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Abstract: Carob syrup is a brown, thick syrup produced from carob pulp that can be directly
consumed or used as a sweetener, which also finds applications in folk medicinal practices. In this
work, the quali-quantitative phenolic profile of five different carob syrups was elucidated before
and after in vitro gastro—intestinal digestion. Moreover, the anti-oxidant properties of undigested
and digested carob syrups were investigated. A total of 75 phenolic compounds were identified
in undigested carob syrups. The most important phenolic compound in all the samples was gallic
acid, the concentration of which ranged between 54.28 and 117.73 mg/100 g. Additional compounds
belonging to the classes of hydroxybenzoic acids (in particular glycosylated gallic acid derivatives),
hydroxycinnamic acids, and flavonoids (especially flavonols) were also identified. During in vitro
gastric digestion, gallic acid mono- and di-hexosides were diglycosylated, releasing gallic acid, which
was further degraded in ellagic acid through oxidative polymerization in the intestinal phase of the
digestion. Ellagic acid was the major compound detected after in vitro gastro-intestinal digestion of
carob syrups. With few exceptions, the anti-oxidant properties of carob syrup were preserved even
after digestion. Carob syrup can be considered an important source of phenolic compounds with
demonstrated positive effects on human health.

Keywords: mass spectrometry; Ceratonia siliqua; polyphenols; anti-oxidant activity; bioactive
compounds

1. Introduction

The carob tree (Ceratonia siliqua L.) is an evergreen plant belonging to the Fabaceae
family, notably widespread in the Mediterranean area, especially in European countries
such as Spain, Italy, Greece, Cyprus, and Portugal as well as in Turkey, Siria, and Morocco.
The carob tree fruits are composed of an external pod that includes a fleshy pulp that
incorporates the seeds [1].

Both carob pulp and seeds have been widely used as raw materials in food industries to
develop food ingredients and products. Carob seeds are mainly used to produce locust bean
gum used as a food thickener and stabilizer [2]. Furthermore, carob pulp can be processed
to obtain several human foods, such as carob syrup, carob powder (or carob flour), and
carob fiber (de-sugared carob powder) [1,3]. The main application of carob powder is as a
cocoa substitute, whereas carob syrup is predominantly used as a sweetener [1,3,4].
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Among the different carob products, one of the most popular and marketable is carob
syrup [4]. Carob syrup is produced from grounded carob pulp by solid-liquid extraction
with boiling water following concentration at a high temperature to obtain a brown product
with a sugar content higher than 60% [5]. Its principal use is as a sweetener in the making of
cookies, cakes, or other desserts. For its high sugar content, it is also utilized for softening
and conserving fruits. In addition, in folk medicinal practices, carob syrup is also used in
treating coughs, sore throats, and gastro-intestinal disorders.

Recently carob products, including carob syrup, have received great attention in the
light of their potential health benefits [1,3,4]. For example, in vivo studies on rats demon-
strated that carob syrup administration resulted in lipid-lowering effects, decreasing both
total triglycerides and cholesterol and increasing HDL levels [6]. In addition, carob syrup ex-
hibited in vitro high anti-oxidant, anti-inflammatory, and anti-proliferative activities [7-9].
Notably, some of the health benefits of carob syrup are related to the gastro-intestinal tract.
In particular, carob syrup decreased the proliferation of the colon adenocarcinoma cell line
by promoting apoptosis [10]. Furthermore, carob syrup displayed anti-diarrheal activity
mainly thanks to its ability to inhibit the growth of pathogenic bacteria (such as Escherichia
coli) [8,11].

Most of the biological effects of carob extracts and products have been related to the
presence of phenolic compounds [3]. Several phenolic compounds belonging to different
classes have been identified and quantified in carob products. The most prominent class
of phenolic compounds in carob was represented by phenolic acids (mainly gallic acid,
protocatechuic acid, coumaric acid, ferulic acid, and caffeic acid), gallotannins, flavanols
(catechins and procyanidins) and flavonols (quercetin- and myricetin-derivatives) [8,12,13].
The quali-quantitative phenolic profile differed depending on the carob products. For
example, in carob fiber, the most important phenolic compounds were flavonols and
hydrolyzable gallotannins, whereas, in carob syrup, the phenolic profile was dominated by
gallic acid that may represent up to 90% of total phenolic compounds [8,9,13].

To exert their effects, phenolic compounds must be liberated from the food matrix and
stable during gastro—intestinal digestion, i.e., they must be bio-accessible [14,15]. Phenolic
compound bioaccessibility is essentially dependent on the chemical characteristics of the
molecules, the food matrices, and the gastro-intestinal tract environment (such as pH,
digestive enzymes, bile salts, etc.) [16-18]. In vitro gastro-intestinal digestion models have
been widely used to study the release and stability of phenolic compounds from vegetable
foods [17,18]. In particular, the development of the INFOGEST protocol that closely mimics
the physiological conditions made it possible to harmonize the data obtained from the
various laboratories, making them more reproducible and predicting what could happen
in vivo [18].

Even so, to the best of our knowledge, there is only limited information on the phenolic
profile of carob syrup. Indeed, no studies have been carried out to understand the fate of
carob syrup phenolic compounds during in vitro gastro—intestinal digestion.

To fill this gap, the present work aims to give a detailed and comprehensive picture
of the phenolic profile of different carob syrups by high-resolution mass spectrometry.
Next, the stability and release from the food matrix (i.e., the bioaccessibility) of carob
syrup phenolic compounds were assessed after in vitro gastro—intestinal digestion. Finally,
the anti-oxidant properties of undigested and digested carob syrups were evaluated by
various assays.

2. Materials and Methods
2.1. Samples and Materials

Enzymes (human salivary ax-amylase, porcine pepsin, and porcine pancreatin) and
chemicals for in vitro gastro—intestinal digestion and anti-oxidant activity assays were
obtained from Sigma (Milan, Italy), whereas the solvents (MS grade) for high-resolution
mass spectrometry and phenolic compounds extraction were purchased from BioRad (Her-
cules, CA, USA). Standard phenolic compounds used for MS quantification are reported in
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Table S1. Five samples of carob syrup were obtained from different suppliers and indicated
as follows: C, L, S1, S2, and S3. Products C (Mavroudes, Cyprus) and L (Loman, Italy)
were purchased by e-commerce and stored at room temperature before analyses conducted
much time before their commercial shelf life or expiration date. Products S1, S2, and S3
are three Tunisian artisanal products produced in the Teboulba region, Bekalta region, and
Moknine region, which are included in the European PRIMA Project GourMed 2021-2024
(www.gourmed-prima.com).

2.2. Phenolic Compounds Extraction from Carob Syrups

Extraction of carob syrup phenolic compounds was carried out by mixing 0.5 g of carob
syrup with 0.5 mL of methanol/water/formic acid solution (70:28:2, v/v). The mixtures
were vortexed for 1 min and then subjected to centrifugation for 20 min (6000 g; 4 °C).
Finally, the collected supernatants were stored at —20 °C until further analysis.

2.3. In Vitro Digestion of Carob Syrups

In vitro gastro—intestinal digestion was performed by applying the INFOGEST 2.0
protocol [19]. Briefly, 1 g of carob syrup was mixed with 1 mL of simulated salivary fluid
containing 150 U/mL of salivary a-amylase. After 2 min of incubation at 37 °C in a rotating
wheel (10 rpm), 2 mL of simulated gastric fluid was added, and the pH was corrected to 3
with HC1 6 mol/L. The gastric digestion was started by the addition of 2000 U/mL (final
concentration in the digestive system) of pepsin (100 pL of pepsin dissolved in water),
followed by 120 min of incubation at 37 °C in a rotating wheel (10 rpm). Next, the bolus was
mixed with 4 mL of simulated intestinal fluid. The pH was brought to 7.5 with concentrated
NaOH, and the mixture was equilibrated by 30 min of incubation at 37 °C in a rotating
wheel (10 rpm). Intestinal digestion was started by adding to the chyme pancreatin (final
concentration in the digestive system based on trypsin activity of 200 U/mL), followed by
120 min of incubation at 37 °C in a rotating wheel (10 rpm). A control digestion with water
instead of carob syrup was performed to account for the possible interferences in the assays
of the digestive system. At the end of the intestinal digestion, samples were centrifuged at
10,000 g for 20 min at 4 °C, and the supernatant was stored at —20 °C until analysis.

2.4. Identification and Quantification of Phenolic Compounds by High-Performance Mass
Spectrometry in Chemical Extracts and In Vitro Digested Samples

The phenolic profiles of carob syrup extracts and in vitro digested samples were
analyzed by high-resolution mass spectrometry using a Q Exactive Hybrid Quadrupole-
Orbitrap Mass Spectrometer coupled to a UHPLC Ultimate 3000 module (Thermo Fisher
Scientific, San Jose, CA, USA). Samples were directly injected in the MS instrument after
centrifugation (10,000 x g; 20 min; 4 °C), filtration with 0.22 pm syringe filter, and appropri-
ate dilution. Phenolic compounds were separated with a C18 column (Acquity UPLC HSS
C18 Reversed phase, 2.1 x 100 mm, 1.8 um particle size, Waters, Milan, Italy). The applied
gradient, the flow rate as well as the mass spectrometry setting are reported in Martini
et al. [20]. Quantification was carried out by building external calibration curves with the
available standard compounds, as depicted in Table S1. Data are expressed as mg/100 g of
carob syrup. The bioaccessibility index (BI) was calculated for each individual phenolic
compound as well as for the phenolic classes and total phenolic compounds, as previously
reported [21].

2.5. Total Phenolic Compounds Quantification and Anti-Oxidant Activity Assays
2.5.1. Total Phenolic Compounds Quantification

The total phenolic compounds in carob syrup extracts and digested samples were
determined by the Folin-Ciocalteau assay as previously described [22]. The results were
expressed as mg of gallic acid per 100 g of carob syrup.
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2.5.2. Assessment of the ABTS Radical Scavenging Activity

The radical scavenging ability of carob syrup extracts and digested samples was
assessed using the ABTS assay, according to Re et al. [23]. The ABTS scavenging ability
was reported as mg of Trolox equivalent per 100 g of carob syrup.

2.5.3. Determination of the Reducing Ability

The reducing ability of carob syrup extracts and digested samples was performed
using the protocol based on the ferric-reducing/anti-oxidant power (FRAP) as described in
Benzie and Strain [24]. FRAP data were reported as mg of FeSO,4 equivalent per 100 g of
carob syrup.

2.5.4. Evaluation of the Inhibitory Activity against Fenton Reaction

The capacity to inhibit the progression of the Fenton reaction was evaluated as previ-
ously reported [25]. Results were reported as pmol of ascorbic acid equivalent per 100 g of
carob syrup.

2.6. Determination of Browning Index

The Browning index of carob syrups was determined by measuring the specific ex-
tinction coefficient at 420 nm (Kmix 420 nm) of the carob syrups. The Kmix 420 nm value
is defined as the absorption at 420 nm of carob syrup solution at the concentration of
1 g/L and expressed in L/gxm [26]. For the spectroscopic measurement, a solution of
carob syrup at a concentration of 1 mg/mL was prepared by diluting the original carob
syrup in water and read at 420 nm with a spectrophotometer.

2.7. Statistics

Data are reported as mean + SD for three analytical replicates for each analyzed
sample. Phenolic extraction and in vitro gastro—intestinal digestion were performed in
triplicate for each sample. Differences between samples were established by one-way
univariate analysis of variance (ANOVA) with Tukey’s post hoc test using Graph Pad
Prism 6.0 (GraphPad Software, San Diego, CA, USA). The differences were considered
significant with p < 0.05. Pearson correlation analysis was carried out using the software
MetaboAnalyst 5.0 [27].

3. Result and Discussion
3.1. Total Phenolic Compounds, Anti-Oxidant Properties and Browning Index of Carob Syrups

The total phenolic content of the different carob syrup samples, determined by the
Folin—Ciocalteau assay, is shown in Figure 1A.

The highest total phenolic content was found in carob syrup S3 (2853.33 + 62.92 mg of
gallic acid equivalent/100 g of carob syrup), followed by sample S1 (2195.00 =+ 38.19 mg of
gallic acid equivalent/100 g of carob syrup). Significantly lower values (p < 0.05) of total
phenolic compounds were found for samples C, L, and S2, ranging from 1658.89 & 62.55
and 1828.33 + 66.67 mg of gallic acid equivalent/100 g of carob syrup in samples S2 and C,
respectively. Total phenolic compound amounts in these samples were not significantly
different (p > 0.05). The total phenolic content determined in the present study in the carob
syrups was higher than previously reported in the literature [8,9,13,28]. Differences in total
phenolic compound data reported in the literature and among the carob syrups analyzed
in the present study may be related to several factors, such as processing method, thermal
treatment, fruit maturation, and geographical origin [8,29,30].

The anti-oxidant properties of carob syrups were ascertained by three different as-
says. The trend of the radical scavenging ability of carob syrups against the radical ABTS
(Figure 1B) was similar to that of total phenolic compounds, with the samples S3 and S1
showing the highest scavenging capacity. The same conclusion can be reached for the
ferric-reducing ability of carob syrup samples (Figure 1C). Previous studies found that
carob syrup displayed a strong scavenging capacity against the radical ABTS and the
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ferric-reducing ability [8,9,28]. However, it is difficult to compare data in the literature
due to the different standards used for the assays and the distinct ways of expressing the
results (e.g., mg, umol, or ICxp). Finally, as reported in Figure 1D, all the carob syrup sam-
ples were able to inhibit the progression of the Fenton reaction. No significant differences
(p > 0.05) were found among the samples C, L, S1, and S2, whereas carob syrup S3 displayed
significantly higher (p < 0.05) activity.
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Figure 1. Total phenolic compounds and anti-oxidant properties of carob syrups before (blue bars)
and after (orange bars) in vitro gastro—intestinal digestion. (A) Total phenolic compounds determined
by the Folin-Ciocalteau assay. Results are expressed as mg of gallic acid equivalent/100 g of carob
syrup. (B) ABTS radical scavenging activity. Results are expressed as mg of Trolox equivalent/100 g
of carob syrup. (C) Ferric-reducing ability (FRAP assay). Results are expressed as mg of FeSO4
equivalent/100 g of carob syrup. (D) Fenton reaction inhibition. Results are expressed as pmol of
ascorbic acid /100 g of carob syrup. Different letters mean significant differences (p < 0.05).

The production procedure of carob syrup, which involves boiling to concentrate the
product, and the presence of high amounts of reducing sugars and amino acids/proteins
promotes the Maillard reaction as indicated by the brown color of the samples. Non-
enzymatic Browning reactions are often desirable since they may improve sensorial char-
acteristics (such as flavor and aroma) of foods and lead to the production of bioactive
compounds such as high-molecular-weight melanoidins with strong anti-oxidant activ-
ity [31]. However, the Maillard reaction may result in a depletion of some nutrients (e.g.,
amino acids) and other bioactive molecules, such as phenolic compounds, which can be
incorporated into the melanoidin structure [32]. Moreover, thermal treatment may promote
the degradation of phenolic compounds [29]. Therefore, as an indication of the melanoidin
content and the extent of the thermal treatments, the Browning index was determined for
the different carob syrup samples (Supplementary Table S2).

The highest value of Kmix 420 nm was found for carob syrup C (0.402 % 0.02), followed
by samples S1 and L (0.255 & 0.01 and 0.214 + 0.01, respectively). Samples S2 and S3
displayed a lower Browning index than the other carob syrups samples (Kmix 420 nm
values of 0.146 =+ 0.01 and 0.100 £ 0.01, respectively).
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3.2. Identification of Individual Phenolic Compounds in Carob Syrups by High-Resolution
Mass Spectrometry

The qualitative and quantitative profile of phenolic compounds in undigested carob
syrups was determined by high-resolution mass spectrometry. The mass spectral data
of identified phenolic compounds can be found in Supplementary Table S1, whereas the
quantitative data are shown in Table 1.

Table 1. Quantitative data of phenolic compounds identified in the different carob syrups by high-
resolution mass spectrometry. Data are expressed as mg/100 g of carob syrup.

Carob Syrup

Compound C L S1 S2 S3
Hydroxybenzoic acids
Hydroxybenzoic acid isomer 1 0.07 £ 0.02 0.13 £ 0.01 0.30 =0.18 0.25 £ 0.07 0.10 = 0.01
Hydroxybenzoic acid isomer 2 0.30 4+ 0.02 0.47 +0.03 0.48 + 0.09 0.43 +0.05 0.35 £ 0.01
Hydroxybenzoic acid isomer3 0.33 +0.01 0.19 + 0.00 0.12 + 0.02 0.09 + 0.01 0.14 + 0.00
Dihydroxybenzoic acid isomer n.d. 0.31 £ 0.02 0.65 £ 0.27 0.58 £ 0.17 0.24 £0.10
Protocatechuic acid 0.15 £+ 0.01 0.20 £+ 0.01 0.34 £+ 0.07 0.29 + 0.05 0.22 £+ 0.06
Gentisic acid 0.21 +0.01 0.51 £ 0.01 0.17 £ 0.03 0.09 + 0.04 0.14 + 0.02
Gallic acid 54.28 + 597 85.03 £ 1.24 117.73 £+ 18.57 8793 +£9.19 104.79 +1.73
Malonyl-gallic acid 0.16 4+ 0.02 0.26 + 0.01 0.41 +0.33 0.55 + 0.31 1.38 +0.52
Hydroxybenzoic acid-O-hexoside n.d. n.d. 0.19 + 0.03 0.17 4 0.02 0.16 + 0.01
isomer 1
Hydroxybenzoic acid-O-hexoside nd. 0.05 + 0.00 0.14 + 0.01 0.10 4 0.03 0.10 + 0.03
isomer 2
Dihydroxybenzoic acid-Ochexoside 57 4 3 0.27 4 0.02 n.d. n.d. n.d.
isomer
Hydroxy-methoxybenzoic
. L7, 5.02 + 0.50 8.66 + 0.35 16.56 + 2.20 9.61 + 0.25 5.88 +0.14
acid-O-hexoside isomer
Gallic acid-O-hexoside isomer 1 2.29 + 0.08 2.21 +0.09 3.32 £0.51 8.53 + 0.05 12.21 +£2.08
Gallic acid-O-hexoside isomer 2 1.90 £ 0.21 1.97 £ 0.07 291 4+ 0.30 5.30 + 1.06 9.74 + 1.01
Gallic acid-O-hexoside 3 isomer 453 + 0.25 6.02 +0.16 9.84 +£0.21 13.74 £ 0.52 12.55 + 0.46
Gallic acid-O-hexoside isomer 4 4.56 £+ 0.63 6.27 +0.14 9.95 + 0.05 1551 £ 0.14 10.40 £ 1.07
Gallic acid-O-hexoside isomer 5 0.71 £+ 0.08 0.39 £+ 0.00 2.06 + 0.64 259 +0.11 25.78 +1.94
Gallic acid-O-glucuronide isomer 1 0.67 £+ 0.08 0.87 +£0.12 n.d. 1.45+0.14 1.64 + 0.06
Gallic acid-O-glucuronide isomer 2 0.42 +0.08 0.45 +0.01 0.65 + 0.23 0.77 £ 0.07 0.86 + 0.05
Gallic acid-O-glucuronide isomer 3 0.50 +0.14 0.58 +0.03 0.80 +0.27 0.66 + 0.58 0.95+0.14
Gallic acid-O-glucuronide isomer 4 n.d. 0.5+ 0.02 0.74 £+ 0.02 0.72 +£0.03 0.77 +£0.03
Syringic acid-O-hexoside isomer 1.43 +£0.19 2.06 +0.13 3.23 £ 0.55 293 £+ 0.04 2.84 +0.03
Vanillic md'?s;)t;fl’;?sllde'pem‘mde 6.87 & 0.20 7.45 £ 0.39 1311 £2.22 20.09 & 0.41 25.08 = 1.50
Vanillic ac1d-Q—hexo51de-pent051de nd 1.30 4 0.05 nd. nd nd.
isomer 2
Gallic aad'oi‘szfesrlclle'o’he"wde 12.77 £ 1.38 7.47 +0.29 8.98 £ 0.71 22.05 + 1.66 31.38 + 1.57
Gallic a“d'o;i‘;’;gie'o'hexogde 8.58 & 0.96 3.45+0.23 6.10 £ 0.27 15.49 + 0.43 24.17 £ 1.60
Gallic acid-O-hexoside-O-hexoside-O- ;)9 4 19 0.21 & 0.01 0.61 £ 0.15 0.87 & 0.09 1.50 =+ 0.62
pentoside

Total hydroxybenzoic acids 106.30 £ 10.99 137.37 4= 3.44 199.37 +27.94  210.79 4= 15.53  497.76 + 28.35
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Table 1. Cont.

Carob Syrup

Compound C L S1 S2 S3
Hydroxycinnamic acids
Hydroxycinnamic acid isomer 1 n.d. n.d. 0.17 £ 0.07 0.18 + 0.06 0.10 £ 0.02
Hydroxycinnamic acid isomer 2 n.d. n.d. 0.16 = 0.08 0.14 +0.07 0.06 + 0.02
p-Coumaric acid 0.27 +0.01 0.83 + 0.04 1.03 = 0.41 1.07 £ 0.41 0.86 + 0.53
Ferulic acid n.d. 0.14 £+ 0.01 0.13 +0.10 0.29 +0.15 0.17 £ 0.07
Caffeoyl-hexose isomer 1 n.d. 0.06 £ 0.00 0.07 +0.01 0.09 £+ 0.01 0.08 £+ 0.02
Caffeoyl-hexose isomer 2 n.d. 0.14 £ 0.01 0.05 £0.01 0.02 £0.00 0.02 £0.01
Caffeoyl-hexose isomer 3 n.d. 0.18 + 0.00 0.05 +0.01 0.03 £+ 0.01 0.03 +0.00
Ferulic acid-O-hexoside isomer 1 n.d. 0.22 +0.01 0.39 4+ 0.06 0.43 £+ 0.05 0.29 £+ 0.08
Ferulic acid-O-hexoside isomer 2 n.d. 0.18 + 0.02 0.24 + 0.07 0.14+ 0.01 0.11 + 0.04
Ferulic acid-O-hexoside isomer 3 n.d. 0.60 £+ 0.04 0.23 £ 0.04 0.184 0.02 0.18 £ 0.01
Ferulic acid-O-hexoside isomer 4 n.d. 0.52 £+ 0.06 0.20 4+ 0.03 0.16 = 0.02 0.16 +0.01
Dimethoxy-hydroxycinnamic n.d. 0.24 + 0.05 0.68 + 0.13 0.93 4 0.12 0.78 4 0.04
acid-O-hexoside isomer

Coumaric acid-O-hexoside-pentoside n.d. n.d. 0.60 4+ 0.10 n.d. n.d.

Total hydroxycinnamic acids 0.27 £ 0.01 3.11 & 0.24 4.03 &+ 1.11 11.87 £ 1.75 2.83 £+ 0.84
Flavanols
Epicatechin n.d. n.d. n.d. 0.04 4+ 0.00 0.44 + 0.04
Catechin n.d. n.d. 0.04 £ 0.06 0.01 £ 0.00 0.09 £ 0.02
Epigallocatechin n.d. n.d. 0.25 £ 0.44 0.04 £ 0.00 0.66 £ 0.09
Gallocatechin n.d. n.d. 0.10 = 0.11 0.03 = 0.03 0.18 = 0.05
Epicatechin-3-O-gallate n.d. n.d. 0.02 £ 0.00 0.02 4= 0.00 0.18 +=0.02
Epigallocatechin-3-O-gallate n.d. 0.00 £ 0.01 0.04 £ 0.06 0.02 £ 0.00 0.11 £ 0.01
Epigallocatechin gallate isomer n.d. n.d. n.d. 0.02 +0.00 0.23 £ 0.01
Procyanidin-type B dimer isomer n.d. n.d. 0.16 £ 0.27 n.d. 0.50 + 0.02
Total flavanols n.d. 0.01 £ 0.01 0.61 £ 0.94 0.19 =+ 0.05 2.38 £ 0.25
Flavanones
Naringenin isomer n.d. 0.01 £ 0.00 0.02 £ 0.01 0.02 £ 0.00 0.04 £ 0.01
Naringenin n.d. n.d. 0.03 4 0.04 0.04 0.1 0.09 0.2
Tetra-hydroxyflavanone isomer n.d. n.d. 0.02 + 0.03 0.02 +0.00 0.07 £ 0.01
Naringenin-O-hexoside isomer 1 n.d. n.d. 0.08 £ 0.07 0.06 £ 0.02 0.16 £ 0.01
Naringenin-O-hexoside isomer 2 n.d. n.d. 0.11 £0.10 0.08 £ 0.01 0.19 £ 0.02
Naringenin-O-hexoside isomer 3 0.02 £+ 0.00 0.01 £ 0.00 0.32 £0.26 0.27 £ 0.02 0.69 £+ 0.08
Tetra-hydroxyflavanone-O-hexoside n.d. 0.06 + 0.01 0.17 + 0.0 0.30 4 0.01 0.58 + 0.04
isomer 1
Tetra-hydroxyflavanone-O-hexoside nd. nd. 0.09 + 0.05 0.06 =+ 0.01 0.19 = 0.02
isomer 2
Tetra'hydroxﬁgzvmaeﬁog‘e'o'he"(’s‘de n.d. 0.01 + 0.00 0.06 + 0.08 0.04 + 0.01 0.19 + 0.02
Total flavanones 0.02 + 0.00 0.09 =+ 0.01 0.90 =+ 0.68 0.89 =+ 0.07 2.20 £ 0.23
Flavones

Luteolin n.d. n.d. 0.12 +0.17 0.18 + 0.02 0.35 + 0.03
Tri-hydroxy-methoxyflavone isomer n.d. n.d. 0.01 £ 0.00 0.11 +0.01 0.09 +0.01
Apigenin-7-O-glucoside 0.01 £ 0.00 0.02 £ 0.00 0.26 +0.29 0.22 +0.2 0.66 = 0.7
Luteolin-O-rhamnoside n.d. 0.01 £ 0.00 0.38 4+ 0.30 0.44 £+ 0.05 0.57 +0.42
Luteolin-7-O-glucoside 0.01 + 0.00 0.02 + 0.00 0.25 +0.27 0.25 + 0.00 0.58 + 0.02

Total flavones 0.02 & 0.00 0.06 £ 0.00 1.03 & 1.03 5.51 4 0.58 7.69 & 0.75
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Table 1. Cont.
Carob Syrup
Compound C L S1 S2 S3
Flavonols
Quercetin n.d. n.d. 0.19 +0.13 0.25 4+ 0.01 0.37 = 0.03
Methyl-quercetin isomer n.d. n.d. 0.03 £+ 0.01 0.13 £+ 0.02 0.06 £+ 0.01
Isorhamnetin n.d. n.d. 0.01 £0.01 0.02 +0.00 0.02 + 0.00
Myricetin n.d. n.d. 0.06 & 0.06 0.10 £ 0.00 0.13 4+ 0.01
Quercetin-3-O-pentoside n.d. n.d. 0.17 £ 0.17 0.30 £+ 0.03 0.40 +0.03
Quercetin-3-O-pentoside isomer 1 n.d. n.d. 0.24 +0.29 0.40 4+ 0.08 0.59 + 0.03
Quercetin-3-O-pentoside isomer 2 n.d. n.d. 0.22 £0.25 0.43 £ 0.04 0.64 +£0.12
Quercetin-3-O-rhamnoside 0.01 4+ 0.00 0.06 + 0.05 4.14 + 0.39 12.62 + 0.65 19.12 £ 1.16
Myricetin-O-rthamnoside 0.03 +0.04 0.10 + 0.02 0.95 + 0.08 3.99 £+ 0.33 3.18 £ 0.21
Quercetin-3-O-glucoside 0.02 £+ 0.00 n.d. 0.79 £ 0.82 0.99 £+ 0.08 1.96 +0.21
Quercetin glucoside isomer n.d. n.d. 0.06 £+ 0.06 0.04 +0.03 0.13 +0.01
Total flavonols 0.06 + 0.04 0.17 £ 0.06 6.87 £+ 2.29 19.27 £+ 1.28 26.62 1 1.82
Others
Dihydroxyphenylacetic acid isomer n.d. 2.76 = 0.36 2.54 +0.88 2.19 £+ 0.99 1.52 +0.19
Ellagic acid 3.46 £+ 0.81 2.64 +£0.10 433 +£0.24 27.56 + 0.35 12.31 +0.03
Total others 3.46 + 0.81 5.40 + 0.47 6.87 + 1.12 29.75 + 1.34 13.83 £ 0.22
Total phenolic by MS 110.13 & 11.87 146.21 £+ 4.24 219.68 + 35.11 265.73 £+ 19.31 323.46 + 18.77

n.d. means compound not detected in the sample.

Considering all the samples, a total of 75 phenolic compounds belonging to different
classes were identified in undigested carob syrups. The most representative class of
phenolic compounds was represented by hydroxybenzoic acids (27 compounds), followed
by hydroxycinnamic acids (13 compounds). Several flavonoids belonging to the classes
of flavonols (11 compounds), flavanones (9 compounds), flavan-3-ols (8 compounds), and
flavones (5 compounds) were also identified. Finally, two additional phenolic compounds,
ellagic acid and one isomer of dihydroxyphenyl-acetic acid, were detected as well. Previous
works identified 8 to 12 phenolic compounds in carob syrups [8,9,13]. Therefore, the
present work represented the most extensive phenolic fingerprint of carob syrup until now.
Great variability in the phenolic content among the different carob syrups was observed.
The concentration of total phenolic compounds identified by mass spectrometry ranged
between 110.13 &= 11.87 mg/100 g of carob syrup in sample C to 323.46 &+ 18.77 mg/100 g
of carob syrup in sample S3 (Figure 2).

The total amount of phenolic compounds was in the range of those reported in articles
previously published, where phenolic compounds were quantified by liquid chromatogra-
phy or mass spectrometry [8,9,13]. In all the samples, the quantitatively most important
class of phenolic compounds was represented by hydroxybenzoic acids (Figure 2 and
Table 1). In carob syrups C and L, hydroxybenzoic acids represented almost entirely the
phenolic profiles, where they accounted for 96.52% and 93.86% of total phenolic com-
pounds, respectively. In carob syrups S1 and S3, the incidence of hydroxybenzoic acids
was lower and equal to 90.76% and 84.51% of total phenolic compounds, respectively.
Nevertheless, in carob syrup S2, hydroxybenzoic acids incidence was 79.33%. In this
sample, an appreciable amount of flavonols (7.25% of total phenolic compounds) and,
especially, ellagic acid (10.37% of total phenolic compounds) were also found (Table 1).
According to previously published data, in carob syrups C, L, and S1, gallic acid was the
predominant compound, accounting for 50% or more of all phenolic compounds (Figure 2
and Table 1) [8,9,13]. In absolute terms, carob syrup S1 also contained the highest amount
of gallic acid (117.73 £ 18.57 mg/100 g of syrup), whereas sample C showed the lowest
(54.28 £ 5.97 mg/100 g of syrup). These samples were also relatively rich in isomers of gal-
lic acid-O-hexoside and gallic acid-O-hexoside-O-hexoside (Table 1). In samples S2 and S3,
gallic acid was still quantitatively the most important phenolic compound but represented
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33.09% and 32.40% of total phenolic compounds, respectively. Those samples also provided
the highest amount of ellagic acid and were also rich in some isomers of gallic acid-O-
hexoside and gallic acid-O-hexoside-O-hexoside (Table 1). The most abundant flavonol was
quercetin-3-O-rhamnoside, especially in samples S2 and S3, where it reached concentrations
of 12.62 4= 0.65 and 19.12 &= 1.16 mg/100 g of carob syrup (Table 1). The highest amount
of hydroxycinnamic acids was found in carob syrups S1 and S2, whereas flavones and
flavanones were found only in trace amounts in all the samples and flavan-3-ols only in
samples S1, S2, and S3 but always at very low concentration (Table 1).

350 e

c,d

100~ ab ab

[ L $1 S2 S3

Figure 2. Total phenolic compounds (blue bars), total hydroxybenzoic acids (orange bars), and gallic
acid (green bars) concentration in the different carob syrups determined by high-resolution mass
spectrometry. The total phenolic compound concentration was calculated by summing the amount
of each identified phenolic compound. The total hydroxybenzoic acid concentration was calculated
by summing the amount of each identified hydroxybenzoic acid. Different letters mean significant
differences (p < 0.05).

3.3. Correlation Analysis among the Variables in Carob Syrups

Pearson analysis was carried out to look for relationships between the variables,
i.e., total phenolic compounds, anti-oxidant activity assays, Browning index, and mass
spectrometry data. The Pearson coefficient r and the respective p-values can be found in
Supplementary Tables S3 and S4.

As observed, the Browning index was negatively correlated with the total concen-
tration of phenolic compounds determined by mass spectrometry and the concentration
of gallic acid. Moreover, the Browning index was also negatively correlated with the
concentration of the gallic acid derivatives (such as gallic acid-mono-hexosides and gallic
acid-di-hexosides) and the majority of glycosylated flavonoids. Since the Browning index
is a measure of the extent of the thermal treatment, these results suggested that the more
intense the heat treatment to which the syrup is subjected, the greater the degradation of
the phenolic compounds. Previous studies suggested that gallic acid underwent degra-
dation induced by thermal treatment [29,33]. Furthermore, thermal treatments induced
flavonoid deglycosylation, as previously observed for flavonols [34,35]. Moreover, phe-
nolic compounds could be incorporated into the melanoidin structure during Maillard
reaction progression [36]. No correlation was found between the Browning index and the
Folin—Ciocalteau data, whereas these last data were positively correlated with the total
phenolic determined by mass spectrometry. Therefore, Folin-Ciocalteau reactivity seemed
to be more dependent on the phenolic compounds content than on the brown melanoidins,
although even the latter can react in a dose-dependent manner with Folin’s reagent [37]. As
expected, a strong positive relationship was found between the Folin—Ciocalteau data and
the anti-oxidant activity assay data. The Browning index did not correlate with data from
the FRAP assay, whereas negative correlations were found with the ABTS data and the
ability of the samples to hinder Fenton’s reaction. Moreover, data from anti-oxidant activity
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assays were positively correlated with total phenolic compounds determined by mass
spectrometry and with the concentration of the majority of individual phenolic compounds,
suggesting that phenolic compounds were the major determinant of the anti-oxidant prop-
erties of carob syrups, especially for ABTS radical scavenging ability and the capability to
prevent Fenton reaction.

3.4. Effect of In Vitro Gastro—Intestinal Digestion on Total Phenolic Compounds and Anti-Oxidant
Properties of Carob Syrups

The effect of in vitro gastro—-intestinal digestion on total phenolic compounds and anti-
oxidant activity assays on carob syrups is depicted in Figure 1. As reported in Figure 1A,
the trend of total phenolic content determined by Folin-Ciocalteau assays was different
depending on the carob syrup samples. For samples C and L, in vitro digestion resulted in
a small and non-significant (p > 0.05) decrease in the total phenolic content value, whereas
in samples S1, S2, and S3, the total phenolic content significantly increased after in vitro
digestion. A similar trend was also observed for ABTS radical scavenging capacity, whereas
the ferric-reducing ability decreased significantly (p < 0.05) in all the carob syrup samples
following in vitro gastro-intestinal digestion (Figure 1B,C). Finally, a significant (p < 0.05)
decrease in the capacity to inhibit the Fenton reaction was recorded after in vitro digestion
of carob syrups L and S3, whereas no significant differences were noted between the
undigested and digested samples of carob syrups C, 51, and S2 (Figure 1D). No studies
are present in the literature about the effect of in vitro gastro—intestinal digestion on carob
syrups. In one study, the in vitro digestion of carob pod resulted in a decrease in total
phenolic content and radical scavenging activity [12]. In another study on carob flour, the
behavior of total phenolic content and ABTS radical scavenging activity during in vitro
digestion was strongly dependent on the particle size of carob flour [38].

3.5. Bioaccessibility of Individual Phenolic Compounds in Carob Syrups after In Vitro
Gastro—Intestinal Digestion

In vitro gastro—intestinal digestion of carob syrups resulted in a general decrease in
phenolic compounds concentration in all the analyzed samples (Tables 1 and 2).

The highest amount of phenolic compounds detected after in vitro digestion was
found for carob syrup S3 (301.61 £ 5.42 mg/100 g of carob syrup), followed by carob syrup
52 (185.95 £ 2.82 mg/100 g of carob syrup) and carob syrup S1 (118.24 £ 1.57 mg/100 g of
carob syrup). The carob syrups C and L displayed a similar amount of bio-accessible pheno-
lic compounds (75.55 £ 2.18 mg /100 g of carob syrup and 81.70 & 1.24 mg/100 g of carob
syrup, respectively) at the end of the gastro—intestinal digestion. The bioaccessibility index
of total phenolic compounds was the highest for sample S3 (93.25%), whereas in the other
carob syrup samples was lower and quite similar, ranging between 53.83% and 69.98% in
carob syrups S1 and S2, respectively. The behavior of hydroxybenzoic acids during in vitro
gastro—intestinal digestion was different depending on the considered sample (Table 2).
The lowest bioaccessibility of total hydroxybenzoic acids was found for carob syrup S3
(17.56%), whereas the highest was for carob syrup C (54.62%). As reported above, among
hydroxybenzoic acids, gallic acid was the most concentrated compound in all the undi-
gested carob syrups (Table 1). However, a strong degradation of gallic acid was observed
in all the samples after in vitro digestion (Table 2). The lowest bioaccessibility indexes
(which means the highest degradation) were found for samples S1 (0.52%) and S3 (0.94%),
which contained the highest amounts of gallic acid before digestion (Tables 1 and 2). Carob
syrup C displayed the lowest gallic acid concentration before digestion and the lowest
degradation rate, with a bioaccessibility index of 35.59% (Tables 1 and 2). Carob syrups
L and S2, which exhibited a similar amount of gallic acid before digestion, featured a
similar gallic acid degradation rate after in vitro digestion with a bioaccessibility index of
21.44% and 22.40%, respectively (Tables 1 and 2). Therefore, the extent of gallic acid degra-
dation seemed related to the initial concentration before digestion: the higher the initial
concentration, the greater the degradation. Furthermore, also the different isomers of gallic
acid-O-hexoside and gallic acid-O-hexoside-O-hexoside underwent degradation during



Foods 2024, 13,2196

11 of 19

in vitro digestion to a different extent depending on the sample. Once again, the highest
degradation rate was found for carob syrups S1 and S3 (Tables 1 and 2). The degradation of
gallic acid mono- and di-hexosides may be a consequence of their deglycosylation occurring
during in vitro digestion. Previous studies have suggested that gallic acid-hexosides were
unstable under acidic conditions and underwent deglycosylation reaction, releasing gallic
acid during in vitro gastric digestion [39—41]. The decrease in the molar ratio between gallic
acid di-hexosides and gallic acid mono-hexosides suggested that gallic acid di-hexosides
were hydrolyzed in the corresponding mono-hexosides during in vitro digestion. This
decrease was particularly evident in carob syrups S1 and S3, where the extent of gallic acid
and derivatives degradation was more extreme (Figure 3).

2.0
1.8
1.6
1.4+
1.2
1.0+
0.8+
0.6
0.4+
0.2+
0.0-

molar ratio gallic acid
di-hexosides/mono-hexosides

(o] L S$1 S2 S3

Figure 3. Molar ratio between gallic acid di-hexosides and gallic acid mono-hexosides calculated
before (blue bars) and after (orange bars) in vitro gastro-intestinal digestion. The ratio was calculated
by summing the amount of each individual gallic acid di-hexoside isomer divided by the sum of each
individual gallic acid mono-hexoside isomer.

Similarly, gallic acid mono-hexosides can be deglycosylated to gallic acid during the
gastric phase of digestion, as already suggested [39-41]. However, gallic acid degradation
occurring during the intestinal phase of the digestion hid the expected increase in its
concentration due to the hydrolysis of the glycosylated derivatives. Previously, it had
been demonstrated that gallic acid is stable during gastric digestion but degraded under
intestinal conditions [42]. Similarly, gallic acid was found stable during gastric digestion of
carob liqueur obtained by aqueous infusion but was almost completely degraded during
the intestinal phase of the digestion [43]. Gallic acid degradation during in vitro digestion
was strictly related to an increase in the concentration of ellagic acid (Tables 1 and 2). The
increase in ellagic acid concentration was the highest in samples S1 and S3 (an increase of
15.61 and 19.20 times, respectively), where the gallic acid degradation was more severe.
Previous studies suggested that gallic acid has undergone oxidative polymerization in an
alkaline media with ellagic acid as an intermediate [44,45]. The oxidative polymerization
of gallic acid proceeds via the formation of a C—C dimer of gallic acid, followed by the
elimination of two water molecules to give ellagic acid [44-46]. The formation of ellagic
acid from gallic acid was confirmed by digesting a solution of the gallic acid standard
at the same concentration as found in the carob syrup sample S3 by applying the same
INFOGEST protocol (Figure 4).
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Table 2. Quantitative data of phenolic compounds identified in the different carob syrups by high-resolution mass spectrometry after in vitro gastro—intestinal
digestion. Data are expressed as mg/100 g of carob syrup. Bl means bioaccessibility index.

Carob Syrup
Compound C L S1 S2 S3
After BI After BI After BI After BI After BI
Digestion (%) Digestion (%) Digestion (%) Digestion (%) Digestion (%)
Hydroxybenzoic acids

Hydroxybenzoic acid isomer 1 0.09 £ 0.00 118.1 0.12 £ 0.00 86.3 0.14 £0.01 48.1 0.06 £ 0.01 24.6 0.07 £0.00 75.1
Hydroxybenzoic acid isomer 2 0.31 £ 0.02 105.3 0.43 £ 0.01 91.1 0.57 £ 0.01 118.7 0.50 £ 0.01 115.4 0.49 £ 0.00 142.0
Hydroxybenzoic acid isomer 3 0.44 £0.01 131.1 0.28 £ 0.00 147 .4 0.14 £ 0.00 121.0 0.12 £ 0.01 127.4 0.19 £0.01 135.3
Dihydroxybenzoic acid isomer 0.04 £ 0.00 n.f. 0.13 £0.01 40.7 0.09 £ 0.01 13.3 0.07 £ 0.01 12.3 0.07 £0.01 29.9
Protocatechuic acid 0.16 & 0.01 106.9 0.20 4 0.00 97.9 1.40 £ 0.09 416.1 0.45 4 0.00 157.3 0.68 4 0.02 307.1
Gentisic acid 0.22 £0.01 105.0 0.47 £ 0.01 92.7 0.17 £0.01 98.9 0.10 £ 0.00 108.4 0.15 £ 0.02 112.3

Gallic acid 19.32 £+ 0.62 35.6 18.23 £ 0.76 214 0.61 +0.03 05 19.70 £ 0.54 224 0.98 +0.03 0.9

Malonyl-gallic acid 0.15 £ 0.00 95.7 0.28 £0.12 106.9 0.08 £ 0.00 20.6 0.23 £0.01 42.6 0.12 £0.00 8.5
Hydroxybenzoic acid-O-hexoside isomer 1 n.d. n.d. n.d. n.d. 0.28 £ 0.01 145.6 0.24 £ 0.00 146.1 0.30 £ 0.01 191.6
Hydroxybenzoic acid-O-hexoside isomer 2 n.d. n.d. 0.14 4 0.02 275.3 0.16 & 0.01 116.2 0.14 4 0.01 134.7 0.15 4 0.00 153.7
Dihydroxybenzoic acid-O-hexoside isomer 0.40 = 0.01 147.9 0.28 = 0.01 102.2 n.d. n.d. n.d. n.d. 0.44 £ 0.02 n.f.
Hydroxy-methoxybenzoic acid-O-hexoside isomer 4.90 +0.08 97.6 7.40 £ 0.46 85.4 16.19 +0.78 97.8 8.22+0.20 85.5 6.68 & 0.07 113.7
Gallic acid-O-hexoside isomer 1 1.59 +0.03 69.2 1.07 £ 0.02 48.6 0.05 +0.01 15 4.47 £ 0.03 52.4 1.28 +0.06 10.5

Gallic acid-O-hexoside isomer 2 1.13 £0.03 59.3 0.82 +0.08 41.6 0.04 £ 0.00 12 3.35+0.12 63.2 0.87 4 0.08 8.9
Gallic acid-O-hexoside isomer 3 3.40 £ 0.01 75.0 3.00 £0.06 499 1.48 +0.07 15.1 6.42 £0.11 46.7 4.93 +£0.03 39.2

Gallic acid-O-hexoside isomer 4 2.70 4 0.09 59.3 2.52 +0.11 40.2 0.07 4 0.01 0.7 593 +0.25 38.2 0.60 & 0.03 5.8

Gallic acid-O-hexoside isomer 5 0.57 £0.01 80.0 0.31 £0.03 78.9 1.33 + 0.06 64.4 2.22 £0.06 85.7 2.35+£0.11 9.1

Gallic acid-O-glucuronide isomer 1 0.45 £ 0.02 67.2 0.48 £ 0.02 54.7 0.02 £ 0.00 nf. 0.71 £ 0.02 49.0 0.11 £0.01 6.8

Gallic acid-O-glucuronide isomer 2 0.26 £ 0.02 62.7 0.23 £0.01 50.8 0.02 £ 0.00 3.6 0.34 £0.02 44.8 0.06 £ 0.01 72

Gallic acid-O-glucuronide isomer 3 0.34 £0.02 67.4 0.28 £ 0.02 47.5 0.02 £ 0.00 2.0 0.36 £ 0.01 54.5 0.08 £ 0.00 8.4

Gallic acid-O-glucuronide isomer 4 0.23 4 0.01 n.f. 0.25 4+ 0.01 42.4 0.02 £ 0.00 2.9 0.23 +0.01 31.9 0.06 & 0.00 7.8
Syringic acid-O-hexoside isomer 1.65 + 0.03 115.7 1.99 £ 0.09 96.6 3.20 £0.26 99.1 2.58 +0.03 88.1 2.88 £0.10 101.5
Vanillic acid-O-hexoside-pentoside isomer 1 5.65+0.17 822 6.31 +0.31 84.7 1117 £ 0.81 85.2 15.25 £ 0.16 75.9 18.50 & 0.45 73.78
Vanillic acid-O-hexoside-pentoside isomer 2 0.89 4 0.03 n.f. 1.05 £+ 0.08 80.4 0.91 & 0.01 nf. 2.34 4+ 0.08 n.f. 3.18 4 0.09 n.f.
Gallic acid-O-hexoside-O-hexoside isomer 1 8.11 +0.56 63.5 3.524+0.10 47.1 0.06 & 0.00 0.7 8.73 +0.02 39.6 1.16 £0.11 37

Gallic acid-O-hexoside-O-hexoside isomer 2 4.86 +£0.27 56.7 1.88 £ 0.02 54.6 0.08 & 0.00 13 6.17 4 0.02 39.8 1.48 £0.08 6.1

Gallic acid-O-hexoside-O-hexoside-O-pentoside 0.21 £0.01 72.7 0.12 £ 0.01 59.4 n.d. 0.8 0.37 £ 0.00 421 0.12 £ 0.00 7.8

Total hydroxybenzoic acids 58.06 + 2.05 54.6 51.78 4 2.38 37.7 38.30 + 2.18 19.2 89.30 + 1.74 42.4 47.99 + 1.35 17.6
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Table 2. Cont.
Carob Syrup
Compound S1 52 53
After BI After BI After BI After BI After BI
Digestion (%) Digestion (%) Digestion (%) Digestion (%) Digestion (%)
Hydroxycinnamic acids

Hydroxycinnamic acid isomer 1 0.05 £ 0.00 n.f. 0.06 £ 0.00 n.f. 0.26 £ 0.02 154.1 0.20 £ 0.00 109.1 0.10 £ 0.00 106.6
Hydroxycinnamic acid isomer 2 0.04 & 0.00 n.f. 0.07 4 0.00 n.f. 0.23 £ 0.00 137.6 0.11 4 0.00 81.6 0.07 4 0.00 116.2
p-Coumaric acid 0.56 £ 0.05 205.2 1.20 £ 0.05 143.2 1.75 £0.11 169.0 2.34 +0.04 218.8 1.27 £0.04 146.6

Ferulic acid 0.09 & 0.00 n.f 0.28 +0.12 200.3 0.08 & 0.00 62.3 0.23 4 0.01 822 0.12 4 0.00 68.2

Caffeoyl-hexose isomer 1 n.d. n.d. 0.05 £ 0.00 77.6 0.07 & 0.00 90.5 0.08 & 0.00 89.4 0.07 £ 0.00 87.9
Caffeoyl-hexose isomer 2 n.d. n.d. n.d. n.d. 0.01 £ 0.00 18.1 n.d. 16.4 n.d. 7.3
Caffeoyl-hexose isomer 3 n.d. n.d. n.d. n.d. 0.03 £ 0.00 51.5 0.02 £ 0.00 68.8 0.02 £+ 0.00 80.5

Ferulic acid-O-hexoside isomer 1 n.d. n.d. 0.27 £ 0.00 123.9 0.38 £ 0.04 97.7 0.46 £ 0.01 107.7 0.25 £0.01 88.7
Ferulic acid-O-hexoside isomer 2 n.d. n.d. 0.19 4 0.00 105.1 0.27 4+ 0.01 110.5 0.17 £ 0.00 119.6 0.11 4 0.00 99.0
Ferulic acid-O-hexoside isomer 3 nd. n.d. 0.16 + 0.01 27.1 0.02 £ 0.00 9.4 0.07 £0.01 40.9 0.04 £ 0.00 22.8
Ferulic acid-O-hexoside isomer 4 n.d. n.d. 0.16 4 0.02 30.2 0.02 £ 0.00 8.6 0.06 & 0.00 38.3 0.04 4 0.00 23.1
Dimethoxy-hydroxycinnamic acid-O-hexoside isomer n.d. n.d. 2.26 +0.02 957.2 0.42 +£0.01 62.2 0.89 £ 0.01 96.2 0.78 + 0.00 99.6

Coumaric acid-O-hexoside-pentoside 0.19 £ 0.01 n.f 0.16 £ 0.01 n.f. 0.57 £0.03 94.7 0.35 £ 0.01 n.f 0.28 £ 0.01 n.f
Total hydroxycinnamic acids 0.92 & 0.06 338.3 4.84 + 0.23 155.7 4.11 + 0.22 101.8 5.00 & 0.10 136.7 3.15 &+ 0.07 111.4

Flavanols

Epicatechin n.d. n.d. n.d. n.d. 0.02 £ 0.01 nf. 0.01 £ 0.00 14.8 0.01 £ 0.00 29

Catechin nd. n.d. nd. n.d. 0.02 £ 0.01 68.2 n.d. 28.1 0.03 £ 0.00 36.4

Epigallocatechin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Gallocatechin n.d. n.d. n.d. n.d. 0.03 & 0.00 32.0 n.d. n.d. n.d. n.d.

Epicatechin-3-O-gallate n.d. n.d. n.d. n.d. n.d. 14.0 n.d. 7.6 n.d. 0.9
Epigallocatechin-3-O-gallate n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Epigallocatechin gallate isomer n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Procyanidin-type B dimer isomer n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Total flavanols n.d. n.d. n.d. n.d. 0.07 £ 0.02 12.2 0.01 =+ 0.00 5.1 0.05 =+ 0.00 1.9

Flavanones

Naringenin isomer n.d. 79.4 n.d. 3.4 0.01 & 0.00 52.8 0.02 £+ 0.00 95.1 0.04 + 0.00 81.7

Naringenin n.d. n.d. n.d. n.d. n.d. n.d. 0.01 £ 0.00 23.9 0.02 4 0.00 242
Tetra-hydroxyflavanone isomer n.d. n.d. n.d. n.d. n.d. n.d. 0.01 £ 0.00 71.0 0.02 £ 0.00 27.4
Naringenin-O-hexoside isomer 1 n.d. n.d. 0.01 £ 0.00 n.f. n.d. 5.8 0.04 £ 0.00 69.8 0.07 £ 0.01 46.1
Naringenin-O-hexoside isomer 2 n.d. n.d. 0.01 £ 0.00 n.d. 0.01 £ 0.00 8.0 0.07 £ 0.00 76.9 0.11 £ 0.00 60.5
Naringenin-O-hexoside isomer 3 0.01 4 0.00 74.6 0.01 4 0.00 117.1 0.11 £+ 0.00 344 0.23 4 0.00 82.7 0.42 4 0.01 60.9
Tetra-hydroxyflavanone-O-hexoside isomer 1 n.d. n.d. 0.04 £ 0.01 69.1 0.19 £ 0.00 110.9 0.30 £ 0.00 102.1 0.52 £0.01 89.7
Tetra-hydroxyflavanone-O-hexoside isomer 2 0.01 &= 0.00 n.d. n.d. n.d. 0.02 £ 0.00 24.4 0.05 £ 0.00 82.4 0.06 &= 0.00 32.8
Tetra-hydroxyflavanone-O-hexoside isomer 3 n.d. n.d. n.d. 67.4 0.00 £ 0.00 15 0.01 & 0.00 33.4 0.02 4 0.00 13.3
Total flavanones 0.03 £ 0.00 159.6 0.08 £ 0.01 90.3 0.35 £ 0.00 38.7 0.74 £ 0.00 83.1 1.29 £ 0.03 58.9
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Table 2. Cont.
Carob Syrup
Compound C L S1 S2 S3
After BI After BI After BI After BI After BI
Digestion (%) Digestion (%) Digestion (%) Digestion (%) Digestion (%)
Flavones
Luteolin n.d. 36.6 n.d. 53.8 n.d. 37.3 0.15 4+ 0.00 85.7 0.15 4+ 0.00 44.6
Tri-hydroxy-methoxyflavone isomer n.d. n.d. n.d. n.d. n.d. 18.7 0.07 £ 0.00 65.87 0.06 &= 0.00 66.74
Apigenin-7-O-glucoside 0.01 £ 0.00 135.9 0.03 4 0.00 108.1 0.10 & 0.01 33.6 0.24 £ 0.00 108.1 0.62 +0.01 94.2
Luteolin-O-rhamnoside n.d. n.d. n.d. 43.9 0.03 & 0.00 20.5 0.23 4 0.01 53.8 0.30 & 0.01 52.8
Luteolin-7-O-glucoside 0.01 £ 0.00 63.5 0.02 4 0.00 78.5 0.08 £ 0.00 n.d. 0.26 & 0.00 105.8 0.49 £ 0.01 83.7
Total flavones 0.01 £ 0.00 78.5 0.05 =+ 0.00 84.6 0.21 £ 0.01 20.7 0.96 + 0.02 80.5 1.62 £ 0.03 72.2
Flavonols
Quercetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.9 n.d. n.d.
Methyl-quercetin isomer n.d. n.d. n.d. n.d. n.d. n.d. 0.09 £ 0.00 72.8 0.02 £ 0.00 34.2
Isorhamnetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Myricetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin-3-O-pentoside n.d. n.d. n.d. n.d. 0.01 £ 0.00 42 0.14 £ 0.00 47.2 0.14 £ 0.00 35.0
Quercetin-3-O-pentoside isomer 1 n.d. n.d. n.d. n.d. 0.01 £ 0.00 2.7 0.20 =+ 0.00 51.0 0.26 = 0.01 44.0
Quercetin-3-O-pentoside isomer 2 n.d. n.d. n.d. n.d. 0.01 £ 0.00 4.8 0.21 £0.01 48.9 0.20 £ 0.01 314
Quercetin-3-O-rhamnoside 0.01 4 0.00 72.8 0.05 4 0.00 76.0 0.41 £+ 0.02 9.8 6.93 4 0.08 54.9 6.55 4 0.08 342
Myricetin-O-rhamnoside n.d. n.d. 0.02 £ 0.00 21.9 n.d. n.d. 0.48 £0.03 12.1 0.03 £ 0.00 1.0
Quercetin-3-O-glucoside n.d. n.d. nd. n.d. 0.02 £ 0.00 2.5 0.43 £ 0.00 43.2 0.30 4 0.00 15.2
Quercetin glucoside isomer n.d. n.d. n.d. n.d. 0.00 £ 0.00 n.d. 0.04 £ 0.00 83.6 0.05 £ 0.00 40.0
Total flavonols 0.02 £ 0.01 29.3 0.07 £ 0.01 42.7 0.46 £ 0.02 6.7 8.53 + 0.14 44.3 7.55 4 0.11 28.4
Others
Dihydroxyphenylacetic acid isomer 0.67 £ 0.00 n.f. 1.64 £0.15 59.6 6.85 +£0.21 270.3 2.38 +0.03 109.0 1.96 £ 0.09 129.0
Ellagic acid 15.83 £ 1.98 4579 23.18 £0.75 876.7 67.67 +1.03 1561.5 78.08 £2.74 283.3 236.38 £5.3 1920.4
Total others 16.49 £ 1.99 477.1 24.83 4 0.89 459.5 74.53 £+ 1.24 1085.0 80.46 £ 2.77 270.5 238.33 =54 1723.9
Total phenolic by MS 75.55 £ 4.11 68.6 81.70 £ 3.52 55.8 118.24 + 3.72 53.8 185.95 + 4.78 69.9 301.61 £ 7.07 93.9

n.d.—compound not detected in the sample; n.f.—newly formed compound.
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Figure 4. Extracted ion chromatograms (EICs) of gallic and ellagic acids before and after in vitro
digestion of a solution of pure gallic acid. (A) EIC of gallic acid extracted at m/z 169.0392
(tolerance + 5 ppm) from a gallic acid solution before in vitro gastro—intestinal digestion. (B) EIC
of ellagic acid extracted at m/z 300.9992 (tolerance £ 5 ppm) from a gallic acid solution after in vitro
gastro—intestinal digestion. The EICs shown are representative of three independent experiments.

At the end of the in vitro digestion, 98.2% of gallic acid was degraded (versus 99%
of degradation in the S3 sample), and the solution turned into a blue/green color, which
indicated the formation of colored polymers. The amount of ellagic acid formed was much
less than that observed after digestion of carob syrup S3 (about 8.2 pmol/L in digested gallic
acid with respect to 7853 umol/L in digested sample S3). Overall, these results confirmed
the pathway of ellagic acid formation from gallic acid degradation and suggested that
the food matrix (i.e., the carob syrup) may protect ellagic acid from further oxidative
polymerization reactions. Figure 5 displays the proposed pathway of gallic acid and gallic
acid-derivative degradation during in vitro gastro-intestinal digestion based on previously
reported data and the data presented here.
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Figure 5. Gallic acid and gallic acid-hexosides degradation pathway during in vitro gastro-intestinal
digestion. DeGly—deglycosylation.

On the basis of the postulated degradation pathway, two moles of gallic acid are
needed to yield one mol of ellagic acid. The mass balance (data are expressed as pmol /100 g)
between gallic acid degradation (sum of lost gallic acid, gallic acid mono-hexosides, and gal-
lic acid di-hexosides) and ellagic acid production, together with the expected concentration
of ellagic acid calculated on the basis of gallic acid degradation is reported in Figure 6.
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Figure 6. Molar conversion of gallic acid to ellagic acid during in vitro gastro—intestinal digestion.
Blue bars show the sum of the concentrations of gallic acid, gallic acid mono-hexosides, and gallic acid
di-hexosides in the different carob syrups before in vitro digestion. Orange bars show the expected
ellagic acid concentration after in vitro gastro-intestinal digestion if all gallic acid derivatives were
converted to ellagic acid (molar ratio gallic acid:ellagic acid of 2:1). Green bars show the ellagic
concentration in the different carob syrups after in vitro digestion.

As shown, with the exception of carob syrup S3, the amount of produced ellagic
acid was always lower than that expected on the basis of gallic acid degradation, ranging
between 28.46% and 49.77% than expected in samples L and S1, respectively. Since the
intermediate C—C dimer of gallic acid was not found in these samples, it is probable that
the formed ellagic acid was further subjected to oxidative polymerization, generating new
unknown compounds. In carob syrup S3, the amount of detected ellagic acid was slightly
higher than expected, suggesting that during the digestion of carob syrup S3, ellagic acid
was protected by the food matrix to further oxidative reaction. It is important to note that
this sample exhibited the highest anti-oxidant activity in all the assays (Figure 1). The
slightly higher than expected value of ellagic acid concentration in sample S3 may be
due to the oxidative degradation of other gallic acid derivatives detected (such as gallic
acid-glucuronide isomers and malonyl-gallic acid) or not detected by mass spectrometry.
Regarding the bioaccessibility of hydroxycinnamic acids, the values were higher than
100% for all the digested carob samples (Table 2). Some hydroxycinnamic acids, such as
coumaric acid and its isomers, and some isomers of ferulic acid-O-hexoside were found in
higher concentrations in digested samples with respect to the undigested carob syrups. In
addition, some hydroxybenzoic acids such as hydroxybenzoic acid and its isomers and the
different isomers of di-hydroxybenzoic acid, as well as their glycosylated forms, were found
in higher amounts after in vitro digestion with respect to undigested samples. It is well
known that these compounds may be incorporated into the melanoidin structure during
the Maillard reaction and can be released following in vitro gastro-intestinal digestion [47].
The bioaccessibility index of flavan-3-ols and flavonols was quite low and always less than
15% and 45%, respectively. These results are in agreement with previous data [35,48,49].

3.6. Correlation Analysis among the Variables in Digested Carob Syrups

After in vitro digestion, a strong correlation was still found between the Folin—Ciocalteau
data and the different anti-oxidant activity assays (Supplementary Tables S5 and S6). Once
again, the amount of total phenolic compounds determined by mass spectrometry was
positively correlated with the Folin—Ciocalteau data and the different anti-oxidant activity
assays (with the exception of the inhibition of the Fenton reaction), suggesting that also
in the in vitro digested samples phenolic compounds were the major contributor to the
anti-oxidant activity of carob syrup. Anti-oxidant activity and Folin—Ciocalteau data were
also positively correlated with the major phenolic compounds present in the digested
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samples, including ellagic acid. This can explain the higher Folin—Ciocalteau values found
in digested samples S1, 52, and S3 with respect to the undigested samples despite the
decrease in the amount of phenolic compounds detected by mass spectrometry. In fact,
in carob syrups, the major phenolic compound was gallic acid, whereas ellagic acid was
quantitatively the predominant compound in in vitro digested carob syrups (Tables 1 and 2).
Ellagic acid showed a greater reactivity (about 16% more than gallic acid when tested at
the same concentration) with the Folin-Ciocalteau reagent with respect to gallic acid.

4. Conclusions

Mass spectrometry analysis revealed that carob syrups were particularly rich in hy-
droxybenzoic acids and especially gallic acid. The amount of these compounds was
different among the five tested samples and was negatively related to the Browning index,
which is a measure of the extent of the thermal treatment. Therefore, the thermal treatment
to which the carob is subjected for the preparation of the syrup is of paramount importance
in determining the phenolic profiles of the syrup itself. The phenolic compound profiles
and the anti-oxidant activity of carob syrups were significantly affected by the in vitro
gastro—intestinal digestion. In particular, in vitro digestion caused a partial degradation
of the major phenolic compounds found in carob syrups. Gallic acid was mostly affected
by the digestion procedure and underwent oxidative polymerization, producing ellagic
acid, which was the predominant compound in in vitro digested carob syrups. Therefore,
the results reported in this study suggest that ellagic acid, rather than gallic acid, may be
responsible for the effects of carob syrups on the gastro—intestinal tract. Since ellagic acid is
thoroughly metabolized by gut microbiota in urolithins, a class of phenolic metabolites with
pleiotropic health effects, carob syrup could be considered an unconventional source of
these phenolic metabolites. Whether these transformations also occur in vivo remains to be
demonstrated since there are no studies about the in vivo phenolic compound metabolism
after ingestion of carob syrups.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13142196/s1, Table S1: Mass spectrometry data of phenolic
compounds identified in the different digested samples and standards used for quantification;
Table S2: Browning index of the different carob syrups; Table S3: Pearson correlation values of the
different variables determined in carob syrup samples before digestion; Table S4. p-values from
Pearson correlation of the different variables determined in carob syrup samples before digestion.
Highlighted cells show a significant correlation; Table S5. Pearson correlation values of the different
variables determined in carob syrup samples after in vitro digestion; Table S6. p-values from Pearson
correlation of the different variables determined in carob syrup samples after in vitro digestion.
Highlighted cells show a significant correlation.

Author Contributions: Conceptualization, A.C. (Alice Cattivelli), A.C. (Angela Conte), A.G. and
D.T.; Data curation, M.Z., A.C. (Alice Cattivelli), A.C. (Angela Conte), A.G. and D.T.; Formal analysis,
M.Z. and L.N,; Investigation, M.Z. and L.N.; Methodology, M.Z., A.C. (Alice Cattivelli), L.N. and
A.G.; Validation, A.C. (Alice Cattivelli), L.N., A.C. (Angela Conte), A.G. and D.T.; Writing—original
draft, M.Z., A.C. (Alice Cattivelli) and D.T.; Writing—review and editing, M.Z., A.C. (Alice Cattivelli),
L.N., A.C. (Angela Conte) and A.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding. Alice Cattivelli was supported by a grant
(Post-doctoral fellowship 2024) from Fondazione Umberto Veronesi.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.


https://www.mdpi.com/article/10.3390/foods13142196/s1
https://www.mdpi.com/article/10.3390/foods13142196/s1

Foods 2024, 13,2196 18 of 19

Acknowledgments: The authors acknowledge the Fondazione Cassa di Risparmio di Modena for
funding the UHPLC-ESI-Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer system at the
Centro Interdipartimentale Grandi Strumenti (CIGS).

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

References

1. Gioxari, A.; Amerikanou, C.; Nestoridi, I.; Gourgari, E.; Pratsinis, H.; Kalogeropoulos, N.; Andrikopoulos, N.K.; Kaliora, A.C.
Carob: A sustainable opportunity for metabolic health. Foods 2022, 11, 2154. [CrossRef]

2. Barak, S.; Mudgil, D. Locust bean gum: Processing, properties and food applications-A review. Int. ]. Biol. Macromol. 2014, 66,
74-80. [CrossRef]

3.  Stavrou, L].; Christou, A.; Kapnissi-Christodoulou, C.P. Polyphenols in carobs: A review on their composition, antioxidant
capacity and cytotoxic effects, and health impact. Food Chem. 2018, 269, 355-374. [CrossRef]

4. lkram, A.; Khalid, W.; Wajeeha Zafar, K.; Ali, A.; Afzal, M.F,; Aziz, A.; Faiz ul Rasool, I.; Al-Farga, A.; Aqlan, F; Koragqi, H.
Nutritional, biochemical, and clinical applications of carob: A review. Food Sci. Nutr. 2023, 11, 3641-3654. [CrossRef]

5. Clodoveo, M.L.; Crupi, P.,; Muraglia, M.; Corbo, F. Processing of carob kernels to syrup by ultrasound-assisted extraction. Processes
2022, 10, 983. [CrossRef]

6.  Nemet, M.; Vasilic, M.; Tomas, A. Lipid-lowering effects of carob extracts (Ceratonia siliqua): Proposed mechanisms and clinical
importance. Front. Pharmacol. 2022, 13, 921123. [CrossRef]

7. Wang, B.S,; Chang, L.W.; Kang, Z.C.; Chu, H.L.; Tai, H.M.; Huang, M.H. Inhibitory effects of molasses on mutation and nitric
oxide production. Food Chem. 2011, 126, 1102-1107. [CrossRef]

8. Dhaouadi, K; Belkhir, M.; Akinicho, I.; Raboudji, F; Pamies, D.; Barrajon, E.; Estevan, C.; Fattouch, S. Sucrose supplementation
during traditional carob syrup processing affected its chemical characteristics and biological activities. LWT-Food Sci. Technol.
2014, 57, 1-8. [CrossRef]

9. Ioannou, G.D.; Savva, L.K.; Christou, A.; Stavrou, 1.].; Kapnissi-Christodoulou, C.P. Phenolic profile, antioxidant activity, and
chemometric classification of carob pulp and products. Molecules 2023, 28, 2269. [CrossRef]

10. Ben Ayache, S.; Behija Saafi, E.; Emhemmed, F,; Flamini, G.; Achour, L.; Muller, C.D. Biological activities of aqueous extracts from
carob plant (Ceratonia siligua L.) by antioxidant, analgesic and proapoptotic properties evaluation. Molecules 2020, 25, 3120. [CrossRef]

11. Rtibi, K,; Selmi, S.; Grami, D.; Amri, M.; Eto, B.; El-Benna, J.; Sebai, H.; Marzouki, L. Chemical constituents and pharmacological
actions of carob pods and leaves (Ceratonia siliqua L.) on the gastrointestinal tract: A review. Biomed. Pharmacother. 2017, 93,
522-528. [CrossRef]

12.  Chait, Y.A.; Gunenc, A.; Bendali, F.; Hosseinian, F. Simulated gastrointestinal digestion and in vitro colonic fermentation of carob
polyphenols: Bioaccessibility and bioactivity. LWT-Food Sci. Technol. 2020, 117, 108623. [CrossRef]

13. Papagiannopoulos, M.; Wollseifen, H.R.; Mellenthin, A.; Haber, B.; Galensa, R. Identification and quantification of polyphenols in
carob fruits (Ceratonia siliqgua L.) and derived products by HPLC-UV-ESI/MSn. |. Agric. Food Chem. 2004, 52, 3784-3791. [CrossRef]

14. Dantas, A.M.; Fernandes, F.G.; Magnani, M.; da Silva Campelo Borges, G. Gastrointestinal digestion assays for evaluating the
bioaccessibility of phenolic compounds in fruits and their derivates: An overview. Food Res. Int. 2023, 170, 112920. [CrossRef]

15. Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioavailability and bioaccessibility of food bioactive compounds; overview and
assessment by in vitro methods. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2862-2884. [CrossRef]

16. Tarko, T.; Duda-Chodak, A. Influence of food matrix on the bioaccessibility of fruit polyphenolic compounds. J. Agric. Food Chem.
2020, 68, 1315-1325. [CrossRef]

17. Pais, A.C.S,; Coscueta, E.R.; Pintado, M.M,; Silvestre, A.].D.; Santos, S.A.O. Exploring the bioaccessibility and intestinal absorption of
major classes of pure phenolic compounds using in vitro simulated gastrointestinal digestion. Heliyon 2024, 10, 28894. [CrossRef]

18. Li, C.X;; Wang, ER.; Zhang, B.; Deng, Z.Y.; Li, H.Y. Stability and antioxidant activity of phenolic compounds during in vitro
digestion. J. Food Sci. 2023, 88, 696-716. [CrossRef]

19. Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assuncao, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carriere,
F.; et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019, 14, 991-1014. [CrossRef]

20. Martini, S.; Tagliazucchi, D.; Minelli, G.; Lo Fiego, D.P. Influence of linseed and antioxidant-rich diets in pig nutrition on lipid
oxidation during cooking and in vitro digestion of pork. Food Res. Int. 2020, 137, 109528. [CrossRef]

21. Cattivelli, A.; Di Lorenzo, A.; Conte, A.; Martini, S.; Tagliazucchi, D. Red-skinned onion phenolic compounds stability and
bioaccessibility: A comparative study between deep-frying and air-frying. J. Food Compos. Anal. 2023, 115, 105024. [CrossRef]

22. Singleton, V.L.; Orthofer, R.; Lamuela-Raventds, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299, 152-178.

23. Re, R; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef] [PubMed]

24. Benzie, LEF,; Strain, ].J. Ferric reducing/antioxidant power assay: Direct measure of total antioxidant activity of biological

fluids and modified version for simultaneous measurement of total antioxidant power and ascorbic acid concentration. Methods
Enzymol. 1999, 299, 15-27. [PubMed]


https://doi.org/10.3390/foods11142154
https://doi.org/10.1016/j.ijbiomac.2014.02.017
https://doi.org/10.1016/j.foodchem.2018.06.152
https://doi.org/10.1002/fsn3.3367
https://doi.org/10.3390/pr10050983
https://doi.org/10.3389/fphar.2022.921123
https://doi.org/10.1016/j.foodchem.2010.11.139
https://doi.org/10.1016/j.lwt.2014.01.025
https://doi.org/10.3390/molecules28052269
https://doi.org/10.3390/molecules25143120
https://doi.org/10.1016/j.biopha.2017.06.088
https://doi.org/10.1016/j.lwt.2019.108623
https://doi.org/10.1021/jf030660y
https://doi.org/10.1016/j.foodres.2023.112920
https://doi.org/10.1111/1541-4337.12623
https://doi.org/10.1021/acs.jafc.9b07680
https://doi.org/10.1016/j.heliyon.2024.e28894
https://doi.org/10.1111/1750-3841.16440
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1016/j.foodres.2020.109528
https://doi.org/10.1016/j.jfca.2022.105024
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194
https://www.ncbi.nlm.nih.gov/pubmed/9916193

Foods 2024, 13,2196 19 of 19

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Tagliazucchi, D.; Helal, A.; Verzelloni, E.; Conte, A. Bovine milk antioxidant properties: Effect of in vitro digestion and identifica-
tion of antioxidant compounds. Dairy Sci. Technol. 2016, 96, 657-676. [CrossRef]

Bekedam, E.K.; Schols, H.A.; van Boekel, M.A.].S.; Smit, G. High molecular weight melanoidins from coffee brew. J. Agric. Food
Chem. 2006, 54, 7658-7666. [CrossRef]

Xia, J.; Sinelnikov, I.V.; Han, B.; Wishart, D.S. MetaboAnalyst 3.0—Making metabolomics more meaningful. Nucleic Acids Res.
2015, 43, W251-W257. [CrossRef]

Toufeili, I; Itani, M.; Zeidan, M.; Al Yamani, O.; Kharroubi, S. Nutritional and functional potential of carob syrup versus date and
maple syrups. Food Technol. Biotechnol. 2022, 60, 266-278. [CrossRef] [PubMed]

Christou, A.; Martinez-Piernas, A.B.; Stavrou, 1].; Garcia-Reyes, ].F.; Kapnissi-Christodoulou, C.P. HPLC-ESI-HRMS and
chemometric analysis of carobs polyphenols—technological and geographical parameters affecting their phenolic composition.
J. Food Compos. Anal. 2022, 114, 104744. [CrossRef]

Richane, A.; Rim, B.M.; Wided, M.; Riadh, K.; Khaoula, A.; Nizar, M.; Hanen, B.I. Variability of phenolic compounds and
antioxidant activities of ten Ceratonia siliqua L. provenances. Biochem. Syst. Ecol. 2022, 104, 104486. [CrossRef]

Tagliazucchi, D.; Bellesia, A. The gastro-intestinal tract as the major site of biological action of dietary melanoidins. Amino Acids
2015, 47, 1077-1089. [CrossRef]

Nunes, EM.; Coimbra, M.A. Role of hydroxycinnamates in coffee melanoidin formation. Phytochem. Rev. 2010, 9, 171-185. [CrossRef]
Boles, ].S.; Crerar, D.A.; Grissom, G.; Key, T.C. Aqueous thermal degradation of gallic acid. Geochim. Cosmochim. Acta 1988, 52,
341-344. [CrossRef]

Rohn, S.; Buchner, N.; Driemel, G.; Rauser, M.; Kroh, L.W. Thermal degradation of onion quercetin glucosides under roasting
conditions. J. Agric. Food Chem. 2007, 55, 1568-1573. [CrossRef]

Cattivelli, A.; Conte, A.; Martini, S.; Tagliazucchi, D. Influence of cooking methods on onion phenolic compounds bioaccessibility.
Foods 2021, 10, 1023. [CrossRef] [PubMed]

Wu, H,; Lu, P; Liu, Z.; Sharifi-Rad, J.; Suleria, H.A.L. Impact of roasting on the phenolic and volatile compounds in coffee beans.
Food Sci. Nutr. 2022, 10, 2408-2425. [CrossRef]

Verzelloni, E.; Tagliazucchi, D.; Conte, A. Relationship between the antioxidant properties and the phenolic and flavonoid content
in traditional balsamic vinegar. Food Chem. 2007, 105, 564-571. [CrossRef]

Vilas-Boas, A.M.; Brassesco, M.E.; Quintino, A.C.; Vieira, M.C.; Brandao, T.R.S.; Silva, C.L.M.; Azevedo, M.; Pintado, M. Particle
size effect of integral carob flour on bioaccessibility of bioactive compounds during simulated gastrointestinal digestion. Foods
2022, 11, 1272. [CrossRef] [PubMed]

Mosele, ].I.; Macia, A.; Romero, M.P.; Motilva, M.]. Stability and metabolism of Arbutus unedo bioactive compounds (phenolics
and antioxidants) under in vitro digestion and colonic fermentation. Food Chem. 2016, 201, 120-130. [CrossRef]
Herrera-Cazares, L.A.; Ramirez-Jiménez, A K.; Luzardo-Ocampo, L.; Antunes-Ricardo, M.; Loarca-Pifia, G.; Wall-Medrano, A.;
Gaytan-Martinez, M. Gastrointestinal metabolism of monomeric and polymeric polyphenols from mango (Mangifera indica L.)
bagasse under simulated conditions. Food Chem. 2021, 365, 130528. [CrossRef]

Patel, S.S.; Goyal, R.K. Biotransformation of gallotannins from fresh fruit juice of Emblica officinalis in in-vitro system. Res. ].
Phytochem. 2013, 7, 18-23.

Tagliazucchi, D.; Verzelloni, E.; Bertolini, D.; Conte, A. In vitro bio-accessibility and antioxidant activity of grape polyphenols.
Food Chem. 2010, 120, 599-606. [CrossRef]

Rodriguez-Solana, R.; Coelho, N.; Santos-Rufo, A.; Gongalves, S.; Pérez-Santin, E.; Romano, A. The Influence of in vitro
gastrointestinal digestion on the chemical composition and antioxidant and enzyme inhibitory capacities of carob liqueurs
obtained with different elaboration techniques. Antioxidants 2019, 8, 563. [CrossRef] [PubMed]

Nikolic, G.; Veselinovic, A.; Mitic, Z.; Zivanovic, S. HPLC-DAD study of gallic acid autoxidation in alkaline aqueous solutions
and the influence of Mg(Il) ion. Acta Facult. Med. Naissensis 2011, 28, 219-224.

Pant, A.F,; Ozkasikci, D.; Fiirtauer, S.; Reinelt, M. The effect of deprotonation on the reaction kinetics of an oxygen scavenger
based on gallic acid. Front. Chem. 2019, 7, 680. [CrossRef] [PubMed]

Ferretti, A.; Sabatini, F.; Degano, I. A model iron gall ink: An in-depth study of ageing processes involving gallic acid. Molecules
2022, 27, 8603. [CrossRef] [PubMed]

Alves, G.; Lobo, L.A.; Domingues, R M.C.P.,; Monteiro, M.; Perrone, D. Bioaccessibility and gut metabolism of free and melanoidin-
bound phenolic compounds from coffee and bread. Front. Nutr. 2021, 8, 708928. [CrossRef]

Choi, E.H,; Rha, C.S.; Balusamy, S.R.; Kim, D.O.; Shim, S.M. Impact of bioconversion of gallated catechins and flavonol glycosides
on bioaccessibility and intestinal cellular uptake of catechins. J. Agric. Food Chem. 2019, 67, 2331-2339. [CrossRef]

Martini, S.; Conte, A.; Tagliazucchi, D. Bioaccessibility, bioactivity and cell metabolism of dark chocolate phenolic compounds
after in vitro gastro-intestinal digestion. J. Funct. Foods 2018, 49, 424-436. [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/s13594-016-0294-1
https://doi.org/10.1021/jf0615449
https://doi.org/10.1093/nar/gkv380
https://doi.org/10.17113/ftb.60.02.22.7419
https://www.ncbi.nlm.nih.gov/pubmed/35910270
https://doi.org/10.1016/j.jfca.2022.104744
https://doi.org/10.1016/j.bse.2022.104486
https://doi.org/10.1007/s00726-015-1951-z
https://doi.org/10.1007/s11101-009-9151-7
https://doi.org/10.1016/0016-7037(88)90089-0
https://doi.org/10.1021/jf063221i
https://doi.org/10.3390/foods10051023
https://www.ncbi.nlm.nih.gov/pubmed/34066759
https://doi.org/10.1002/fsn3.2849
https://doi.org/10.1016/j.foodchem.2007.04.014
https://doi.org/10.3390/foods11091272
https://www.ncbi.nlm.nih.gov/pubmed/35563995
https://doi.org/10.1016/j.foodchem.2016.01.076
https://doi.org/10.1016/j.foodchem.2021.130528
https://doi.org/10.1016/j.foodchem.2009.10.030
https://doi.org/10.3390/antiox8110563
https://www.ncbi.nlm.nih.gov/pubmed/31744100
https://doi.org/10.3389/fchem.2019.00680
https://www.ncbi.nlm.nih.gov/pubmed/31781534
https://doi.org/10.3390/molecules27238603
https://www.ncbi.nlm.nih.gov/pubmed/36500696
https://doi.org/10.3389/fnut.2021.708928
https://doi.org/10.1021/acs.jafc.8b05733
https://doi.org/10.1016/j.jff.2018.09.005

	Introduction 
	Materials and Methods 
	Samples and Materials 
	Phenolic Compounds Extraction from Carob Syrups 
	In Vitro Digestion of Carob Syrups 
	Identification and Quantification of Phenolic Compounds by High-Performance Mass Spectrometry in Chemical Extracts and In Vitro Digested Samples 
	Total Phenolic Compounds Quantification and Anti-Oxidant Activity Assays 
	Total Phenolic Compounds Quantification 
	Assessment of the ABTS Radical Scavenging Activity 
	Determination of the Reducing Ability 
	Evaluation of the Inhibitory Activity against Fenton Reaction 

	Determination of Browning Index 
	Statistics 

	Result and Discussion 
	Total Phenolic Compounds, Anti-Oxidant Properties and Browning Index of Carob Syrups 
	Identification of Individual Phenolic Compounds in Carob Syrups by High-ResolutionMass Spectrometry 
	Correlation Analysis among the Variables in Carob Syrups 
	Effect of In Vitro Gastro–Intestinal Digestion on Total Phenolic Compounds and Anti-Oxidant Properties of Carob Syrups 
	Bioaccessibility of Individual Phenolic Compounds in Carob Syrups after In Vitro Gastro–Intestinal Digestion 
	Correlation Analysis among the Variables in Digested Carob Syrups 

	Conclusions 
	References

