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Abstract: Plant-based beverages are enriched by the fermentation process. However, their biocom-
pounds are transformed during gastrointestinal digestion, improving their bioaccessibility, which is
of primary importance when considering the associated health benefits. This study aimed to evaluate
the effect of in vitro gastrointestinal digestion on phenolic compound bioaccessibility and antioxidant
activity of novel Aloe vera juices fermented by probiotic Enterococcus faecium and Lactococcus lactis.
Aloe vera juices were digested using the standardized static INFOGEST protocol. During digestion,
phenolic compounds and antioxidant activity (DPPH, ABTS, and FRAP) were accessed. The digestion
process was seen to significantly increase the total phenolic content of the fermented Aloe vera juices.
The fermentation of Aloe vera increased the bioaccessibility of juice biocompounds, particularly for
kaempferol, ellagic acid, resveratrol, hesperidin, ferulic acid, and aloin. The phenolics released during
digestion were able to reduce the oxidative radicals assessed by ABTS and FRAP tests, increasing
the antioxidant action in the intestine, where they are absorbed. The fermentation of Aloe vera by
probiotics is an excellent process to increase the bioavailability of beverages, resulting in natural
added-value functional products.

Keywords: plant-based beverages; fermented beverages; probiotics; natural bioactive compounds;
in vitro digestion; biotransformation of phenolic compounds

1. Introduction

The food industry has been seeking to innovate its products in order to provide foods
that are not only nutritious but also have added functionality, leading to improved human
health and well-being and/or reduced risk of disease [1,2]. In this context, plant-based
beverages, made with either fruits or vegetables fermented with probiotics, appear to be
an important category of functional foods. Plant-based beverages are excellent sources of
vitamins, minerals, and bioactives. At the same time, they represent a good option when
choosing a drink containing probiotics, which are usually dairy-based matrices, due to their
hydration properties, freshness, and attractive flavors, in addition to being lactose-free,
milk protein-free, and strictly vegetarian [3].

The fermentation process itself increases the release of the plant’s bioactive compounds,
increases bioaccessibility and bioavailability, and consequently improves the nutritional
and functional properties of the food, with beneficial effects on health. Beverages fermented
with probiotic bacteria may act as vehicles for the delivery of probiotic species into the gut,
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having a fundamental role in microbiota modulation [1,4]. Even pasteurized fermented
juices with probiotic bacteria such as Lactobacilli may have similarly beneficial health
effects as described for probiotics due to the presence of Lactobacilli-secreted products
generated during the fermentation [5].

Lactic acid bacteria (LAB) can (bio)transform polyphenols during the fermentation
process into simple phenolic compounds with improved bioactivity. These compounds are
bio-transformed again during gastrointestinal digestion, and their content and bioactivity
(e.g., antioxidant) can be changed [3]. Therefore, simulation of in vitro gastrointestinal
digestion of food has been widely used to evaluate bioavailability and to study structural
changes, release efficiency, digestibility, stability, and bioaccessibility of food nutrients [6-9],
even if phenolic biotransformation by the gut microbiota is not always performed prior to
tests of bioaccessibility and bioavailability.

The most frequently found LAB species in commercialized probiotic products in-
clude Lactobacillus, Bifidobacterium, Lactococcus, and Enterococcus [10]. Lactococcus lactis and
Enterococcus faecium have been referred to as some of the strains most widely used in the
food industry [10]. E. faecium has been isolated from human milk [10,11]. E. faecium has
been used in the production of different fermented food products, such as artisanal cheese,
sausages, and olives, mainly because it plays an important role in the development of
organoleptic characteristics due to proteolytic and lipolytic activity [11]. Although few
studies have demonstrated their probiotic potential, they have been shown to possess
several health properties similar to probiotics, such as immune-modulatory activity and
anti-inflammatory properties, as well as the ability to produce antimicrobial compounds
against pathogens, to lower cholesterol, and to adhere to intestinal cells [11-13]. On the
other hand, L. lactis strains have been recognized as probiotics [10]. They have been shown
to improve both gut immunomodulation and fasting insulin, and to control cholesterol and
hypertension [14,15]. Having GRAS status (Generally Recognized as Safe), they have been
used as commercial starter cultures in vegetables and in the dairy industry to ferment milk
into buttermilk, cheese, yoghurt, and sour cream [15].

A wide variety of research on fermented beverage production may be found in the
literature, including fruits such as oranges, apples, lemons, passion fruits, pomegranates,
carrots, etc. [16], and more recently Aloe vera [17,18]. Aloe vera contains polysaccharides,
proteins and amino acids, minerals, phenolics, anthraquinones, and enzymes in its compo-
sition [19]. Due to the chemical and functional properties of these compounds, Aloe vera has
been largely used for wounds and inflammation and has been used in the treatment and
prevention of several diseases, namely cancer, ulcers, diabetes, microbial and skin diseases,
and others [20]. Therefore, the production of juices based on Aloe vera may result in very
interesting products for consumers and ultimately for the food industry market.

To our knowledge, there is no report on the release efficiency and bioavailability of
phytochemicals from the fermentation of Aloe vera juice inoculated with E. faecium and
L. lactis during in vitro digestion. Therefore, this study aims to explore the behavior of
bioactive compounds, antioxidant activity, and bioaccessibility of Aloe vera juice fermented
with LAB during simulated in vitro gastrointestinal digestion. It may provide useful infor-
mation to promote the development of functional beverages with added value, promoting
the use of natural resources that improve human health.

2. Materials and Methods
2.1. Materials and Reagents

Pepsin, pancreatin, Folin—-Ciocalteu phenol reagent, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS), 2,4,6-tris(2-pyridyl)-
S-triazine (TPTZ), gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), vanillic acid, chlorogenic acid, catechin, epicatechin, p-coumaric acid, ellagic acid,
naringenin, hesperidin, resveratrol, ferulic acid, quercetin, 3,4-dihydroxybenzoic, taxifolin,
aloin, kaempferol, ferric chloride hexahydrate, sodium acetate trihydrate, glacial acetic
acid, hydrochloric acid, and sodium acetate trihydrate were purchased from Sigma-Aldrich
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Ltd. (St. Louis, MO, USA). All chemicals used were of analytical grade, and the water was
ultra-pure Milli-Q water.

2.2. Juice Preparation and Fermentation

Fresh whole Aloe barbadensis Miller (Aloe vera) leaves (four years old) were purchased
from Uliavera (Cérdoba, Spain), and harvested from Ibiza plantations. Leaves were washed
and disinfected (2% sodium hypochlorite solution) and rinsed with distilled water. The
spikes and the inferior and superior parts of each leaf were removed before longitudi-
nally slicing of the leaf to separate the epidermis from the parenchyma (gel). The gel
was pressed using a laboratory manual roll processor, lyophilized, and stored at —20 °C
until further use.

The lyophilized gel of Aloe vera (2 g) was subject to an enzymatic-assisted solid-liquid
extraction with cellulase (1.5 mg/mL) in a water volume of 60 mL. The reaction occurred
for 1 h at 45 °C in a 200 mL cylindrical reactor, duly protected from light, in a thermostatic
water bath with agitation (150 rpm). The supernatants were then filtered through Whatman
No. 4 filter paper. Finally, the Aloe vera samples were sterilized with a 0.22 um membrane.
Juice conditions applied were previously studied in another work [18].

For Aloe vera juice fermentation, two LABs were used: Enterococcus faecium (isolated
from human breast milk) and Lactococcus lactis BS-10 (Chr Hansen, Horsholm, Denmark).
Fermentation was carried out using the same conditions as reported in previous work [18].
Briefly, 100 mL of Aloe vera was inoculated with 1400 uL of each LAB (1 X 10° CFU/mL)
for 48 h at 37 °C. After fermentation, samples were collected and stored at —20 °C until
in vitro digestion analysis. The experiments were performed in triplicate.

2.3. Procedure for In Vitro Digestion

The harmonized INFOGEST in vitro digestion model (static method) mimicking the
mouth, stomach, and small intestine conditions [21] was applied to the digestion of the
Aloe vera juices (non-fermented and fermented ones), with small modifications [22,23].
Table 1 shows the composition of the electrolyte stock solutions used during in vitro diges-
tion, namely, simulated salivary fluid (SSF), simulated gastric fluid (SGF), and simulated
intestinal fluid (SIF).

Table 1. Composition of electrolyte stock solutions: simulated salivary fluid (SSF), simulated gastric
fluid (SGF), and simulated intestinal fluid (SIF).

SSF SGF SIF
(mmol/L) (mmol/L) (mmol/L)
KCl1 15.10 6.90 6.80
KH,PO, 3.70 0.90 0.80
NaHCO3 13.60 25.00 85.00
MgCl,(H,O0)q 0.15 0.12 0.33
(NH,4),CO;5 0.06 0.50 -

NaCl - 47.20 38.40
HCl - 15.60 8.40

In the oral phase, 5 mL of samples (previously kept in a water bath for the necessary
time until reaching 37 °C under constant agitation (120 rpm)) were exposed to simulated
mouth conditions (SSF solution and CaCl, (HO),). Samples were returned to the shaking
water bath and incubated at 37 °C for 2 min. Note that x-amylase was not used since the
samples did not contain starch.

For the stomach simulation, porcine pepsin solution (with a final activity of 2000 U/mL),
SGF solution, and CaCl, (H,O); (0.15 mmol/L) were added. The pH was adjusted to
3 (HCL, 1 mol/L) and the volume was completed with Milli-Q water. Samples were incu-
bated at 37 °C for 2 h. After the gastric phase, a sample was taken and cooled in ice to stop
the enzymatic reaction.
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Finally, for the intestinal phase simulation, SIF solution, CaCl, (H>O); (0.6 mmol/L),
pancreatin (with a final activity of 100 U/mL), and bile solutions (10 mmol/L in the final
volume) were added to the gastric phase. The pH was adjusted to 7 (NaOH, 1 mol/L), and
the final volume was adjusted with Milli-Q water. The mixture was incubated for 2 h at
37 °C. At the end of the intestinal phase, the reaction was stopped by adding 1 mmol/L of
an enzyme inhibitor (Pefabloc SC). Samples were digested at least in triplicate.

A representative diagram of the preparation of Aloe vera juices and the gastrointestinal
digestion system is shown in Figure 1.
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Figure 1. Juice preparation procedure and in vitro gastrointestinal digestion (static model) of non-
fermented Aloe vera and Aloe vera fermented either with Enterococcus faecium or with Lactococcus lactis.

2.4. Total Phenolic Content Analysis

The total phenolic content (TPC) was determined using a 96-well microplate colori-
metric assay by the Folin-Ciocalteu method adapted from Ferreira-Santos et al. [24]. Briefly,
10 uL of the sample was mixed with 60 pL of Na,COs (75 g/L), 15 puL of Folin—Ciocalteu
reagent, and 200 pL of Milli-Q water and incubated at 60 °C for 5 min. The absorbance
was measured at 700 nm using a spectrophotometer (Synergy HT, Biotek Instruments, Inc.,
Winooski, VT, USA). A standard curve was performed using gallic acid (1500-50 mg/L,
R? = 0.99), and the results were expressed in mg of gallic acid equivalents (GAE) per liter
of Aloe vera juice (mg/L).

2.5. Identification of Individual Phenolic Compounds by Ultra-Performance Liquid
Chromatography (UPLC-DAD)

Individual phenolic compounds were identified and quantified by ultra-performance
liquid chromatography (UPLC) as defined and validated by Ferreira-Santos et al. [24]. A
Shimadzu Nexpera X2 UPLC chromatograph equipped with a diode array detector (DAD)
(Shimadzu, SPD-M20A, Columbia, MD, USA) was used. Separation was performed at
40 °C on a reversed-phase Aquity UPLC BEH C18 column (2.1 mm x 100 mm, 1.7 um)
from Waters (Milford, MA, USA) and eluted with water/formic acid (0.1%) and 100%
acetonitrile at a flow rate of 0.4 mL/min. The biocompounds were identified and quantified
by comparison with their UV spectra (wavelengths 209-370 nm) and retention times with
that of corresponding standards. Calibration curves were performed for each compound at
concentrations between 250-2.5 mg/L (vanillic acid, chlorogenic acid, catechin, epicatechin,
p-coumaric acid, ellagic acid, naringenin, hesperidin, resveratrol, ferulic acid, quercetin,
3,4-dihydroxybenzoic, taxifolin, aloin, and kaempferol (R? > 0.99)). Results were expressed
in milligrams per liter (mg/L).
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2.6. Antioxidant Activity
2.6.1. Ferric Reducing Antioxidant Power Assay (FRAP)

A FRAP test was performed according to the method described by Benzie and
Strain [25], with a few modifications. A volume of 10 uL of sample (properly diluted
and filtered) was mixed with 290 puL of FRAP reagent (Tripyridil-s-triazine, FeCl;, and
acetate buffer). The resultant reaction mixture was incubated at 37 °C for 15 min. The ab-
sorbance was measured at 593 nm in a spectrophotometric microplate reader (Synergy HT,
Biotek Instruments, Inc., USA), against water as a blank. A standard curve was prepared
using an aqueous solution of FeSO4 7H,O (200 to 1000 uM). FRAP values were expressed
as micromoles of ferrous equivalent per liter of Aloe vera juice (umol Fe (II)/L).

2.6.2. ABTS Radical Cation Scavenging Activity

The radical cation decolorization (ABTS) assay was performed according to the method
described by Ferreira-Santos et al. [12], with minor modifications. The ABTS®* cation radical
solution was prepared using ABTS solution (7 mM) and potassium persulfate (2.45 mM)
in a ratio of 1:1, at 4 °C for 12-16 h, in the dark. A stock solution was then diluted with
80% ethanol solution, up to an absorbance of 0.700 £ 0.02, determined at 734 nm. Briefly,
10 pL of samples were mixed with 200 puL of ABTS®** solution in a 96-well microplate.
The plate was placed at room temperature for 30 min in the dark, and the absorbance
was read at 734 nm. An SA standard curve was performed using a Trolox solution in
ethanol (50 to 500 pM). ABTS values were expressed as micromoles of 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) equivalent (TE) per liter of Aloe vera juice
(umol TE/L).

2.6.3. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity was determined using the method described
by Ferreira-Santos et al. [12], with minor modifications. The reaction was carried out
in a 96-well microplate by mixing 25 uL of the sample and 200 uL of 2,2-diphenyl-1-
picrylhydrazyl solution (DPPH, dissolved in 80% methanol to an absorbance of 0.700 £ 0.01
at 515 nm). Solutions were allowed to stand for 1 h in the dark, until complete reaction,
at room temperature. Further, the absorbance was measured at 515 nm, using water as
a blank. A standard curve was prepared with Trolox (40 to 400 uM). DDPH results were
expressed as micromoles of Trolox equivalent (TE) per liter of Aloe vera juice (umol TE/L).

2.7. Determination of Bioaccessibility

Bioaccessibility was determined using the method described by Simoes et al. [26].
Briefly, 10 mL of digested Aloe vera juices (intestinal phase samples) were centrifuged at
18,000 g for 30 min, and two distinct phases were obtained: an opaque sediment phase
at the bottom and a clear micelle phase at the top (supernatant). It was assumed that
the model bioactive compounds were in the clear micelle phase (i.e., the bioaccessible
fraction), which were available for absorption and metabolization. Then, the micelle phase
was used to quantify the content of bioactive compounds released after in vitro digestion.
Bioaccessibility was determined using the following equation:

Bioaccessibility (%) = Chicelle Phase 19 (1)

Intestinal Phase

where the Cyjicelle phase 1S the concentration of bioactive compounds in the micelle phase,
and the Cipestinal phase 1S the concentration of bioactive compounds after in vitro digestion.

2.8. Statistical Analysis

Analyses were carried out in three independent replications of each sample. Results
are represented as mean =+ standard deviation (SD). Data were subjected to two-way
ANOVA; pair-comparison of treatment means was obtained using the Bonferroni procedure
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at p <0.05 and p < 0.001, using the statistical software GraphPad Version 6 (GraphPad
Software Inc., San Diego, CA, USA).

3. Results
3.1. Effect of In Vitro Digestion on Phenolic Compounds
3.1.1. Total Phenolic Content (TPC)

The presence of some phenolic compounds in fruit and vegetable juices is of great
importance since it determines their quality and influences their organoleptic characteristics,
such as color and astringency, and their bioactive properties. Thus, in this study, the
phenolic content of non-fermented and fermented Aloe vera juices was investigated during
gastrointestinal digestion. In general, the behavior of phenolic compounds of fermented
Aloe vera juices with E. faecium and L. lactis was more affected (positively) during the in vitro
digestion than was the behavior of the non-fermented juice (Figure 2).

17000- B Av AvF

bB
AvL
15000-
:T bB
= 12500 é
<
© 100001 .
12007
S U
= 100 an aA aA g Z o 2 Z
1: 7N A =
2l =l B9 17

Digestion phase

Figure 2. Total phenolic content of non-fermented and fermented Aloe vera juice at the digestion
stages. Av: Digestion of non-fermented Aloe vera extract; AvF: Digestion of Aloe vera extract fermented
with E. faecium; AvL: Digestion of Aloe vera extract fermented with L. lactis. Data bearing different
lowercase letters (a, b) in the same digestion phase are significantly different (p < 0.05). Data bearing
different capital letters (A, B) in the same sample groups are significantly different (p < 0.05).

The Folin-Ciocalteu method was used to determine the TPC, as it is commonly applied
in food matrices and natural extracts [27,28]. The amount of TPC from non-fermented Aloe
vera juice (Av), Aloe vera fermented with E. faecium (AvF), and Aloe vera juice fermented with
L. lactis (AvL) was found to be significantly released during simulated in vitro digestion.

Before digestion, in the initial phase, the TPC were not significantly different between
fermented and non-fermented juice (Figure 2), although after fermentation, the TPC became
slightly higher in the fermented juices (207 £ 1 mg GAE/L for the Av, 366 & 39 mg GAE/L
for AvF, and 427 £ 17 mg GAE/L for AvL samples, respectively).

As expected, no significant differences between the initial and the oral phase were
observed for all samples, since Aloe vera juice does not contain starch in its composition
and therefore x-amylase was not mixed in the SSF.

In the gastric phase, the TPC for Av samples increased by 17% (up to 244 & 4 mg GAE/L).
Notably, for the fermented juices, TPC increased even more. For AvF, TPC increased up
to 696 + 16 mg GAE/L, and for AvL up to 695 + 4 mg GAE/L, which was reflected in
an increase of 90% and 62%, respectively, as compared to the amount determined in the
initial samples. The low pH and the enzymatic action in the gastric digestion phase led to
the release of some phenolic compounds bound with the carbohydrates, which increased
the bioaccessibility of these bioactive compounds. The fermentation of the juice probably
favored the positive results achieved in this study, since phenolic compounds increased in
the gastric phase in comparison with other works where certain phenolic substances were
lost in the stomach [29].
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The great release of TPC was, however, determined in the last stage of digestion, at
the intestinal phase. In this stage, an increase of 78% of TPC was observed for the non-
fermented Av samples (1115 £ 23 mg GAE/L); the AvF fermented samples obtained an
increase up to 12,253 + 729 mg GAE/L, and the AvL up to 14,220 + 1402 mg GAE/L, which
was about a 95% increase as compared to the respective initial samples. In both the AvF
and AvL samples, the amounts of TPC released during simulated intestinal digestion were
significantly higher than in the earlier stages of digestion and in the undigested fermented
juice (p value < 0.05).

3.1.2. Phenolic Compounds of Non-Fermented Aloe vera Juice (Av)

Fourteen individual phenolic compounds were identified in the Aloe vera juice, whose
structures are shown in Figure 3. Those phenolic compounds may be classified as hydrox-
ybenzoic acids (vanillic, ellagic, and 3,4-hydroxybenzoic acids), hydroxycinnamic acids
(p-coumaric and ferulic acids), flavonols (kaempferol), flavan-3-ols (epicatechin and cate-
chin), stilbene (resveratrol), flavanones (naringenin and hesperidin), flavones (quercetin
and taxifolin), and anthracenes (aloin).

o OH OH HO OH Oy OH ~
OH
C : :
o. H H
o
0.
e
¢ HyC
HO ~o
OH OH OH OH

Vanillic acid Ellagic acid Ferulic acid

) k Dihydroxybenzoic acid p-coumaric acid }
Hydroxybenzoic acid Hydroxycinnamic acid

OH

i )
G A

J

\ Kaempferol } \ Epicatechin Catechin } \ Resveratrol }
[ | |
Flavonols Flavan-3-ols Stilbene
BCL
P /L\ _oH
J
s
A
HO J\ Ao
OH O A on

'OH
® e
HyC., OO oH
HO () ( 1
HO™ ™ om
OH OH

k Naringenin Hesperidin ) k

|

Flavanone

OH O OH O

\ Quercetin Taxifolin )

Flavone

Figure 3. Bioactive compounds identified in Aloe vera juice.
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All fourteen phenolic compounds selected for the UHPLC analysis were identified in
the Av, as shown in Table 2. Epicatechin was the compound with the highest concentration
in the initial juice (30.99 £ 2.95 mg/L). Its amount was maintained during the oral and
gastric phases and drastically decreased in the intestinal phase (about 45%). Hesperidin,
the compound with the second-highest concentration (17.01 + 2.46), followed the same
behavior. Aloin, a compound particularly from Aloe vera, was the third most concen-
trated in the Av, and decreased about 73% in the intestinal phase (p < 0.05). Naringenin
(10.49 £ 0.87 mg/L) began to be degraded or biotransformed after the oral phase.

Table 2. Phenolic compound identification and quantification of undigested and in vitro digestion of
non-fermented Aloe vera juice (Av). Data are given in mg/L.

Initial Phase

Compounds (mg/L) (Undigested) Oral Phase Gastric Phase Intestinal Phase Bioaccessibility (%)
Vanillic acid 187 £0.10? 130 £0.142 n.d. n.d. n.d.
Catechin 119 £0.182 n.d. n.d. n.d. n.d.
Epicatechin 30.99 +£2.95% 27.70 +1.38 2 30.80 +4.24? 16.32 +0.41° 55.30 £ 1.2
p-Coumaric acid 3.30+0.89° 3.61+0.19° 2414039% 0.09 + 0.007 P 2.62+0.4
Ellagic acid 82041312 8.90 +0.68 * 9.244+0.37% 14.18 +0.03® 194.56 £ 0.2
Naringenin 1049 £0.872 9.95+0.35% 6.46 +£1.40° 2.27 £ 0.06 ¢ 22.01+£0.5
Hesperidin 17.01 & 2.46 18.36 £0.852 14.46 +£1.77° 7.63+0.32°¢ 4891+0.9
Resveratrol 1.93 +0.07 2 2.05£0.07% 244 £0.14° 1.35+£0.012 71.59 £ 0.0
Ferulic acid 443+0.81° 3.59 +1.50 % 112 4+050° 1.27 £0.01° 32,67+ 0.3
Quercetin 0.75+0.122 427 +0.60° 3.01+051° 124 £0.02¢ 160.45 + 0.1
3,4-Dihydroxybenzoic acid 039 +0.18% 0.24 £0.02° 024 £0.042 n.d. n.d.
Taxifolin 753 +0.742 6.88 +£0.27 2 6.69 £1.142 1.78 £0.01° 25124+ 0.3
Aloin 1410+ 0.78 2 13.47 £ 0.66 2 14.86 £0.80 2 3.40 £+ 0.06° 25.03 0.2
Kaempferol 1.53 £0.06 140 £0.132 1.36 £0.09? 6.42 +0.18° 43024 £1.0
TOTAL 103.61 &+ 11.51 101.71 + 6.86 93.38 £ 11.38 55.95 +1.20 -

Values of phenolic compounds are expressed as concentration mean + SD (mg/L) of three experiments. n.d.: not
detected. Data bearing different lowercase letters (*~°) in the same compound are significantly different (p < 0.05)
between different digestion phases.

Ellagic acid was one of the hydroxybenzoic acids whose amount significantly increased
during digestion (from 8.20 £ 1.31 mg/L in the juice up to 14.81 £ 0.03 mg/L in the
intestinal phase). The content of flavonoids quercetin and kaempferol also increased
significantly during the digestion process. It is important to note that kaempferol is
obtained from naringenin by a biosynthetic pathway. The naringenin is converted into
dihydrokaempferol, and dihydrokaempferol is converted into kaempferol [30]. Therefore,
the decrease in naringenin concentration and increase in kaempferol concentration observed
in all Aloe vera juices agrees with the expected theory.

Resveratrol, naringenin, taxifolin, catechin, and vanillic, as well as 3,4-dihydroxybenzoic,
ferulic, and p-coumaric acids, were probably degraded or biotransformed during the
digestion process, since their concentrations decreased (or were not detected) at the end of
the digestion.

3.1.3. Phenolic Compounds of Aloe vera Juice Fermentation with E. faecium (AvF)

For AvF, thirteen phenolic compounds were identified in its initial composition
(Table 3). Catechin, being already in a low amount in the Av, was not detected in the
fermented juice. It was observed that epicatechin was the compound with the highest
concentration in AvF (35.29 & 1.18 mg/L); however, its amount decreased significantly after
the intestinal phase, as observed also for Av. This trend is in line with the results reported
by Marchese et al. [31], which reported an important decrease in flavan-3-ols compounds
after the digestion of green and black tea.
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Table 3. Phenolic compound identification and quantification of undigested and in vitro digestion of

Aloe vera juice fermentation with Enterococcus faecium (AvF). Data are given in mg/L.

Co;r;rg(;lﬁ;lds (18:31,532?; Oral Phase Gastric Phase Intestinal Phase Bioaccessibility (%)
Vanillic acid 2.61 £0.022 n.d. n.d. n.d. n.d.
Epicatechin 35.29 4+ 1.182 2297 4+ 0.38P 7.61 +3.14°¢ 17.52 +0.01 4 49.7 + 0.6
p-Coumaric acid 0.81 £0.02° n.d. n.d. n.d. n.d.
Ellagic acid 15.09 + 0.23 2 22.03 4 0.48 P 30.66 + 0.43 ¢ 62.00 + 1.53 4 4112 £ 09
Naringenin 44440392 6.0 +2.652 352+ 0482 251 +0.062 57.1+0.2
Hesperidin 10.03 £ 0.07 2 13.10 + 4.052 14.35 + 4.06 2 1125 +0.392 112.2 £ 0.2
Resveratrol 327 +0.122 413+ 0.062 534+0212 823 +0.01P 251.7 + 0.1
Ferulic Acid 6.01 3532 3.42 4+ 0.98 b 1.78 £0.23b 3.43 4 0.242b 833+ 13
Quercetin 338 +1.962 5.04 +0.222 6.16 + 0.47 2 n.d. n.d.
3,4-Dihydroxybenzoic acid 0.25+0.012 n.d. n.d. n.d. n.d.
Taxifolin 425+1.842 5.18 + 0.63 2 3.06 0272 488 +0.332 137.2 £ 0.3
Aloin 15.49 +0.902 13.61 + 0.69 2 13.84 + 0.67 2 446 £0.01° 289+ 0.5
Kaempferol 1.88 +0.062 2.73 4 0.09 2b 3454 0.04° 13.18 £2.32°¢ 699.1 + 1.1
TOTAL 102 + 10 98 + 10 89 + 10 127 + 4 -

Values of phenolic compounds are expressed as concentration mean £ SD (mg/L) of three experiments. n.d.: not

detected. Data bearing different lowercase letters (*~9) in the same compound are significantly different (p < 0.05)
between different digestion phases.

In the AvF, the ellagic acid was the compound with the third-highest concentration
in the initial phase (15.09 £ 0.23 mg/L), almost twice the amount as compared to Av
(8.20 = 1.31 mg/L). Its concentration gradually increased throughout digestion, reaching
an amount of 62.00 &= 1.53 mg/L at the intestinal phase, where its absorption begins. This
phenolic acid was metabolized with the help of digestive enzymes and pH changes through
digestion. As compared to Av, the ellagic acid of AvF juice increased three times more after
the digestion process. Resveratrol, kaempferol and taxifolin also significantly increased
during the digestion (152%, 600% and 15%, respectively).

Aloin, the major anthraquinonic component of Aloe vera, and one of the most impor-
tant secondary metabolites of the plant due to its numerous functions as anti-inflammatory,
anticancer, antibacterial, laxative, and purgative properties [26,27], increased during fer-
mentation with E. faecium. However, its content decreased in the intestinal phase by up to
71% (p < 0.05). This trend was similar to the digestion of Av (76% of reduction).

The content of naringenin and ferulic acid decreased during digestion, and quercetin
was totally biotransformed or degraded at the intestinal phase. Other compounds like
3,4-dihydroxybenzoic, vanillic, and p-coumaric acids were quantified in small amounts
in the initial phase, becoming not detected after the digestion. They showed to be sen-
sitive to the changes in pH, and/or to the presence of salts and enzymes existent in the
gastrointestinal system.

Overall, the total amount of the identified phenolic compounds in AvF increased
during digestion up to 24.5%. A total amount of 102 £+ 10 mg/L was quantified in the
initial phase and 127 + 4 mg/L in the intestinal phase (Table 3).

3.1.4. Phenolic Compounds of Aloe vera Juice Fermentation with L. lactis (AvL)

Only twelve phenolic compounds were identified in the Aloe vera juice fermented
with L. lactis (AvL) (Table 4). The vanillic acid and catechin that were present in Av were
possibly degraded or biotransformed during the fermentation with L. lactis. Similar to Av
and AvF, epicatechin was the compound with the highest concentration in the initial phase
(48.18 = 2.19 mg/L), although it decreased by 83% during the stages of digestion.

The fermentation process of the AvL was also able to significantly increase (p < 0.05)
the content of aloin in the juice, as for the AvF. Although its content had dropped 19%
at the oral phase, afterward it remained constant. At the end of digestion, an amount of
15.59 £ 0.69 g/L was still quantified in the AvL, which was similar to the initial amount
present in the Av and the AvF. Nevertheless, for Av and AvF, a high biotransformation or
degradation occurred during digestion, decreasing up to 76% of its initial amount.
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Table 4. Phenolic compounds identification and quantification of undigested and during in vitro
digestion of Aloe vera juice fermentation with Lactobacillus lactis (AvL). Data given in mg/L.

Initial Phase

Compounds (mg/L) (Undigested) Oral Phase Gastric Phase Intestinal Phase Bioaccessibility (%)
Epicatechin 48.18 +2.192 2255+ 372" 491+0.72°¢ 8.08 +2.86° 16.54 + 1.4
p-Coumaric acid 0.38 £0.07 2 n.d. n.d. n.d. n.d.
Ellagic acid 15.39 4+ 0.89 21.97 +0.64° 30.30 & 0.05 ¢ 61.31 + 3.714 398.21 + 1.9
Naringenin 6.27 4 0.04 2.93 +1.06° 249 £1.13° 293+021° 46.70 £ 0.1
Hesperidin 5.26 +0.722 831 +176% 528 +0.132 10.03 +0.17° 193.77 + 0.1
Resveratrol 4.01+0.142 44440222 514 +0.602 8.07 £0.01° 201.40 + 0.0
Ferulic acid 3.4540.072 2.50 +0.28 2 21340442 3.4140.132 98.77 + 0.0
Quercetin 1.13 £0.09 2 3.07+£0.78" 496 +£1.27° nd. n.d.
3,4-Dihydroxybenzoic acid 0.24 +£0.082 n.d. n.d. n.d. n.d.
Taxifolin 7.60 & 0.60 2 4.46 +0.74° 339+ 0.22° 4.67+0.0° 61.88 £ 0.0
Aloin 20.82 +2.332 16.95 +2.11 2 16.89 + 0.0 2P 15.59 + 0.69 ° 76.22 + 0.3
Kaempferol 2.07 £0.102 2.68 £0.17 2 351+£0.02 11.86 £0.31° 575.33 + 0.2
TOTAL 11447 89 + 11 78 4+ 4 12548 -

Values of phenolic compounds are expressed as concentration mean + SD (mg/L) of three experiments. n.d.: not
detected. Data bearing different lowercase letters (*~9) in the same compound are significantly different (p < 0.05)
between different digestion phases.

Ellagic acid also increased from 15.39 &£ 0.89 to 61.31 &£ 3.71, similar as occurred for
AvF. The content of hesperidin, resveratrol, and kaempferol also increased after digestion
by 91%, 101%, and 473%, respectively. These phenolics also increased during the digestion
of the AvF. This positive behavior was not observed in the digestion of the Av. There-
fore, fermentation of Av with the LAB may promote the production of these compounds
during digestion.

Quercetin increased during the gastric phase (p < 0.05), and then, at the intestinal
phase, was not detected. Apparently, ferulic acid was maintained during the stages of
digestion. p-Coumaric and 3,4-dihydroxybenzoic acid was only detected in trace amount.
Naringenin and taxifolin were decreasing in each phase of digestion, as shown in Table 4.

Overall, for AvL, the concentration of phenolic compounds determined by liquid
chromatography supports the results obtained by TPC analysis, which showed an increase
of phenolics content in the intestinal phase relatively to the previous phases of the digestion.

3.2. Bioaccessibility of Biocompounds from Aloe vera Juice

The bioaccessibility of individual phenolic compounds of Aloe vera juices is shown
in Tables 2—4. During the digestion of Av, the highest percentage of bioaccessibility was
determined for kaempferol (430%), followed by ellagic acid (195%), quercetin (160%), and
resveratrol (72%). Meanwhile, epicatechin, p-coumaric acid, naringenin, hesperidin, ferulic
acid, taxifolin, and aloin were found in the range of 55-3%. Vanillic acid, catechin, and
3,4-dihydroxybenzoic acid are more unstable compounds and therefore were degraded or
biotransformed between the oral and the gastric phases of digestion.

Regarding the digestion of AvF, the highest percentage of bioaccessibility was also
determined for kaempferol (699%), followed by ellagic acid (411%), resveratrol (252%),
taxifolin (137%), hesperidin (112%), and ferulic acid (83%). Epicatechin, p-coumaric acid,
naringenin, and aloin were found in the range of 57-29%. It was clearly observed that fer-
mentation enhanced the bioaccessibility of phenolic compounds. The bioaccessibility deter-
mined for AvL had a similar trend as for AvF. The highest percentage of bioaccessibility was
also determined for kaempferol (575%), followed by ellagic acid (398%), resveratrol (201%),
hesperidin (194%), ferulic acid (99%), and aloin (76%), although taxifolin, naringenin, and
epicatechin were found in the range of 62-17%. The actions of both human digestive and
gut microbial enzymes represent an essential mechanism to metabolize polyphenols from
components of the food matrix, which allows for the accessibility of the compounds [32].
Vanillic acid, catechin, p-coumaric acid, quercetin, and 3,4-dihydroxybenzoic acid did not
resist the low pH of the gastric phase or any of the above-mentioned hypotheses.
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3.3. Antioxidant Activity

Three methods (FRAP, DPPH, and ABTS) were used to evaluate the antioxidant
capacity of the undigested and digested Aloe vera juices (Figure 4), since each method
provides an antioxidant capacity value related to its experimental conditions and reaction
mechanisms [33]. The antioxidant activity of the Aloe vera juice significantly increased along
the gastrointestinal digestion stages, according to the results obtained with the FRAP and
ABTS assays. For the fermented juices (AvF and AvL), the determined antioxidant activity
was even higher.
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Figure 4. Antioxidant activity of non-digested and digested Aloe vera juices by (A) FRAP assay,
(B) ABTS assay, and (C) DPPH assay. Av: Digestion of non-fermented Aloe vera extract; AvF: Digestion
of Aloe vera extract fermented with Enterococcus faecium; AvL: Digestion of Aloe vera extract fermented
with Lactococcus lactis. Data bearing different lowercase letters (a—c) in the same digestion phase
are significantly different (p < 0.05). Data bearing different capital letters (A-D) in the same sample
groups are significantly different (p < 0.05).
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Results obtained by FRAP and ABTS for fermented samples (AvF and AvL) along the
digestion steps were similar. Interestingly, a significant increase in antioxidant activity was
observed for all juices during digestion, except for Av, whose antioxidant activity did not
vary significantly during digestion when analyzed by FRAP. The most noticeable changes
were observed for AvF.

On the other hand, the results of DPPH scavenging activity were opposite those of
TPC (Figure 4C). It was observed that from the initial phase to the oral phase there was an
increase in the antioxidant activity by DPPH. However, from the oral phase to the gastric
phase, there was a decrease, and from the gastric phase to the intestinal phase, there was
again an increase.

3.4. Correlation Analysis

As reported in the literature [34,35], the antioxidant activity of plant materials is mainly
correlated with and affected by the phenolic content, as observed with the results obtained
in this work. To evaluate the effect of TPC on the antioxidant activities of fermented and
non-fermented Aloe vera digested samples, the correlations among them were analyzed by
Pearson correlation. Results showed that there was a strong correlation among the antioxi-
dant activity (FRAP and ABTS) of Av and of AvL with TPC (Table 5), suggesting that the
antioxidant activity of the Av and AvL digested samples are dependent on their TPC. There-
fore, phenolics released during digestion play an important role in the biological activity of
the foods which, when absorbed, provide beneficial properties for consumers [35-37].

Table 5. Correlations between total phenolic content (TPC) and antioxidant activity (FRAP, ABTS,
DPPH) of digested samples.

TPC FRAP ABTS DPPH
Unfermented 0.9657 * 0.9843 * —0.3807 s
Fermented with E. faecium 0.9246 "¢ 0.9359 " —0.0181
Fermented with L. lactis 0.9909 ** 0.9934 ** 0.2894 s

Significance of Pearson correlation coefficient (r) at p < 0.001 (**), p < 0.05 (*); no significance (™).

For AvF samples, however, the correlation among TPC and antioxidant activity (FRAP,
ABTS, and DPPH) was insignificant. Nevertheless, the antioxidant activity of AvF increased
after digestion. It is noteworthy that there was an increase in antioxidant activity, which
could be associated with a specific phenolic compound such as epicatechin, which was
found to be twice as high in the AvF juices as compared to the AvL.

The correlation analysis also showed that in the three Aloe vera samples there was no
correlation among TPC and antioxidant activity using the DPPH method. This analysis
suggests that the results of antioxidant activity by DPPH were independent of TPC, since
one variable increases as the other decreases. This supports the results on the antioxidant
activity obtained by DPPH assay of the three digested Aloe vera samples. The opposite
behavior was observed in comparison with FRAP and ABTS, as the activity increased after
digestion. This may be related with the differences in the methods applied for measuring
antioxidant capacity.

4. Discussion
4.1. Effect of In Vitro Digestion on Phenolic Compounds

Polyphenols present in foods or beverages have been described as potential health
promoters, although these benefits depend on their bioaccessibility in the gastrointestinal
tract. To provide health benefits, compounds of interest must be released from the food
matrix extraction and become bioaccessible in the gastrointestinal tract. These compounds
must then be metabolized to reach the target tissue for action [38]. However, little is known
about the stability during gastric and intestinal digestion and the metabolism of these
phenolic compounds, suggesting that some phenolic fractions are absorbed and other
fractions reach the colon, undergoing microbial transformations [39]. On the other hand,
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the intestinal microbiota are capable of metabolizing high molecular weight polyphenols
into more biologically active metabolites. Thus, polyphenols support the prevention and
treatment of several metabolic diseases, which are related to their antioxidant, anti-obesity,
anti-inflammatory, anti-hypercholesterolemic, and antidiabetic properties [40].

In this sense, results gathered in this work suggest a transformation of high-molecular
compounds or bound compounds into free compounds with lower molecular weight. These
resulting polyphenol derivatives release reactive functional groups into a complex with the
Folin—-Ciocélteu reagent, giving a visible increase in the TPC value. On the other hand, it
has been reported that many phenolic compounds can be metabolized during digestion and
absorbed in the intestine. This may be due to the fact that many polyphenols may not be free
in the raw material and, after chemical extraction and further digestion, can be released into
the small intestine, such as covalently bound or occluded [41]. Moreover, polyphenols can
reduce the activity of digestion enzymes (e.g., pepsin, lipase); therefore, high concentrations
of polyphenols may reduce the liberation of lipids and proteins, increasing the undigestible
volume and, in turn, may result in increased amounts of polyphenols reaching the colon [42].
Qin et al. have also mentioned that phenolics and flavonoids are highly released during
the intestinal phase [6], which is beneficial since phenolics are absorbed in the intestine.
The results obtained in this study showed that the concentration of phenolics increased
after gastric digestion, which promoted the bioaccessibility of the compounds, resulting in
a healthier final product as a functional Aloe vera beverage.

Several studies showed that the release of phenolics begins in the oral or gastric
phase [39,43,44]. The results of this work, however, showed that the highest release of
phenolic compounds from probiotic Aloe vera juice takes place during or after the gastric
phase. The differences in the amounts released of these active ingredients are related to
differences in the compositions and bioactive properties among the different fruit/vegetable
products [6]. In addition, during the gastrointestinal digestion of the Aloe vera juice, several
changes could have occurred in the phenolic compounds such as (i) modification of the
chemical structure, (ii) increase or decrease of solubility, or (iii) interaction with other
compounds, which influenced their bioaccessibility [37].

However, these results were consistent with those reported by Qin et al. [6] since the
highest release of health-related phenolic compounds from raspberry fruits and seeds was
also observed during the intestinal phase. A similar association was demonstrated by Tarko
and coworkers [45], who observed that the fermentation process did not significantly affect
the amount of phenolic compounds contained in blackcurrant wines. Their study demon-
strated that significant differences were only found after the action of digestive factors
(enzymes, pH). The authors found that after each digestion stage of both blackcurrant must
and wine, the total phenolic content increased [45].

Phenolics are considered the most important bioactive compounds, and their presence
in foods is beneficial for consumers due to their health properties such as antioxidant, an-
timutagenic, and/or anticarcinogenic activities, anti-inflammatory action, and others [46].
In fact, phenolic compounds at low concentration may act as an antioxidant and pro-
tect foods and beverages from oxidative deterioration, which is of interest to the food
industry [47].

4.2. Bioactive Compounds Identified in Aloe vera Juice

Overall, during the gastrointestinal digestion process of the non-fermented Aloe vera
juice, the content of identified /quantified phenolic compounds decreased (Table 2). This
decrease could be related to the instability of the phenols, which are then transformed into
other molecules with higher or lower biological activity. This molecular transformation
occurs at the OH groups attached to the benzene ring of the phenolic compounds, which
structurally changes at high pH [48,49]. In this study, and for Av, the decrease in some
bioactive compounds in the intestinal phase could be related to chemical reactions that
promote the hydrolysis, oxidation, and polymerization of these compounds, resulting in
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the generation of other phenolic derivatives [49]. This is visible in the TPC result, which
increases slightly throughout digestion (Figure 2).

After Aloe vera fermentation, it was possible to observe that some phenolic com-
pounds increased. These compounds may be used or converted by LABs, E. faecium and
L. lactis, during their metabolic activities. Meanwhile, ellagic acid, hesperidin, resvera-
trol, kaempferol, and taxifolin only increased during digestion, mainly in the fermented
juices [50]. The increase in these compounds in the intestinal phase may be related to the
elevated pH. Greater reactivity of phenolic compounds are observed at high pH values,
which is assumed to be related to the formation of the phenolate ion, which promotes the
reaction with peroxyl radicals as compared to that of the parent species [51].

No studies were found concerning the biotransformation of phenolic compounds from
Aloe vera fermented with E. faecium and L. lactis. For this reason, the results obtained were
compared with results obtained by other authors in other matrices. Previous studies run
with cherry juice and broccoli puree fermented by different Lactobacillus strains also found
a biotransformation of the phenolic compounds during fermentation [52]. These authors
observed the synthesis of reduced compounds during food fermentation, demonstrating
the biotransformation of some phenolic compounds (protocatechuic, caffeic and p-coumaric
acids) in a synthetic substrate (MRS) using an LC-MS/MS apparatus [52].

As reported before, fermentation with LAB increased the ellagic acid content in Av.
The behavior of ellagic acid during digestion was similar for AvF and AvL. The increase of
this acid during fermentation may be related to the pH, with the presence of pancreatic
enzymes, and with bile salts, factors that could promote the transformation of - and
B-punicalagins into ellagic acid. These results were consistent with results reported by
Valero-Cases et al. [53] for fermented pomegranate juice, which had found an increase
of ellagic acid in non-fermented pomegranate juice, but a decrease in fermented juice.
The decrease was attributed to the generation of a new x-punicalagin derivative, which
was only detected in the fermented juice, and was possibly a metabolite of the microbial
transformations [53].

Ellagic acid and its derivatives are generated by hydrolysis of ellagitannins with
acids or bases, when ester bonds are hydrolyzed, and the hexahydroxydiphenoyl group
spontaneously rearranges into ellagic acid. Numerous derivatives of ellagic acid exist
in plants, formed through methylation, glycosylation, and methoxylation of its hydroxyl
groups. Furthermore, during food processing, ellagitannins are changed to free ellagic
acid and ellagic acid derivatives [54]. This phenolic acid is probably released with the
help of the enzymes and pH changes present in digestion, which results in its increased
amount. Its absorption begins in the intestinal phase. This is important because the ellagic
acid has been reported as a potential bioactive agent, with properties such as antibacterial,
antiviral, antifibrotic, antiatherogenic, antimutagenic, anticancer, and strong antioxidant
activity [55,56], increasing the potential health benefit of consumers.

Epicatechin decreased during the stages of digestion. This fact may suggest that the
bacterial metabolism of epicatechin occurs during all steps of digestion, predominantly
during the intestinal phase. The results agree with the work of Valero-Cases et al. [53], who
observed a greater decrease in phenolic compounds such as flavan-3-ols in the intestinal
phase for pomegranate juices fermented with Bifidobacterium.

Aloin decreased in the three Aloe vera samples. The results obtained for Av and AvF,
where aloin decreased up to 76% after digestion, agree with those reported by Shim and
Kwon [57]. They used an in vitro digestion model coupled with Caco-2 cells to assess the
digestive stability and absorption of aloin, Aloe-emodin, and aloenin A. Aloenin A and
Aloe-emodin were stable and entirely recovered during simulated digestion, but 50% of
aloin was lost. On the other hand, for AvL, aloin decreased in the oral phase but then
its amount was stable. The differences in the reduction of aloin in the Aloe vera juice
when fermented either by E. faecium or L. lactis may be related to the metabolism of each
bacterium. However, the reduction of aloin during the stages of digestion may be related
to aloin-proteins binding and/or to its lower stability as compared to other bioactive
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components of Aloe vera [57]. Since aloin is metabolized by the gut microbiota into reactive
Aloe-emodin, which is responsible for purgative activity and exhibits anti-cancer properties,
its lower biodegradation in the upper gastrointestinal passage might be quite relevant [58].

4.3. Bioaccessibility of Biocompounds from Aloe vera Juice

The efficacy of functional foods in providing therapeutic or physiological benefits
depends largely on the maintenance of their bioavailability, defined as the fraction of an
ingested compound that is absorbed and available for physiological functions, i.e., that
reaches the systemic circulation in an active form. Therefore, to exert their bioactivity,
the active molecules have first to be bioaccessible, i.e., released from the food matrix and
solubilized [59,60].

Contrary to numerous studies on medicinal properties of phenolic compounds in Aloe
vera, there is limited information regarding the bioavailability and intestinal transport mech-
anism of these compounds. However, some studies simulate the digestion along the gas-
trointestinal tract, allowing the evaluation of their bioactivity. Existing static in vitro models
simulate the digestion environment from the mouth to the intestinal phase. This model
allows for the evaluation of changes in the bioaccessibility of phenolic compounds [59].

Results obtained in this work for Aloe vera showed that the bioaccessibility of phe-
nolic compounds increased considerably, mainly in the samples that were fermented
with E. faecium and L. lactis. Ellagic acid, hesperidin, resveratrol, ferulic acid, aloin, and
kaempferol are compounds that were mainly favored with respect to bioaccessibility, which
can be attributed mainly to the fermentation process of the samples. These results agree
with the study by Campos-Vega et al. [61], which investigated the bioaccessibility and an-
tioxidant capacity of spent coffee after gastrointestinal digestion and colonic fermentation.
Their results concluded that digestion significantly increases the antioxidant activity, which
is related to phenolic bioaccessibility.

The relationship observed in fermented juices between the phenolic compounds and
microbial presence suggests the possible prebiotic effect of phenolic compounds on the
LAB. The metabolites excreted by the E. faecium and L. lactis could produce health benefits
due to the fact that fermentation enhances the bioavailability of Aloe vera juices.

4.4. Antioxidant Activity

Antioxidant compounds released from the food matrix, formed or transformed during
the biological processes, or its synergistic activity, may have distinct behavior against
different antioxidant assays, namely FRAP, ABTS, and DPPH.

The results obtained by ABTS are related to those obtained by FRAP and TPC analyses,
since the intestinal phase is where there is the greater antioxidant activity after ingestion of
Aloe vera juices, as observed in the intestinal phase with the methods used in this work. The
greatest antioxidant activity determined by FRAP and ABTS in the intestinal phase was
observed for AvF, which in turn improved the bioaccessibility of compounds. The increase
in antioxidant activity after the intestinal phase could be explained by the additional time
of reaction of the gastrointestinal simulation method (plus 2 h 45 min) and/or the effect of
intestinal digestive enzymes (pancreatin and protease activity) on the complex food matrix,
facilitating the release of compounds with antioxidant activity bound to the matrix [62].
In addition, the increase in antioxidant activity observed after gastrointestinal simulation
suggests that the microorganisms involved in the fermentation process could act on the
bioconversion of phenolic compounds, favoring antioxidant activity and bioaccessibility of
these compounds [63].

Some authors have suggested that the probiotic fermentation process facilitates cleav-
age/dissociation of the bonds between phenolic compounds and other constituents, leading
to the release of phenolic compounds-monomers, which increases antioxidant capacity [8,64].

The behavior for DPPH showed results contrary to those obtained by FRAP and
ABTS, since in the oral and gastric phases, antioxidant activity increases, while in the
intestinal phase, antioxidant activity decreases. This may be due to several factors, such as
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the molecular changes of some phenolics [53,65], the antioxidant activity testing methods
employed, or with the interaction among the phenolics with the other constituents in the
digestion samples [66]. It can possibly be explained by the influence of variations in the
pH. The pH affects the racemization of molecules, leading to two chiral enantiomers with
different bioavailability and, as a result, different bioactivity [65]. It has been reported that
the influence of pH in polyphenols depends on the structure of the compound. Phenolic
compounds with antioxidant capacity that are stable in acidic pH (gastric phase) do not
necessarily maintain this capacity in neutral or alkaline pH (intestinal phase), which
indicates that pH influences polyphenol stability as well as the possible occurrence of
degradation or conversion of these compounds [67].

However, this contradiction among phenolic content and antioxidant activity was also
found by other authors in other plant materials that were subjected to in vitro digestion. It
has been reported in some works, such as a study by Ma et al. [35], that the antioxidant
activity found using a DPPH test of digested pea shells was almost opposite that of TPC,
which is in agreement with our results. In another study, the antioxidant activity of Oxalis
pes-caprae extract was opposite the phenolic content [9]. Furthermore, the antioxidant
activity increased after intestinal digestion.

The difference among the antioxidant capacity behaviors of the studied samples could
be related to differences in the mechanisms accessed by these techniques. In the FRAP
assay, antioxidant capacity is based on the antioxidant ability to reduce the ion iron III to
iron II [33]. The ABTS method measures the antioxidant capacity to donate electrons and
reduce the ABTS** radical [68]. The DPPH protocol is based on the antioxidant capacity
of transferring hydrogen atoms to radicals [68]. Therefore, the phenolic compounds that
are accessed in the FRAP method are not the same as those accessed in the ABTS or
DPPH methods. In addition, the antioxidant activity of food products has been reported
to increase, maintain, or decrease depending on the stability of the food components
during gastrointestinal digestion and the properties of the derivatives obtained during the
digestive process [32,49,69].

Therefore, antioxidants may play a role in the gastrointestinal tract by maintaining
redox equilibrium against harmful oxidants, preventing gastrointestinal tract disorders and
other diseases linked to reactive oxygen species (ROS) generation. The results obtained
herein for Aloe vera demonstrated that the phenolics released during gastrointestinal diges-
tion were able to reduce free radicals either by hydrogen donation (assessed by the ABTS
test), or by electron donation (assessed by the FRAP test) (Figure 4A,B), possibly favoring
hydrogen atom transfer mechanisms that require lower energy [66].

5. Conclusions

Overall, the present study demonstrated that fermentation of Aloe vera with E. faecium
and L. lactis enhances the bioactivity of the Aloe vera active compounds, since the total
phenolics increased more in the fermented Aloe vera than in the non-fermented juice
during gastrointestinal digestion. The individual phenolic compounds, mainly ellagic acid,
resveratrol, hesperidin, and kaempferol, increased after in vitro digestion and were more
bioaccessible in the fermented Aloe vera juice. The antioxidant activities of the digested Aloe
vera samples changed almost as a function of their TPC, and there were strong correlations
among them (TPC and FRAP/ABTS) in Aloe vera fermented with L. lactis. This is reflected in
the bioaccessibility, suggesting that Aloe vera fermented with LAB enhances health benefits,
thereby justifying their valorization.

Further studies will, however, be necessary to understand the metabolization of the
Aloe vera phenolic compounds by the gut microbiota and their impact and absorption by
intestinal cells.

In conclusion, the fermentation of Aloe vera juice with E. faecium and L. lactis promoted
the bioavailability of the compounds, transforming the non-fermented juice into a healthier
beverage, with added nutrition and functionality.
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