digested; OP: Oral Phase; GP: Gastric Phase; IP: Intestinal Phase; CP: Colonic Phase; C2A: Caco-2 Absorption; HIA: Human
Intestinal Absorption; nd: non-detected; t: traces.



Table 3. Retention index, bioaccessibility, and potential bioavailability (%) of individual phenolic compounds and methylxanthines from cocoa shell

flour and extract after simulated in vitro gastrointestinal digestion.

Retention Index Bioaccessibility Bioavailability

Compounds

op GP 1P CP C2A HIA
Cocoa shell flour
Hydroxybenzoic acid derivatives
Gallic acid 45.0 £ 4.8 44.1 +£3.6¢ 73.9 + 6.8 103.4 +12.32 39.9 + 3.6 32.0+£2.9"
Protocatechuic acid 40.6 £ 4,74 82.6 + 7.4b 70.7 + 10.45¢* 164.1 £29.4* 61.8 £9.1b" 44.7 £ 6.6
N-Phenylpropenoyl-L-amino acids
N-Coumaroyl-L-aspartate cis 101.5 £ 9.7 93.9+ 11.1%¢ 123.9 + 15.72 96.1 + 15.6 74.3 +9.4¢ 60.7 +7.7¢
N-Coumaroyl-L-aspartate trans 123.4 +£23.2b¢ 109.6 £22.1¢ 314.4 £ 54,8 - 188.6 £32.9"™"  154.0 £ 26.8>*"
N-Coumaroyl-L-tyrosine - - - - - -
N-Caffeoyl-L-aspartate - — - - - -
N-Caffeoyl-L-DOPA cis 62.4 + 8.320" 65.9 + 5.8 47.1 £ 8.5 78.1 £ 12.6 7.2+ 1.3 17.4 £ 3.1¢"
Flavan-3-ols
Catechin 35.0 £ 6.14™ 86.8 + 7.9v™ 62.3 £9.2¢ 142.9+£21.92 20.5 £ 3.04" 33.9+5.04"
Epicatechin 113.9 £ 19.9%¢ 153.8 +£19.5% 169.3 £27.1" - 55.7 + 8.9 92.2 + 148"
Flavonols

Quercetin 3-0O-glucoside

Quercetin 3-O-pentoside

Methylxanthines
Theobromine

Caffeine

32.1 £3.2a
233 422%™

44.9 + 0.84"*
33.0+£0.1"

32.3£5.08
18.7 +£ 0.9>"*

72.7 £ 8.5¢
59.6 £ 0.8

89.4 + 3.3a0*
77.0 +£ 0.8

97.1 £ 1.58
78.5+2.02

80.8 + 3.0b¢*
75.3£0.7°"

79.5+£2.9¢"
68.6 £ 0.7¢"



Cocoa shell extract

Hydroxybenzoic acid derivatives
Gallic acid

Protocatechuic acid

N-Phenylpropenoyl-L-amino acids
N-Coumaroyl-L-aspartate cis
N-Coumaroyl-L-aspartate trans
N-Coumaroyl-L-tyrosine
N-Caffeoyl-L-aspartate
N-Caffeoyl-L-DOPA cis
N-Caffeoyl-L-DOPA trans

Flavan-3-ols
Catechin

Epicatechin

Flavonols
Quercetin 3-O-glucoside

Quercetin 3-O-pentoside

Flavones
Vicenin-2

Methylxanthines
Theobromine

Caffeine

86.7+4.92
1152+ 10.12

95.3£9.6%
109.0 = 16.5%
127.7 £27.9%
110.4 + 14.02
100.0 £ 13.6°
101.4 £9.6?

903+ 11.1¢
87.8 £13.5¢

88.9 +4.22
96.6 + 13.52

96.9 £ 6.2°

86.5+5.02
82.7+7.0%

42.1£4.6°
79.3 £7.5b

102.3 £19.82
91.6 +£6.8°
163.4 £51.9%
90.4 £ 19.02
123.0 £ 16.92
96.2 +5.92

121.7 + 16.0°
173.4+17.8°

85.7+3.6%
100.0 + 7.52

117.1 £2.32

67.5+8.1°
74.1 £8.9%

53.0£5.1°
95.8 +13.3%

37.0£3.0¢
82.2 +£25.9be

80.8 £ 10.9b¢

87.6 £3.2¢
95.5+11.6¢

67.6+ 8.0°

48.0 £4.2¢
58.7£8.2%

90.2 +11.32
89.0 £ 9.4°

125.0+ 15.22

64.2 £2.2¢

155.0 £22.92
397.6 + 50.02

73.7+6.9°
73.0 £ 7.1

28.6 £2.8¢
83.7+11.6°

222 +1.8¢
45.8 + 14.4¢

123+ 1.7¢

28.8+1.0¢
31.4+3.84

8.1+1.0¢

43.4+£3.8
57.5+8.1%

22.94+2.72¢
60.5 £ 8.4¢

18.1£1.5¢°
37.4+11.8¢

29.9+4.0¢

47.7+1.7¢
52.0 + 6.3¢

11.8+1.4¢

42.7+£3.7¢
523+7.3¢

Results are reported as mean = SD (n = 3). Mean values within a line followed by different superscript letters (a, b, c, d, ) are significantly different when subjected
to Tukey’s test (p < 0.05). OP: Oral Phase; GP: Gastric Phase; IP: Intestinal Phase; CP: Colonic Phase; C2A: Caco-2 Absorption; HIA: Human Intestinal Absorption;



nd: non-detected; t: traces. Mean values followed by superscript asterisks significantly differ (CSF vs. CSE) when subjected to 7-test (* p < 0.05, ** p < 0.01, *** p <
0.001).
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Fig. 2.
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Fig. 3.
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Highlights

o The CSF and the CSE cocoa shell phytochemical profiles were as evaluated during gastrointestinal digestion

. Phenolic compounds and methylxanthines were released throughout the digestion

J Phenolic compounds’ bioaccessibility was higher in the CSE than in the CSF depended on the cocoa shell matrix
. Phenolic compounds were poorly absorbed in the gut in comparison to methylxanthines

J Colonic biotransformation could generate smaller and more adsorbable phenolic metabolites
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