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Abstract: This study investigated the in vitro simulated gastrointestinal digestion (GID) effects on
wild and micropropagated Apennines Genepi infusions. Wild and micropropagated infusions were
compared for their antioxidant activity, phenolic contents, and polyphenolic profiles before and
after GID. Before digestion, the wild infusions had higher amounts of phenolic compounds and
antioxidant activity than the micropropagated ones. Instead, after digestion, the differences in the
total phenolic content (TPC) and antioxidant activity between wild and micropropagated infusions
were less pronounced. The changes in the TPC and phenolic profiles revealed the presence of several
chemical transformations and rearrangements that resulted in compounds with different reactivity
and antioxidant potential. Without enzyme actions, the wild infusion digest undergoes higher
modifications than those obtained from the micropropagated ones. The current study offers the first
concrete proof of the impact of GID on the polyphenolic chemicals present in infusions of wild and
micropropagated Apennines Genepi and their antioxidant properties. Our findings are essential for
future in-depth analyses of Apennine Genepi infusions and their potential impacts on human health.

Keywords: Apennines Genepi; conservation; phytochemistry; plant science; GID; polyphenols;
antioxidants; HPLC-DAD

1. Introduction

Artemisia is an Asteraceae family’s genus comprising several species broadly dis-
tributed worldwide and with important economical and phytotherapeutic significance [1-5].
The vast ecological plasticity of this genus allows plants to occur in the most diverse en-
vironments (e.g., arid zones, mountains, sea, and wetlands) to be naturalised in several
environmental conditions [6]. Several investigations have been carried out to preserve
this plant, and some actions have been promoted. In the Abruzzo region located in the
center of Italy, a dedicated project allowed clones obtained from micropropagated plants
to be cultivated for the conservation of the endangered species in the Campo Imperatore
botanical garden of the University of L’Aquila (Gran Sasso Monti della Laga National Park,
Abruzzo Region, Italy). The micropropagation technique can be applied on a large scale for
the commercial production of clones [7]. In return, the establishment of commercial clones
and their valorisation could contribute to limiting the illegal and undiscerning picking up
that threatens this species.

Plants belonging to the Artemisia genus are usually used as bittering agents in tradi-
tional and commercial alcoholic beverages [8]. Among the latter, Genepi liqueur, obtained
by the infusion of the aerial parts of the plant in ethanol, is renowned in folklore medicine
for its thermogenic properties and recommended to counteract airway infections, weak-
ness, and indigestion [9]. It is diffused in many Italian regions, and in the Alps areas
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(North Italian regions), Genepi liqueur is obtained from Artemisia genipi Weber, Artemisia
umbelliformis Lam., and Artemisia glacialis L. [10], while, in the Apennines (Abruzzo region),
a liqueur with the same name, along with other infusions, are made from the species
Artemisia eriantha [11]. Besides the characteristic sensory properties and bitterness, the
main interest in the liqueurs and infusions is related to the beneficial effects of the extracts
on health and diverse bioactive properties. The scientific literature reports evidence of
Artemisia species bioactive compounds and their antihypertensive [12] antitumoral [13],
anti-inflammatory [14], hepatoprotective [15], hypoglycaemic [16], hypolipidemic [17],
and antioxidant properties [18,19]. The biological properties ascribed to this species are
mainly related to thujones, terpenoid ketones that can be found principally in the small,
yellow flower heads but, also, in lower concentrations, leaf apices [20], and phenolic com-
pounds [7]. The concentrations of these bioactive compounds are a key element in their
effects on human health. If exceeding the acceptable daily intake of 5.0 mg/person for
2 weeks, thujones have a neurotoxic behaviour [21]. Their content in A. eriantha does
not increase with micropropagation. Previous studies have shown that micropropagated
populations have lower thujones and higher security than wild populations [22]. In other
cases, similar concentrations have been found between the two populations [11].

The beneficial health effects of a natural product are associated with the presence
and concentration of the specific micronutrients and secondary metabolites [23]. High
temperatures, changes in pH, and the presence of other molecules could induce changes in
the pH or ionic force, cause degradation reactions, or trigger the formation of other moieties
with different bioactivity evidenced both in vitro and in vivo [24]. Bioactive compounds’
availability for absorption in the gut may vary significantly in the same food depending on
these intrinsic matrix factors and processing [25]. Several scientific works have highlighted
the significant effect of processing and storage conditions and those occurring during
digestion on the health benefits of bioactive molecules. Bioaccessibility and bioavailability
are not synonymous terms [26]. In particular, “bioaccessibility” corresponds to the amount
of an ingested nutrient or food compound released from the food matrix and potentially
available for absorption in the gut after digestion. At the same time, “bioavailability” refers
to the amount of an ingested nutrient available after digestion that the body can use through
an absorption mechanism for utilization in normal physiological functions and metabolic
processes [27-29]. The experimental procedures to determine the bioaccessibility and
bioavailability can involve both human (in vivo) or simulated studies (in vitro) performed
in the laboratory [28,29]. The current standardised method commonly utilised to assess
bioactive compounds’ stability is in vitro simulated gastrointestinal digestion (GID), which
allows for obtaining results without animal models and with limited time, costs, and
variables [30].

The influence of the GID on the antioxidant activity of Artemisia gorgonum Webb
infusion [31] and Artemisia lactiflora dried powder and fresh extracts [32] has been recently
studied. Still, more information is needed on the modifications of the polyphenolic profile
and antioxidant activity of A. eriantha during gastrointestinal digestion and the possible
contribution of environmental factors that could affect these compounds’ bioaccessibility.
Given the wide use in folk pharmacopeia, we hypothesised interesting phenolic profiles
and antioxidant activities after GID of the infusions. Thus, this work aims to evaluate the
effect of in vitro GID on the phenolic profile and antioxidant activity of Genepi infusions
from Apennines Genepi aerial parts. Agamic propagation of this rare entity, obtained by
in vitro technique, is necessary for its protection as required by an Italian regional law (L.R.
n.47, 11 September 1979) and the European Habitats Directives 92/43/EEC, Annex V [33].
The ultimate purpose of the study is to promote a technique that allows the conservation of
the species and possible commercial exploitation without impacting natural populations.
Previous research has demonstrated that micropropagated Genepi has several potential
commercial applications (e.g., essential oils, bioactive compounds, and the low presence
of toxic thujones) [7,20]. The differences between wild and micropropagated populations,
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before and after GID, were also investigated to evaluate the suitability of commercial clones
as valid alternatives to natural plants.

2. Results
2.1. Polyphenolic Profiles

In Figure 1, the polyphenolic profiles of the wild and micropropagated Genepi (WG
and MG, respectively) infusions before digestion are presented.
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Figure 1. Stacked column chart of the phenolic compounds (%) of wild (WG) and micropropagated
(MG) infusions.

Wild and micropropagated infusions are characterised by the presence of phenolics be-
longing to different classes (e.g., benzoic acids, cinnamic acids, flavan-3-ols, and flavonols).
WG infusions showed a higher total content of the polyphenolic compounds (p < 0.001)
than the MG (1531 mg 100 g~! dry weight (DW) vs. 767 mg 100 g~! DW), and its pattern
was dominated by the high presence of p-coumaric (ca. 50% of the total phenolics content),
followed by chlorogenic acid and catechin. Syringic acid and catechin were detected only in
the WG infusion. On the contrary, two exclusive phenolics distinguished the MG infusion,
i.e., caffeic acid and epicatechin. By comparing the two patterns, the highest concentra-
tions of cinnamic (p < 0.001), o-coumaric (p < 0.01), sinapic (p < 0.01), and vanillic acids
(p < 0.001) were found in MG. At the same time, WG presented the highest concentrations
of ferulic (p < 0.01), chlorogenic (p < 0.001), and p-coumaric acids (p < 0.001). No significant
differences (p > 0.05) between MG and WG were found for rosmarinic acid.

The effects of the GID on the WG and MG polyphenolic profiles are reported in
Table 1. In WG infusions, the digestion caused a significant decrease of p-coumaric acid
(ca.—95%). Conversely, high increases of chlorogenic, sinapic, and o-coumaric acids and
the appearance of new compounds, i.e., chicoric and caffeic acids and rutin, were found.
A similar trend to the WG one was observed by MG infusions after digestion that, except
for the decrease of sinapic acid, showed the complete absence of p-coumaric acid and the
presence of quercetin, kaempferol, and chicoric acids. The data of the control samples
obtained by applying the environmental conditions of in vitro digestion without enzymes
(i.e., pH, ionic force, and temperature) are also reported in Table 1. The results show the role
of the physical-chemical conditions of the system (without enzymes) on the disappearance
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or appearance of phenolic compounds. Generally, the decreases and increases recorded
for individual compounds were stronger in the presence of digestion than the control.
For WG, the exceptions included cinnamic acid, o-coumaric acid, and rosmarinic acid, for
which similar changes were recorded in the control and digested samples compared to the
undigested sample. For MG, a similar trend was recorded for caffeic acid, o-coumaric acid,
rosmarinic acid, and the total concentration.

Table 1. Polyphenolic concentration (mg 100 g_1 DW) of digested, control (without enzymes),
and undigested (initial) infusions of wild and micropropagated Genepi infusions. For wild and
micropropagated results in the same row, results followed by different letters were significantly
different according to Fisher’s LSD post hoc test (p > 0.05).

Compound Wild Genepi Micropropagated Genepi
Undigested  Control Digested LSD Undigested  Control Digested LSD
Caffeic acid - - 24.8 67.0a 69.1a 75.1a 9.2
Catechin 1725 a 719b 11.0¢c 422 - - -
Chicoric acid - - 7.9 - 82b 105a 2.6
Chlorogenic acid 200.4 ¢ 355.2b 523.6 a 15.8 48.8b 48.7b 63.0 a 9.9
Cinnamic acid 45.6 a 139b 10.0b 1.2 79.5 a 23.7b 14.6 ¢ 2.5
Epicatechin - - - 89.1a 155b 40c¢ 24
Ferulic acid 163.8 a 156.3 a 1329b 6.2 1094 a 89.7b 524 ¢ 2.6
Kaempferol - - - - 209b 29.6 a 5.9
o0-Coumaric acid 33.5b 39.1a 41.7 a 104 48.0b 51.5a 519a 2.9
p-Coumaric acid 7704 a 65.3 b 423 c 19.5 107.2 a 455b - 11.8
Protocatechuic acid - - - - 3.8b 129 a 4.7
Quercetin - - - - 74.3b 127.7 a 35.1
Rosmarinic acid 84.5a 38.4b 445b 8 79.2 a 51.4b 452b 13.8
Rutin - - 105 - - -
Sinapic acid 55¢ 269b 63.8a 5.7 18.6a 83b 17¢ 2.5
Syringic acid 36.0 a - 6.3b 7 - - -
Vanillic acid 18.2a - 13.6 b 2.7 1204 a 29.4b 94 c 7.3
TOT 1530.5 a 767.0 ¢ 1027.5b 77.9 767.1 a 540.2 b 498.0 b 46.5

As presented in Figure 2, regarding the phenolics already present in the undigested
samples, the percentages of the variations were similar between WG and MG for the total
phenols and o-coumaric, rosmarinic, cinnamic, ferulic, and chlorogenic acids. For synapic
acid, both in the presence and absence of enzymes, the MG samples showed a decrease,
while the WG showed a strong increase.

2.2. Antioxidant Activity

The results of the total phenolic content (TPC) and antioxidant activity (DPPH, 2,2-
diphenyl-1-picrylhydrazyl; ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid);
FRAP, ferric-reducing antioxidant power) analyses of both the undigested and digested
WG and MG infusions are reported in Table 2.

The undigested WG infusions showed a higher TPC content than the MG ones
(p <0.01), and a similar behaviour was found for the results of all the antioxidants as-
says (p < 0.01). The results of the ABTS and DPPH antioxidant assays showed a positive
correlation with the TPC, while a negative one was found for FRAP.

The in vitro digestion induced a significant decrease of the total content of the phenolic
compounds of both infusions but to a different extent, depending on the initial infusion
composition, the test method, and the digested samples still presented.

In general, independently from the mechanisms of action of the methods used for
antioxidant activity determination and the corresponding results, the reduction of the
bioactivity was higher in WG than MG. However, despite the different initial phenolic
profiles and changes induced by the in vitro digestion in the phenolics” composition, the
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results of the antioxidant activity of the digested WG and MG infusions were similar, with
no significant differences between them (p > 0.05).

Table 2. Total phenolic content (TPC) and antioxidant activity (ABTS, DPPH, and FRAP) results
of the undigested and digested wild and micropropagated Genepi infusions results and Pearson’s
correlation coefficients between the different antioxidant activity assays and the total phenolic content.

TPC ABTS DPPH FRAP
(mg GAE g~ ! dw) (ICsp) (ICsp) (mg TEg™Y)
8] D p-Value U D p-Value U D p-Value U D p-Value
Wild Genepi 1148 1413 ok 1.56 411 * 2.70 4.64 ok 23.62  5.68 **
Micropropagated Genepi 5.29 7.86 ek 1.83 413 * 337 488 ok 16.26  5.49 **
p-value ** ** e ns ns ns ok ns
Pearson’s correlation coefficient
Assay ABTS DPPH FRAP
TPC 0.33 0.12 —0.13
TPC, total phenolic content; ABTS, antioxidant activity estimated with 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid; DPPH, antioxidant activity estimated with 2,2-diphenyl-1-picrylhydrazy; FRAP, ferric-reducing
antioxidant power; U, undigested; D, digested. Statistical significance (p-value) was calculated according to the
Student #-test (* p < 0.001, ** p < 0.01, and *** p < 0.05). In columns are reported the statistical significance between
the wild and micropropagated undigested/digested results. In rows are reported the statistical significance
between the undigested and digested results of wild/micropropagated Genepi. For the Pearson’s correlation
coefficients, the positive/negative strength of a correlation was considered: low for £0.1 < r < £0.3, moderate for
+0.3 <r < 0.7, and strong for r > £0.7; for values of r < +0.1, the variables were considered not correlated.
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Figure 2. Stacked column chart of the variation percentages recorded for phenolic compounds of the
wild (WG) and micropropagated (MG) infusions. D, digested; U, undigested; C, control (digestion
without enzyme). On the left-hand side of the axis (—400-0%), the decreases in phenolic compounds
in the stacked columns are presented. On the right-hand side (0-1600%), increases in the stacked
columns are presented.

As showed for the HPLC-DAD results, in both the TPC and antioxidant activity
evaluated by the different methods, the digestion carried out without enzymes determined
changes in the phenolic contents and antioxidant activities of the infusions (Figure 3).
In both MG and WG, environmental conditions during the digestion process (e.g., pH
and temperature changes) contributed to the degradation and rearrangements of the
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-300

polyphenolic profiles and antioxidant activities. Generally, these changes were significantly
lower than the ones recorded for digestion (p < 0.05).

BmWGDvsU WGCvsU mMGDvsU mMGCvsU

| .

m o

-100 0 100 200 300 400 500 600

Figure 3. Total phenolic content (TPC) and antioxidant activity (FRAP, ABTS, and DPPH) variation
percentages of undigested (U), control (C, without enzymes), and digested (D) infusions of wild
(WG) and micropropagated Genepi (MP) infusions. On the left-hand side of the axis (—300-0%),
the decreases in antioxidant activity in the stacked columns are presented. On the right-hand side
(0-600%), increases in the stacked columns are presented.

2.3. Statistical Analysis

To differentiate the samples and to evaluate which variables influence their location
in a bidimensional space, a principal component analysis (PCA) was performed on the
autoscaled data of the phenolics pattern (obtained by HPLC) and antioxidant properties,
both before and after the digestions (Figure 4).

The two principal components (F1 and F2) explained 79.47% of the total variance, with
the first principal component (F1) explaining 50.40% and the second one (F2) 29.07%. The
mapping of the samples highlights that the four series of samples (WG and WGd, MG,
and MGd) have a clear differentiation among them, as the results are distinct, each located
in one of the four quadrants of the biplot. F1 discriminates the samples according to the
digestion process, with a significant difference in the loadings related to the phenolics
that appear after the digestion (e.g., rutin, quercetin, chicoric acid, and kaempferol). F2
discriminates the samples based on the different initial patterns of the plant extracts. The
WG results are highly characterised by the TPC, p-coumaric, syringic acid, and catechin,
while MG is characterised by vanillic acid and epicatechin.

The same data were processed with a cluster analysis, and the dissimilarity dendro-
gram obtained is shown in Figure 5.
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Figure 4. Biplot obtained from the principal component analysis (PCA) of the HPLC-DAD charac-
terisation results. In the figure, MG, micropropagated Genepi; WG, wild Genepi; suffixes u and d
refer to undigested and digested samples, respectively; TOT, total concentration of the investigated

polyphenolic compounds.
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Figure 5. Dissimilarity dendrogram obtained from agglomerative hierarchical clustering of the
HPLC-DAD characterisation results. The dash line represents the automatic truncation, leading to
two clusters (the first cluster in red and the second in orange).

Clustering allowed the formation of three distinct clusters. In the first cluster was
the undigested WG and, in the second one, the digested WG. Conversely, the third class
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was occupied by both undigested and digested MG. This grouping emphasised that the
differences found in the polyphenolic profiles of the digested and undigested MG infusions
were not marked. On the contrary, there was a clear distinction between the digested and
undigested WG infusions.

3. Discussion

A. eriantha is characterised by a highly peculiar and characteristic polyphenolic
pattern [7]. Environmental factors have a crucial role in the secondary metabolism of
plants. These abiotic variables affect not only the accumulation of the compounds but
also the metabolic pathways, leading to the synthesis of different types of secondary com-
pounds [34]. A previous study on A. eriantha revealed how the location led to a different
composition of the nonphenolic secondary metabolites [20]. Several authors also reported
how the different altitudes led to a different composition of phenolic compounds [35,36].
The synthesis of secondary metabolites is a defence mechanism of medicinal plants that
increases the biosynthesis of phenolics in the presence of low-temperature regimes [37].
Moreover, plants possess a chemical adaption to high-altitude environments, and the
impacts of ecological factors on the secondary metabolites are related to their chemical
types, structures, and characteristics [34]. The differences in phenolic contents between
the WG and MG infusions can also be linked to the different soil compositions and the
local microclimatic environments under which the two populations of plants are subjected
during growth. In particular, the MG population is located at lower altitudes and under
more protected environmental and climate conditions than the WG ones, which, on the
contrary, are exposed to higher altitudes and more stressful environmental conditions
(e.g., lower temperatures, snow persistence during wintertime, and solar radiation). These
variables are already known to positively correlate with phenolic accumulation in several
plants that produce these secondary metabolites in response to abiotic stresses [38].

Our results demonstrated that, after digestion, the secondary metabolites profiles
change with a significant decrease in the total concentration and the detection of other
compounds. These changes could be related to their degradation or conversion to other
moieties due to the interaction with other molecules [24]. It is well understood that during
digestion, the peculiar physicochemical properties of the gut system along with the pres-
ence of enzymes could significantly affect the pattern of both macro- and micro-molecules
of an ingested product [39—-41]. In vitro digestion methodologies could be used as main tool
to estimate the impact on the composition of the food matrices, including the secondary
metabolites [42]. These changes could only be clarified by studying the interaction between
two molecules individually. Nevertheless, it is known that interactions between polyphe-
nols and other compounds during digestion are many and the rearrangements of chemical
structures affect essential parameters like bioaccessibility and bioavailability [43].

The results of the in vitro digestion showed that these rearrangements induced the
change in total phenolic contents (TPC). Literature survey showed that after digestion,
TPC can show both increases and decreases. For example, TPC infusions and extracts
of A. gorgonum (losna or lasna) and Hyptis pectinata (L.) Poit. (commonly named bush
mint) [31,44] decreased after GID. Conversely, the increase of TPC after digestion has been
described for several aromatic plants and fruit extracts [45,46]. Beyond the already cited
metabolic transformations and interactions with other components, pH variations also
cause changes in antioxidant activity [45]. Several other variables could be the reasons
for this large discrepancy in the scientific evidence regarding the effect of the digestion
process conditions. These reasons include the initial phenolics pattern, structural and
physical characteristics of the plant matrix used for the extraction, the presence of other
molecules in the system under digestion or other analytical aspect related, for instance,
to slight variations in the in vitro digestion method used. In their study, Donlao and
collaborators reported that the stability of in vitro digestion of green tea infusions’ phenolic
compounds is influenced by the roasting and drying temperatures of the tea leaves and,
thus, their physical properties [47]. During digestion, chemical compounds are subjected to
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numerous, and unpredictable reactions and the resultant chemical structures have different
abilities to interact with reagents, which affects the obtainable results [48]. It is also worth
noting that the Folin-Ciocalteu reagent can react with other nonphenolic compounds (e.g.,
vitamins, amino acids, and proteins) in the system, and the final data could be either under-
or overestimated [49]. The results of the comparison of the digested infusions with the
digestion control (without enzymes) suggest that the increase could be attributed to both
the reaction of the assay’s reagent with other components of the mixture or with other
compounds produced by several chemical reactions not ascribed to enzymatic activity (e.g.,
changes in pH and other environmental conditions). Moreover, these drastic changes were
not wholly associated with this process. Besides digestion, the losses/increases recorded in
the control infusions (without enzymes) of both populations should also be ascribed to other
factors that can influence the chemical stability of polyphenols, such as pH changes [24].

From the antioxidant activity point of view, the tests showed that WG infusions have
an initial significantly higher antioxidant activity than MG, in agreement with the total
phenolics content determined by HPLC. On the contrary, after digestion, a significant
decrease occurred, and no significant differences between the two series of samples (WG
and MG) were observed. This result could be related to the overall antioxidant activity of
a mixture of compound results from that of a single bioactive and its synergic effect [50].
Herbal infusions usually decrease their antioxidant activity after GID [31,44,47,51]. Lima
et al. [31] reported similar findings for A. gorgonum infusions. At the end of the in vitro
digestion process, the concentrations of the investigated polyphenols decreased, and the
identification of new compounds after digestion was obtained. Udomwasinakun et al.
also described that GID of A. lactiflora changed the polyphenolic profiles, recording drastic
decreases or disappearance [32]. Moreover, in line with our findings, these authors reported
that the different chemical compositions also affected the TPC and antioxidant activity
during digestion but maintained a potent antioxidant activity [32].

For all the antioxidant assays, a negative correlation with the TPC was underlined.
In fact, with increasing TPC values, the concentration necessary to scavenge the 50%
radical potency of ABTS and DPPH increases (highest IC50 values). The scientific literature
reports conflicting correlations between antioxidant activity and total phenolic contents,
with studies recording positive correlations [52-55] and others describing very low or no
correlations [56,57].

4. Materials and Methods
4.1. Materials and Reagents

Wild and micropropagated A. eriantha (named from now onwards as ‘Genepi’) were
collected from the spontaneous meadows of Portella Mountain (2422 m asl, Gran Sasso
Monti della Laga National Park) and the flowerbeds of the Giardino Alpino Campo Im-
peratore (2117 m asl, Gran Sasso Monti della Laga National Park), respectively. Just after
collection, the aerial parts were immediately dried at 25 °C for 48 h in a chamber at
15% relative humidity and stored in a glass desiccator jar until processed (final moisture
content < 10%).

All reagents and standards were purchased from Sigma-Aldrich (St. Louis, MO, USA).
For HPLC-DAD analysis, the standard and reagents were HPLC-grade; reagent-grade
quality was used for the spectrophotometric assays.

4.2. Genepi Infusions Preparation

The infusions were prepared by using a traditional recipe that guarantees a low
concentration of potential toxic compounds naturally extracted from the plant. Briefly,
Genepi infusions were prepared from WG and MG by separately adding 0.3 g of dried
samples of the aerial parts into 200 mL boiling water and kept at the same temperature for
6 min. Then, the infusions were filtered with a commercial tea filter and left to cool down
at room temperature in a hermetically closed glass jar. At least two infusions from both
wild and micropropagated plants at different times were prepared.
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4.3. In Vitro Gastrointestinal Digestion

The in vitro gastrointestinal digestion experiments were carried out following the
protocol for liquid meals described in previous works and based on the INFOGEST proce-
dure [30,58,59]. Briefly, 2.5 mL of the infusions were exposed to the gastric and intestinal
phases according to the corresponding standard procedure and digesta collected. For the
gastric phase, 3.75 mL of simulated gastric fluid (according to [30]), 3 uL of 0.3 M CaCl,,
365 uL of water, and 0.8 mL of porcine pepsin stock solution were added to the oral bolus.
The pH was adjusted to 2.0 with 1 M HCl, and the mixture incubated at 37 °C in the rotator
for 2 h. For the intestinal step, the pH was raised to 7.0 by adding 1 M NaOH after the
addition of 5.5 mL of the simulated intestinal fluid (according to [30]), 0.3 M CaCl,, and
10 mM bile solution (4.7 mM sodium taurocholate (NaTC) and 5.3 mM sodium glycodeoxy-
cholate (NAGDC)). The solution was incubated for 2 h at 37 °C to mimic the intestinal
phase of human digestion. Each digested sample was immediately frozen at —40 °C and
freeze-dried for 24 h at 0 °C using a benchtop freeze-dryer (Coolsafe, LaboGene, Lynge,
Denmark). Lyophilised samples were then hermetically packed in high-barrier plastic bags
and kept at —40 °C until analysis.

For comparison purposes, the initial infusions (not subjected to digestion) were taken
and processed as “undigested” samples. Moreover, experiments were also carried out on
samples subjected to the same chemical environment of the different digestion steps but in
the absence of enzymes (control samples).

4.4. Total Phenolic Content and Antioxidant Activity

Both undigested and digested sample infusions of WG and MG were analysed for the
total phenolic contents and antioxidant activity using three different methods, namely the
DPPH, the ABTS, and FRAP assays.

The total phenolic content was determined by means of Folin-Ciocalteu reagent
following the method described by Singleton & Rossi [60]; gallic acid was used as the
reference standard, and results were expressed as mg GA equivalents per dry weight matrix.

The DPPH assay was performed according to the method proposed by Brand-Williams
et al. [61]; the ABTS assay was carried out with the method proposed by Gullon et al. [62],
and FRAP was assessed by means of the potassium ferricyanide-ferric chloride method
described by Oyaizu [63].

For the DPPH and ABTS assays, different sample concentration solutions were assayed
to obtain the ICsy values (mg mL~! concentration necessary to obtain a scavenge radical
activity of 50%).

For the FRAP assay, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
was used as the reference standard, and the results were expressed as mg Trolox equivalents
per g of dry weight.

Absorbance measurements for the TPC, FRAP, and DPPH methods were carried out by
means of the Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific, Waltham,
MA, USA).

4.5. HPLC-DAD Polyphenolic Profile Analysis

Polyphenolic profiles of the undigested and digested samples of the WG and MG
infusions (see Section 4.2) were evaluated by HPLC-DAD analysis using a 1200 series HPLC
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a 1200 series DAD
(Agilent Technologies). Analytes were identified and quantified using HPLC-grade stan-
dards (Sigma-Aldrich, St. Louis, MO, USA), a calibration curve approach (0.1-100 mg LY,
and Agilent ChemStation software (Agilent Technologies) following the method previously
described [7]. Results were expressed as mg g~ DW.

4.6. Statistical Analysis

The data were the means of three different independent experiments, each performed
in triplicate. The Student’s ¢-test was applied to compare two means, while, for more than
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two means, one-way ANOVA was carried out for the comparison. Pearson’s correlation
test was applied to evaluate correlations between the TPC and antioxidant activity results.
Principal component analysis (PCA) and agglomerative hierarchical clustering (proximity
type: dissimilarities applying the Euclidean distance and Ward’s agglomeration method)
were also applied to all parameters determined from the samples to determine the similari-
ties and differences among the samples. All statistical tests were carried out using XLSTAT
2016 (Addinsoft, Paris, France).

5. Conclusions

For the first time, the present work has provided evidence about the effect of in vitro
GID on polyphenolic compounds contained in A. eriantha infusions and their antioxidant
activities. The results evidenced different behaviours of wild and micropropagated infu-
sions after GID. Our findings represent a valid basis for extensive evaluations on Apennines
Genepi infusions and their possible effects on human health. GID has never been applied
to infusions or extracts of this species. Thus, all the results obtained expand our knowledge
and stimulate new research on the subject. The findings also allowed to shine a light on
micropropagated Apennines Genepi. Previous research has already demonstrated that
micropropagated Genepi has several potential commercial applications (e.g., essential oils,
bioactive compounds, and the low presence of toxic thujones). Therefore, our results add
value to micropropagated clones, paving the way for interesting commercial purposes. In
addition, having the commercial production of clones available, in return, would reduce
the illegal and undiscerning collection from natural stations that threatens this precious
species. It will be helpful to increase the number of in vitro studies on the bioavailability of
these phenolic substances in contact with various food components to guide the design
of functional foods enriched with them. Future studies could be directed towards investi-
gating the best way to store and extract the matrix for the optimal extraction of bioactive
compounds. In the meantime, studies on the safety and possible undesirable effects should
be carried out to learn more about the extracts themselves.

Author Contributions: Conceptualisation, L.P. and P.P.; methodology, P.P; software, M.P.; validation,
M.P. and R.R;; formal analysis, M.P. and R.R.; investigation, R.R.; resources, L.P. and P.P; data curation,
M.P.; writing—original draft preparation, M.P. and R.R.; writing—review and editing, L.P. and P.P.;
visualisation, R.R.; supervision, L.P. and P.P; project administration, L.P; funding acquisition, L.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data that support the findings of this study are available upon
request from the corresponding author.

Acknowledgments: The authors thank the Gran Sasso-Monti della Laga National Park for the
provided authorisations to collect plant materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Abad, M ].; Bedoya, L.M.; Bermejo, P. Chapter 14—Essential Oils from the Asteraceae Family Active against Multidrug-Resistant
Bacteria. In Fighting Multidrug Resistance with Herbal Extracts, Essential Oils and Their Components; Rai, M.K., Kon, K.V., Eds.;
Academic Press: San Diego, CA, USA, 2013; pp. 205-221, ISBN 978-0-12-398539-2.

Valles, J.; Garcia, S.; Hidalgo, O.; Martin, J.; Pellicer, J.; Sanz, M.; Garnatje, T. Biology, Genome Evolution, Biotechnological Issues
and Research Including Applied Perspectives in Artemisia (Asteraceae); Elsevier: Amsterdam, The Netherlands, 2011; Volume 60,
ISBN 9780123858511.

Hussain, M.; Thakur, R.K.; Khazir, J.; Ahmed, S.; Khan, M.I; Rahi, P; Peer, L.A.; Pragadheesh, V.; Kaur, S.; Raina, S.N.; et al.
Traditional Uses, Phytochemistry, Pharmacology, and Toxicology of the Genus Artemisia L. (Asteraceae): A High-Value Medicinal
Plant. Curr. Top. Med. Chem. 2023, 23. [CrossRef] [PubMed]

Trifan, A.; Czerwiniska, M.E.; Mardari, C.; Zengin, G.; Sinan, K.I.; Korona-Glowniak, I.; Skalicka-WoZniak, K.; Luca, S.V. Exploring
the Artemisia Genus: An Insight into the Phytochemical and Multi-Biological Potential of A. campestris subsp. Lednicensis
(Spreng.) Greuter & Raab-Straube. Plants 2022, 11, 2874. [CrossRef]


https://doi.org/10.2174/1568026623666230914104141
https://www.ncbi.nlm.nih.gov/pubmed/37711006
https://doi.org/10.3390/plants11212874

Plants 2024, 13, 85 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sharifi-Rad, J.; Herrera-Bravo, J.; Semwal, P; Painuli, S.; Badoni, H.; Ezzat, S.M.; Farid, M.M.; Merghany, R.M.; Aborehab, N.M.;
Salem, M.A; et al. Artemisia spp.: An Update on Its Chemical Composition, Pharmacological and Toxicological Profiles. Oxid.
Med. Cell. Longev. 2022, 2022, 5628601. [CrossRef] [PubMed]

Abad, M ].; Bedoya, L.M.; Apaza, L.; Bermejo, P. The Artemisia L. Genus: A Review of Bioactive Essential Oils. Molecules 2012, 17,
2542-2566. [CrossRef]

Pace, L.; Pellegrini, M.; Palmieri, S.; Rocchi, R.; Lippa, L.; Del Gallo, M. Plant Growth-Promoting Rhizobacteria for in Vitro and Ex
Vitro Performance Enhancement of Apennines’ Genepi (Artemisia umbelliformis subsp. eriantha), an Endangered Phytotherapeutic
Plant. Vitr. Cell. Dev. Biol.-Plant 2020, 56, 134-142. [CrossRef]

Rubiolo, P.; Matteodo, M.; Bicchi, C.; Appendino, G.; Gnavi, G.; Bertea, C.; Maffei, M. Chemical and Biomolecular Characterization
of Artemisia umbelliformis Lam., an Important Ingredient of the Alpine Liqueur “Genepi”. |. Agric. Food Chem. 2009, 57, 3436-3443.
[CrossRef]

Vouillamoz, ].F,; Carlen, C.; Taglialatela-Scafati, O.; Pollastro, F.; Appendino, G. The Génépi Artemisia Species. Ethnopharmacology,
Cultivation, Phytochemistry, and Bioactivity. Fitoterapia 2015, 106, 231-241. [CrossRef]

Bicchi, C.; D’Amato, A.; Nano, G.M,; Frattini, C. Capillary GLC Controls of Some Alpine Artemisiae and of the Related Liqueurs.
Chromatographia 1984, 18, 560-566. [CrossRef]

Fasciani, P.; Marcozzi, G.; Reale, S.; Pace, L. Volatile Compounds of Ex Vitro and Wild Plantlets of Artemisia umbelliformis subsp.
eriantha (Apennines’ Genepi). Acta Hortic. 2017, 1155, 565-572. [CrossRef]

Nguyen, HT.T.; Nguyen, H.T.; Islam, M.Z.; Obi, T.; Pothinuch, P; Zar, PPK.; Hou, D.X.; Van Nguyen, T.; Nguyen, T.M.; Van Dao,
C.; et al. Pharmacological Characteristics of Artemisia vulgaris L. in Isolated Porcine Basilar Artery. J. Ethnopharmacol. 2016, 182,
16-26. [CrossRef]

Martins, A.; Mignon, R.; Bastos, M.; Batista, D.; Neng, N.R.; Nogueira, ] M.F.; Vizetto-Duarte, C.; Custédio, L.; Varela, J.; Rauter,
A.P. In Vitro Antitumoral Activity of Compounds Isolated from Artemisia gorgonum Webb. Phytother. Res. 2014, 28, 1329-1334.
[CrossRef] [PubMed]

Afsar, S.K.; Rajesh Kumar, K.; Venu Gopal, ].; Raveesha, P. Assessment of Anti-Inflammatory Activity of Artemisia vulgaris Leaves
by Cotton Pellet Granuloma Method in Wistar Albino Rats. J. Pharm. Res. 2013, 7, 463-467. [CrossRef]

Corréa-Ferreira, M.L.; Verdan, M.H.; dos Reis Livero, F.A.; Galuppo, L.E; Telles, ].E.Q.; Alves Stefanello, M.E.; Acco, A.; de Oliveira
Petkowicz, C.L. Inulin-Type Fructan and Infusion of Artemisia vulgaris Protect the Liver against Carbon Tetrachloride-Induced
Liver Injury. Phytomedicine 2017, 24, 68-76. [CrossRef] [PubMed]

Sefi, M.; Fetoui, H.; Makni, M.; Zeghal, N. Mitigating Effects of Antioxidant Properties of Artemisia Campestris Leaf Extract on
Hyperlipidemia, Advanced Glycation End Products and Oxidative Stress in Alloxan-Induced Diabetic Rats. Food Chem. Toxicol.
2010, 48, 1986-1993. [CrossRef] [PubMed]

El-Tantawy, W.H. Biochemical Effects, Hypolipidemic and Anti-Inflammatory Activities of Artemisia vulgaris Extract in Hyperc-
holesterolemic Rats. J. Clin. Biochem. Nutr. 2015, 57, 33-38. [CrossRef] [PubMed]

Skowyra, M.; Gallego, M.; Segovia, F.; Almajano, M. Antioxidant Properties of Artemisia annua Extracts in Model Food Emulsions.
Antioxidants 2014, 3, 116-128. [CrossRef]

Melguizo-Melguizo, D.; Diaz-de-Cerio, E.; Quirantes-Piné, R.; évarc—Gaji(:, J.; Segura-Carretero, A. The Potential of Artemisia
vulgaris Leaves as a Source of Antioxidant Phenolic Compounds. J. Funct. Foods 2014, 10, 192-200. [CrossRef]

Reale, S.; Pace, L.; D’ Archivio, A.A.; De Angelis, F.,; Marcozzi, G. Volatiles Fingerprint of Artemisia umbelliformis subsp. eriantha by
Headspace-Solid Phase Microextraction GC-MS. Nat. Prod. Res. 2014, 28, 61-66. [CrossRef]

Walch, S.G.; Kuballa, T.; Stithlinger, W.; Lachenmeier, D.W. Determination of the Biologically Active Flavour Substances Thujone
and Camphor in Foods and Medicines Containing Sage (Salvia officinalis L.). Chem. Cent. |. 2011, 5, 44. [CrossRef]

Pace, L.; Grandi, S.; Marotti, M.; Piccaglia, R.; Pacioni, G.; Spano, L. Terpenoid Profiles of in Vitro Regenerated Artemisia petrosa
subsp. eriantha (Apennines’ Genepi) *. Ann. Appl. Biol. 2010, 157, 309-316. [CrossRef]

Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; Supuran, C.T. Natural Products in Drug Discovery: Advances and Opportunities.
Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef] [PubMed]

Accardo, F; Leni, G.; Tedeschi, T.; Prandi, B.; Sforza, S. Structural and Chemical Changes Induced by Temperature and PH Hinder
the Digestibility of Whey Proteins. Food Chem. 2022, 387, 132884. [CrossRef] [PubMed]

Parada, J.; Aguilera, ].M. Food Microstructure Affects the Bioavailability of Several Nutrients. J. Food Sci. 2007, 72, 21-32.
[CrossRef] [PubMed]

Fernandez-Garcia, E.; Carvajal-Lérida, I.; Pérez-Galvez, A. In Vitro Bioaccessibility Assessment as a Prediction Tool of Nutritional
Efficiency. Nutr. Res. 2009, 29, 751-760. [CrossRef] [PubMed]

Espin, J.C.; Garcia-Conesa, M.T.; Tomas-Barberan, FA. Nutraceuticals: Facts and Fiction. Phytochemistry 2007, 68, 2986-3008.
[CrossRef] [PubMed]

Rein, M.]J.; Renouf, M.; Cruz-Hernandez, C.; Actis-Goretta, L.; Thakkar, S.K.; da Silva Pinto, M. Bioavailability of Bioactive Food
Compounds: A Challenging Journey to Bioefficacy. Br. J. Clin. Pharmacol. 2013, 75, 588-602. [CrossRef] [PubMed]

Pellegrini, M.; Lucas-Gonzalez, R.; Fernandez-Lopez, J.; Ricci, A,; Pérez-Alvarez, J.A.; Sterzo, C.L.; Viuda-Martos, M. Bioaccessi-
bility of Polyphenolic Compounds of Six Quinoa Seeds during in Vitro Gastrointestinal Digestion. J. Funct. Foods 2017, 38, 77-88.
[CrossRef]


https://doi.org/10.1155/2022/5628601
https://www.ncbi.nlm.nih.gov/pubmed/36105486
https://doi.org/10.3390/molecules17032542
https://doi.org/10.1007/s11627-019-10035-1
https://doi.org/10.1021/jf803915v
https://doi.org/10.1016/j.fitote.2015.09.007
https://doi.org/10.1007/BF02265695
https://doi.org/10.17660/ActaHortic.2017.1155.83
https://doi.org/10.1016/j.jep.2016.02.009
https://doi.org/10.1002/ptr.5133
https://www.ncbi.nlm.nih.gov/pubmed/24633846
https://doi.org/10.1016/j.jopr.2013.04.056
https://doi.org/10.1016/j.phymed.2016.11.017
https://www.ncbi.nlm.nih.gov/pubmed/28160864
https://doi.org/10.1016/j.fct.2010.05.005
https://www.ncbi.nlm.nih.gov/pubmed/20457207
https://doi.org/10.3164/jcbn.14-141
https://www.ncbi.nlm.nih.gov/pubmed/26236098
https://doi.org/10.3390/antiox3010116
https://doi.org/10.1016/j.jff.2014.05.019
https://doi.org/10.1080/14786419.2013.825912
https://doi.org/10.1186/1752-153X-5-44
https://doi.org/10.1111/j.1744-7348.2010.00429.x
https://doi.org/10.1038/s41573-020-00114-z
https://www.ncbi.nlm.nih.gov/pubmed/33510482
https://doi.org/10.1016/j.foodchem.2022.132884
https://www.ncbi.nlm.nih.gov/pubmed/35397269
https://doi.org/10.1111/j.1750-3841.2007.00274.x
https://www.ncbi.nlm.nih.gov/pubmed/17995848
https://doi.org/10.1016/j.nutres.2009.09.016
https://www.ncbi.nlm.nih.gov/pubmed/19932863
https://doi.org/10.1016/j.phytochem.2007.09.014
https://www.ncbi.nlm.nih.gov/pubmed/17976666
https://doi.org/10.1111/j.1365-2125.2012.04425.x
https://www.ncbi.nlm.nih.gov/pubmed/22897361
https://doi.org/10.1016/j.jff.2017.08.042

Plants 2024, 13, 85 13 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Minekus, M.; Alminger, M.; Alvito, P; Ballance, S.; Bohn, T.; Bourlieu, C.; Carriere, E; Boutrou, R.; Corredig, M.; Dupont, D.; et al.
A Standardised Static in Vitro Digestion Method Suitable for Food—An International Consensus. Food Funct. 2014, 5, 1113-1124.
[CrossRef]

Lima, K.; Silva, O.; Figueira, M.E.; Pires, C.; Cruz, D.; Gomes, S.; Mauricio, E.M.; Duarte, M.P. Influence of the in Vitro
Gastrointestinal Digestion on the Antioxidant Activity of Artemisia gorgonum Webb and Hyptis pectinata (L.) Poit. Infusions from
Cape Verde. Food Res. Int. 2019, 115, 150-159. [CrossRef]

Udomwasinakun, N.; Saha, S.; Mulet-Cabero, A.-1.; Wilde, PJ.; Pirak, T. Assessment of Polyphenols Bioaccessibility, Stability, and
Antioxidant Activity of White Mugwort (Artemisia lactiflora Wall.) during Static In Vitro Gastrointestinal Digestion. Foods 2023,
12,949. [CrossRef]

Pace, L.; Pacioni, G.; Spano, L. In Vitro Propagation of Artemisia petrosa ssp. eriantha: Potential for the Preservation of an
Endangered Species. Plant Biosyst.—Int. |. Deal. All Asp. Plant Biol. 2004, 138, 291-294. [CrossRef]

Liu, W,; Dongxue, Y.; Li, N.; Xiaogai, H.; Dongmei, W.; Li, D.; Liu, J. Influence of Environmental Factors on the Active Substance
Production and Antioxidant Activity in Potentilla fruticosa L. and Its Quality Assessment. Sci. Rep. 2016, 6, 28591. [CrossRef]
[PubMed]

Dong, J.; Ma, X.; Wei, Q.; Peng, S.; Zhang, S. Effects of Growing Location on the Contents of Secondary Metabolites in the Leaves
of Four Selected Superior Clones of Eucommia ulmoides. Ind. Crops Prod. 2011, 34, 1607-1614. [CrossRef]

Zidorn, C.; Stuppner, H. Evaluation of Chemosystematic Characters in the Genus Leontodon (Asteraceae). Taxon 2001, 50, 115.
[CrossRef]

Bilger, W.; Rolland, M.; Nybakken, L. UV Screening in Higher Plants Induced by Low Temperature in the Absence of UV-B
Radiation. Photochem. Photobiol. Sci. 2007, 6, 190-195. [CrossRef]

Bautista, I.; Boscaiu, M.; Lidon, A_; Llinares, ].V,; Lull, C.; Donat, M.P.; Mayoral, O.; Vicente, O. Environmentally Induced Changes
in Antioxidant Phenolic Compounds Levels in Wild Plants. Acta Physiol. Plant. 2016, 38, 9. [CrossRef]

Rasera, G.B.; de Camargo, A.C.; de Castro, R.J.S. Bioaccessibility of Phenolic Compounds Using the Standardized INFOGEST
Protocol: A Narrative Review. Compr. Rev. Food Sci. Food Saf. 2023, 22, 260-286. [CrossRef]

Ozkan, G.; Aras, A.; Capanoglu Giiven, E. Investigating the Antioxidant Properties of Some Herbal Infusions During In Vitro
Digestion. J. Apitherapy Nat. 2022, 5, 1-13. [CrossRef]

Duque-Soto, C.; Quintriqueo-Cid, A.; Rueda-Robles, A.; Robert, P.; Borras-Linares, I.; Lozano-Sanchez, J. Evaluation of Different
Advanced Approaches to Simulation of Dynamic In Vitro Digestion of Polyphenols from Different Food Matrices—A Systematic
Review. Antioxidants 2022, 12, 101. [CrossRef]

Tan, Y.; Zhou, H.; McClements, D.]. Application of Static in Vitro Digestion Models for Assessing the Bioaccessibility of
Hydrophobic Bioactives: A Review. Trends Food Sci. Technol. 2022, 122, 314-327. [CrossRef]

Cianciosi, D.; Forbes-Herndndez, T.Y.; Regolo, L.; Alvarez-Suarez, ].M.; Navarro-Hortal, M.D.; Xiao, J.; Quiles, J.L.; Battino,
M.; Giampieri, F. The Reciprocal Interaction between Polyphenols and Other Dietary Compounds: Impact on Bioavailability,
Antioxidant Capacity and Other Physico-Chemical and Nutritional Parameters. Food Chem. 2022, 375, 131904. [CrossRef]
Record, I.R.; Lane, ].M. Simulated Intestinal Digestion of Green and Black Teas. Food Chem. 2001, 73, 481-486. [CrossRef]
Gongalves, S.; Moreira, E.; Andrade, P.B.; Valentao, P.; Romano, A. Effect of in Vitro Gastrointestinal Digestion on the Total
Phenolic Contents and Antioxidant Activity of Wild Mediterranean Edible Plant Extracts. Eur. Food Res. Technol. 2019, 245,
753-762. [CrossRef]

Pavan, V.; Sancho, R.S.A.; Pastore, G.M. The Effect of In Vitro Digestion on the Antioxidant Activity of Fruit Extracts (Carica
papaya, Artocarpus heterophillus and Annona marcgravii). LWT-Food Sci. Technol. 2014, 59, 1247-1251. [CrossRef]

Donlao, N.; Ogawa, Y. Impacts of Processing Conditions on Digestive Recovery of Polyphenolic Compounds and Stability of the
Antioxidant Activity of Green Tea Infusion during in Vitro Gastrointestinal Digestion. LWT-Food Sci. Technol. 2018, 89, 648—656.
[CrossRef]

Siracusa, L.; Kulisic-bilusic, T.; Politeo, O.; Krause, I.; Dejanovic, B.; Ruberto, G. Phenolic Composition and Antioxidant Activity
of Aqueous Infusions from Capparis spinosa L. and Crithmum maritimum L. before and after Submission to a Two-Step In Vitro
Digestion Model. ]. Agric. Food Chem. 2011, 59, 12453-12459. [CrossRef]

Everette, ].D.; Bryant, Q.M.; Green, A.M.; Abbey, Y.A.; Wangila, G.W.; Walker, R.B. Thorough Study of Reactivity of Various
Compound Classes toward the Folin-Ciocalteu Reagent. J. Agric. Food Chem. 2010, 58, 8139-8144. [CrossRef]
Bautista-Hernandez, I.; Aranda-Ledesma, N.E.; Rojas, R.; Tafolla-Arellano, J.C.; Martinez-Avila, G.C.G. Antioxidant Activity of
Polyphenolic Compounds Obtained from Euphorbia antisyphilitica By-Products. Heliyon 2021, 7, €06734. [CrossRef]

Baeza, G.; Sarria, B.; Bravo, L.; Mateos, R. Polyphenol Content, In Vitro Bioaccessibility and Antioxidant Capacity of Widely
Consumed Beverages. J. Sci. Food Agric. 2018, 98, 1397-1406. [CrossRef]

Chandrasekara, A.; Shahidi, F. Bioaccessibility and Antioxidant Potential of Millet Grain Phenolics as Affected by Simulated in
Vitro Digestion and Microbial Fermentation. J. Funct. Foods 2012, 4, 226-237. [CrossRef]

Gullon, B.; Pintado, M.E.; Barber, X.; Fernandez-Lépez, J.; Pérez-Alvarez, J.A.; Viuda-Martos, M. Bioaccessibility, Changes in
the Antioxidant Potential and Colonic Fermentation of Date Pits and Apple Bagasse Flours Obtained from Co-Products during
Simulated In Vitro Gastrointestinal Digestion. Food Res. Int. 2015, 78, 169-176. [CrossRef]


https://doi.org/10.1039/C3FO60702J
https://doi.org/10.1016/j.foodres.2018.08.029
https://doi.org/10.3390/foods12050949
https://doi.org/10.1080/11263500400008874
https://doi.org/10.1038/srep28591
https://www.ncbi.nlm.nih.gov/pubmed/27373366
https://doi.org/10.1016/j.indcrop.2011.06.007
https://doi.org/10.2307/1224515
https://doi.org/10.1039/b609820g
https://doi.org/10.1007/s11738-015-2025-2
https://doi.org/10.1111/1541-4337.13065
https://doi.org/10.35206/jan.1106268
https://doi.org/10.3390/antiox12010101
https://doi.org/10.1016/j.tifs.2022.02.028
https://doi.org/10.1016/j.foodchem.2021.131904
https://doi.org/10.1016/S0308-8146(01)00131-5
https://doi.org/10.1007/s00217-018-3197-y
https://doi.org/10.1016/j.lwt.2014.05.040
https://doi.org/10.1016/j.lwt.2017.11.051
https://doi.org/10.1021/jf203096q
https://doi.org/10.1021/jf1005935
https://doi.org/10.1016/j.heliyon.2021.e06734
https://doi.org/10.1002/jsfa.8607
https://doi.org/10.1016/j.jff.2011.11.001
https://doi.org/10.1016/j.foodres.2015.10.021

Plants 2024, 13, 85 14 of 14

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Pellegrini, M.; Lucas-Gonzalez, R.; Sayas-Barberd, E.; Ferndndez-Lopez, J.; Pérez-Alvarez, J.A.; Viuda-Martos, M. Bioaccessibility
of Phenolic Compounds and Antioxidant Capacity of Chia (Salvia hispanica L.) Seeds. Plant Foods Hum. Nutr. 2018, 73, 47-53.
[CrossRef]

Piluzza, G.; Bullitta, S. Correlations between Phenolic Content and Antioxidant Properties in Twenty-Four Plant Species of
Traditional Ethnoveterinary Use in the Mediterranean Area. Pharm. Biol. 2011, 49, 240-247. [CrossRef]

Chen, G.-L.; Chen, S.-G.; Zhao, Y.-Y.; Luo, C.-X; Lj, J.; Gao, Y.-Q. Total Phenolic Contents of 33 Fruits and Their Antioxidant
Capacities before and after In Vitro Digestion. Ind. Crops Prod. 2014, 57, 150-157. [CrossRef]

Lucas-Gonzalez, R.; Navarro-Coves, S.; Pérez-Alvarez, J.A.; Fernandez-Lopez, J.; Mufoz, L.A.; Viuda-Martos, M. Assessment
of Polyphenolic Profile Stability and Changes in the Antioxidant Potential of Maqui Berry (Aristotelia chilensis (Molina) Stuntz)
during in Vitro Gastrointestinal Digestion. Ind. Crops Prod. 2016, 94, 774-782. [CrossRef]

Zhou, H.; Tan, Y.; McClements, D.J. Applications of the INFOGEST In Vitro Digestion Model to Foods: A Review. Annu. Rev. Food
Sci. Technol. 2023, 14, 135-156. [CrossRef]

Egger, L.; Ménard, O.; Delgado-Andrade, C.; Alvito, P.; Assuncao, R.; Balance, S.; Barbera, R.; Brodkorb, A.; Cattenoz, T.; Clemente,
A; et al. The Harmonized INFOGEST in Vitro Digestion Method: From Knowledge to Action. Food Res. Int. 2016, 88, 217-225.
[CrossRef]

Singleton, V.L.; Rossi, J.A. Colorimetry of Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents. Am. J. Enol.
Vitic. 1965, 16, 144-158. [CrossRef]

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT-Food Sci.
Technol. 1995, 28, 25-30. [CrossRef]

Gullon, B,; Pintado, M.E.; Fernandez-Lépez, J.; Pérez-Alvarez, J.A.; Viuda-Martos, M. In Vitro Gastrointestinal Digestion of
Pomegranate Peel (Punica granatum) Flour Obtained from Co-Products: Changes in the Antioxidant Potential and Bioactive
Compounds Stability. J. Funct. Foods 2015, 19, 617-628. [CrossRef]

Oyaizu, M. Studies on Products of Browning Reaction: Antioxidative Activity of Products of Browning Reaction Prepared from
Glucosamine. Jpn. J. Nutr. 1986, 44, 307-315. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11130-017-0649-7
https://doi.org/10.3109/13880209.2010.501083
https://doi.org/10.1016/j.indcrop.2014.03.018
https://doi.org/10.1016/j.indcrop.2016.09.057
https://doi.org/10.1146/annurev-food-060721-012235
https://doi.org/10.1016/j.foodres.2015.12.006
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/j.jff.2015.09.056
https://doi.org/10.5264/eiyogakuzashi.44.307

	Introduction 
	Results 
	Polyphenolic Profiles 
	Antioxidant Activity 
	Statistical Analysis 

	Discussion 
	Materials and Methods 
	Materials and Reagents 
	Genepì Infusions Preparation 
	In Vitro Gastrointestinal Digestion 
	Total Phenolic Content and Antioxidant Activity 
	HPLC-DAD Polyphenolic Profile Analysis 
	Statistical Analysis 

	Conclusions 
	References

