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The agri-food industry generates large quantities of by-products, both of animal and
vegetable origin, which are currently discarded or destined to low-value-added applica-
tions [1]. However, they frequently present very interesting chemical compounds with
great application potential in the pharmaceutical, food, or cosmetics industries. Therefore,
to move towards a circular economy with a high level of resource efficiency, it would be
necessary to develop integrated multi-product biorefineries based on environmentally
friendly techniques that extract the most value from these by-products, a strategy that
would minimize adverse effects on human health and the environment while improving
the economic competitiveness of these sectors [2].

In this special issue, interesting valorization opportunities for several agri-food by-
products are explored in 9 papers, by-products such as fruit wastes like melon peel [3],
soybean [4] and chestnut [5] residues, alfafa [6], and fish [7] and meat remains [8]. Authors
evaluate different green technologies for the recovery of several valuable fractions, such
as proteins, carbohydrates, pectic oligosacharides, and phenolic compounds, and assess
their potential as sustainable sources of bioactive compounds, analysing their antioxidant,
antibacterial, anti-tyrosinase, and anti-inflammatory activities as well as their prebiotic
potential. On the other hand, authors review the biological activities exerted by tannins
extracted from by-products of the agri-food industry [9], the employment of innovative
techniques involved in the conversion of rice bran into valuable food ingredients [10] and
the application of agro-industrial wastes in aquaculture [11].

Author Contributions: B.G. and R.Y. conceived and wrote this editorial. All authors have read and
agreed to the published version of the manuscript.
Funding: This research received no external funding.
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Evaluation of the Antioxidant Activity, Deodorizing Effect, and
Antibacterial Activity of ‘Porotan’ Chestnut By-Products and
Establishment of a Compound Paper
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Abstract: Chestnuts are widely cultivated for their edible portion (kernel), whereas the non-edible
parts are discarded. To enable the utilization of the by-products of processed chestnuts, we separated
them into green and brown burs, shells, inner skin, and leaves, and analyzed the bioactive properties
of the ground components. We also created a composite paper, comprising the inner skin, and
examined its deodorant properties. It was revealed that the inner skin had the highest functionality
and showed potent antioxidant, antibacterial, and deodorant properties. Furthermore, when we
produced a paper, containing 60% inner skin, and examined its deodorant properties, we found
that it was highly effective in deodorizing ammonia and acetic acid gases. These results show that
the inner skin of chestnuts is a promising material for developing hygiene and other products.

Keywords: ‘Porotan’ chestnut; Castanea crenata Sieb. et Zucc; antioxidant activity; deodorant
activity; antibacterial activity; compound paper

1. Introduction

Chestnut cultivation and processing are performed worldwide. Chestnuts cultivated
worldwide include the Japanese chestnut (Castanea crenata Sieb. et Zucc.), Chinese chest-
nut (Castanea mollissima Blume), and European chestnut (C. sativa Mill.) cultivated in
Southern Europe and Asia Minor. According to the data from the Food and Agricul-
ture Organization, Asia is the leading global producer of chestnuts (86.5%), followed by
Europe (9.6%) and the United States (3.8%) [1]. The kernel (edible part) of chestnuts is
used to prepare glacé, pastes, and syrups [2]; however, additional parts of the chestnut
(Castanea crenata Sieb. et Zucc.), including the leaves, burs, shells, and the inner skin, are
currently not used. Chestnut shells contain various phenolic compounds [3], and the
tough skin contains a large amount of tannins [4], which show antioxidant [3,5,6], fat
absorption-inhibiting [7], and anti-adipogenic activities. Tannins also reportedly have
preventive effects against heart disease [8], diabetes [9], and cancer [10], as well as antibac-
terial [11,12] and deodorizing properties [13]; therefore, the utilization of fruit peels is
considered important from an industrial perspective [14]. However, the existing Japanese
varieties of chestnuts are difficult to peel, and the bioactivity of the inner bark of trees have
not been investigated. The shell and inner skin of the variety ‘Porotan’, cultivated in Japan,
can be peeled extremely well [15,16]; therefore, the inner skin can be used as a by-product
after the processing of chestnut kernels. In this study, we aimed to utilize the unused
parts of chestnuts for food and industrial applications and analyzed the functionality
(polyphenol content, antioxidant activity, anti-bacterial activity and deodorizing activity)
of the chestnut burs (green and brown), leaves, shells, inner skin, and kernel. Secondly, we
tested the functionality (deodorizing activity) of the produced compound paper, which
contains 60% inner skin. It was clarified that the inner skin had the highest polyphenol
content, antioxidant, anti-bacterial, and deodorant properties. Further, we found that the
paper containing 60% inner skin is highly effective in deodorizing ammonia and acetic
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acid gases. This research will lead to the effective utilization of the large amounts of
by-products generated from chestnut cultivation and processing.

2. Materials and Methods
2.1. Samples
2.1.1. Japanese Chestnut ‘Porotan’

Burs (green and brown), shells, inner skin, kernel, and leaves were obtained from
Japanese chestnut ‘Porotan’ trees (scientific name: Castanea crenata Sieb. et Zucc.) in
the Institute of Fruit Tree Science of Ibaraki Prefecture, Japan, during September 2017
(Figure 1). The materials were freeze-dried and ground into a powder for subsequent
analyses. The powder was ground in a blender for approximately 120 s, and then sieved
through a mesh sieve (1 mm) to obtain samples.

Figure 1. Photographs of Japanese chestnut ‘Porotan” components. (a): Burs (green), (b): burs
(brown), (c): shells, (d): inner skin, (e): kernel, (f): leaf.
2.1.2. Effects of Chestnut Samples on Bacteria

S. aureus NBRC 12732 and E. coli NBRC 3301 were obtained from the National
Institute of Technology and Evaluation, Osaka, Japan, and used to analyze the antibacterial
activities of leaves, burs (green and brown), shells, and inner skin in ‘Porotan’ trees.

2.1.3. Preparation of Compound Papers
Compound papers were prepared using a previously reported method [17-20].
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2.2. Analysis of Properties
2.2.1. Extraction Method for Total Polyphenol Content (TPC),
2,2-Diphenyl-1-Picrylhydrazyl (DPPH), and Hydrophilic Oxygen Radical Absorbance
Capacity (H-ORAC) Assays

The prepared powdered samples (200 mg) were added to 60% (v/v) ethanol aqueous
(10 mL) and shook for 2 h at 40 °C. The extracted was filtered through a 0.45 um filter.

22.2. TPC

The soluble polyphenol content of the extracts was measured by the Folin—Ciocalteu
method [21]. The TPC was expressed as mg equivalent/100 g of dry matter, using catechin
(CTN) as the standard (mg CTN eq/100 g DW).

2.2.3. DPPH Radical Scavenging Activity Assay

The antioxidant activity of the extracts was analyzed using the DPPH radical scav-
enging assay [22]. The DPPH value was expressed as pmol Trolox equivalent/g of dry
matter (umol TE/g DW).

2.2.4. Hydrophilic-ORAC (H-ORAC)
The antioxidant activity of the extracts was analyzed using the H-ORAC method [20,23].
H-ORAC values were expressed as Trolox equivalents of dry matter (umol TE/g DW).

2.2.5. Antibacterial Properties

Antibacterial activity assays were performed by modifying methods by which we
had previously determined the antibacterial activity [17-20,24]. Using these methods, the
activity of each part of Porotan was examined, and all parts except for kernel showed
very strong activity (a kill rate of 100%) with no differences. To clarify the difference
in antibacterial properties in each part of Porotan, the experiment was performed by
applying stricter conditions to the previous method [17-20,24]. Specifically, we increased
the amount of a bacterial suspension from 100 to 200 uL, the sample amount was reduced
from 200 to 40 mg. The analyzed parts included the burs (green and brown), shells, inner
skin, and leaves, based on the results of antioxidant activities. For comparison, green tea,
which reportedly contains potent antibacterial properties was used.

2.2.6. Evaluation of Deodorant Activity

Deodorant activity assays were performed by the modifying methods that we had
previously determined [19,20,25]. The odor residual ratio was plotted against time. The
odor residual ratio of the sample was calculated using Equation (1) [19,20,25].

. . Measured gas concentration
Odor residual ratio (%) = Initial foncentration % 100 (1)

2.2.7. Scanning Electron Microscopy

The fixed samples were dried at room temperature for 24 h, and then gold was
vapor-deposited on the sample using an ion sputterer (E-1010, Hitachi High-Technologies
Corp., Tokyo, Japan). The surface of the inner skin of ‘Porotan” chestnuts was observed
using a scanning electron microscope S-3000N (Hitachi Science Systems, Ltd., Tokyo,
Japan). The microscope was operated at an acceleration voltage of 20 kV.

2.2.8. Statistical Analysis

Data from TPC, DPPH, and H-ORAC assays were statistically analyzed using the
SPSS statistical analysis software (version 25.0, SPSS Inc., Chicago, IL, USA). Results
are expressed as the mean + standard error. Data were tested using one-way-ANOVA,
followed by Tukey’s test for multiple comparisons.
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3. Results and Discussion
3.1. TPC and Antioxidant Activity

Figure 2 shows the TPC and antioxidant activity of each of the following parts
of the Porotan: burs (green and brown), shells, inner skin, and leaves. The TPCs in
the green burs, brown burs, shells, inner skin, kernels, and leaves were 8770 £ 235,
6047 £ 125, 3325 + 110, 27,208 £ 110, 12 £ 4.5, and 7414 &+ 161 mg CTN eq/100 g DW,
respectively. The antioxidant activities (DPPH) of the green burs, brown burs, shells,
inner skin, kernels, and leaves were 653 + 9.5, 384 + 4.1, 269 + 12.0, 2452 4+ 45.0,7.0 +
1.0, and 461 + 7.4 umol TE/g DW, respectively. The antioxidant activities (H-ORAC) of
the green burs, brown burs, shells, inner skin, kernels, and leaves were 833 £ 99.3, 55.3
+0.3,304.3 £12.5,1733 £ 91.2, 50 + 0.8, and 1017 4 16.0 pmol TE/g DW, respectively.
The TPC and antioxidant activities (H-ORAC and DPPH method) of all parts of the
chestnut, except for the kernel, were very high; the inner skin showed the highest TPC
and antioxidant activity. Tuyen et al. [26] evaluated the antioxidant activity of the Japanese
chestnut (barks, flowers, inner skin, kernels, and leaves) and reported that the inner skin
showed the highest antioxidant activity in all the assays used (DPPH, 2,2-azinobis [3-
ethylbenzothiazoline-6-sulfonic acid] diammonium salt, reducing power, and f3-carotene
bleaching methods). These findings are consistent with our results, which showed that
the inner skin had the highest DPPH radical scavenging activity. In addition, we revealed
that the inner skin had a high level of antioxidant activity with the H-ORAC method,
which offers several advantages over the DPPH assays. The complete hydrogen atom
transfer radical quenching mechanism presents a contrast and comparison to the electron
transfer in the DPPH assays [27]. The ORAC assay uses peroxyl radicals that present a
better model of the antioxidation reaction between oxidative lipids and reactive oxygen
species [27]. The high values obtained via the ORAC assay are of great importance in
terms of health functionality. Chestnut shells contain high concentrations of ellagic acid,
a phenolic compound [5]. Ellagic acid is a dimeric derivative of gallic acid [28,29] and
has certain health functions with specific biological effects, such as anti-angiogenesis [30],
anti-cancer [10], anti-diabetes [31], and antioxidant [32]. Chestnut shells are expected to
be used as highly valuable materials in the future. Additionally, we also found strong
activity for burs, which Tuyen et al. [26] did not measure. The burs are a part of the plant
that is removed during harvesting rather than peeling, thereby making it feasible to collect.
In this study, we found that the green burs had higher TPC, DPPH, and H-ORAC values
than the brown burs. Notably, the green burs had an H-ORAC value of 833 umol TE/g
DW, whereas that of the brown burs was 55.3 pmol TE/g DW, which was considerably
low. Therefore, the inner skin, leaves, and burs (green) may present promising materials
with antioxidant activity.

3.2. Antibacterial Activity

Gram-positive S. aureus and Gram-negative E. coli were used to assess the antibac-
terial activity of each part of the chestnut. The results are shown in Table 1. As a result,
the growth values of both bacterial species yielded were above the JIS standard value
for the assay of 0.5. Therefore, both of the species showed growth without inhibition,
in the antibacterial assays. S. aureus showed growth from a viable count of 1.00 x 10°
CFU/mL before incubation, to 1.04 x 1019 CFU/mL after 18 h of incubation in the culture
medium without chestnut samples (control); therefore, the growth was increased by
approximately 10°-fold. In contrast, when cultured with the inner skin of the chestnuts,
the viable count increased to 2.04 x 10° CFU/mL after incubation. Considering the
viable count of 1.04 x 10'® CFU/mL of the control, the antibacterial effect corresponded
to an approximately 10°-fold decrease in cell count. In this experiment, we modified our
previous methods, the amount of bacterial cell suspension was increased from 100 to 200
uL [17-20,24], the sample amount was reduced from 200 to 40 mg [17-19,24], and the
experiment was conducted under conditions that enhanced bacterial growth. Therefore,
the cultures incubated with green tea [33], which has high antibacterial activity, produced
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a bacterial count of 1.80 x 10° CFU/mL. This indicated that the inner skin might be highly
effective in inhibiting S. aureus growth. The cultures incubated with green burs, brown
burs, shells, and leaves showed a viable count of 3.84 x 10°,5.80 x 10°, 1.36 x 10°, and
1.16 x 10° CFU/mL, respectively, and thus, showed higher antibacterial activity than
green tea. E. coli showed growth from a viable count of 1.00 x 10> CFU/mL before incu-
bation to 2.80 x 10 CFU/mL after 18 h of incubation without chestnut samples (control);
therefore, the growth was increased by approximately 10°-fold. When the cultures were
incubated with brown burs, the viable count increased to 2.28 x 107 CFU/mL after incu-
bation. Considering the viable count of 2.8 x 10 CFU/mL of the control, the antibacterial
effect corresponded to an approximately 100-fold decrease in cell count. Similar to the
experiment using S. aureus, the amount of the bacterial cell suspension was increased
from 100 to 200 pL, the sample amount was reduced from 200 to 40 mg, and conditions
that enhanced bacterial growth were used. Therefore, the cultures incubated with green
tea [33] produced a bacterial count of 4.64 x 108 CFU/mL. The cultures incubated with
green burs, brown burs, shells, inner skin and leaves showed a viable count of 4.40 x
10%,2.28 x 107,2.28 x 10'Y,2.16 x 108, and 1.24 x 10° CFU/mL, respectively. Only the
brown burs had an antibacterial activity value of over 2, which meant that it reduced the
number of cells by a factor of 100, and showed a higher antibacterial effect than green tea.
This indicated that brown burs might be highly effective in inhibiting E. coli growth. S.
aureus is a Gram-positive bacterium that contains a thick cell wall layer, mostly consisting
of peptidoglycan, whereas the cell wall of the Gram-negative E. coli contains a small
quantity of peptidoglycan. Generally, Gram-positive bacteria contain a peptidoglycan
layer as thick as 20-80 nm, while Gram-negative bacteria contain a layer that is 7-8 nm
thick; therefore, Gram-positive bacteria have a considerably thicker cell wall than that
of Gram-negative bacteria. The DW of the bacterial cell wall is approximately 10% in
Gram-negative bacteria. By contrast, the Gram-positive bacteria weigh as much as 90%.
Based on the above results, it was predicted that E. coli, a Gram-negative bacterium, would
show a higher inhibition of growth than S. aureus when treated with chestnut components;
however, a different result was obtained. It has been reported that tea polyphenols show
a higher antibacterial activity against S. aureus than against E. coli [33-35]; therefore, the
result may not be explained by the thickness of the cell wall alone. The high antimicrobial
activity of tea is due to the existence of catechins and polyphenols that damage the cell
membranes of bacteria [36]. Catechins are more active against Gram-positive bacteria
than Gram-negative bacteria [35]. EGCg inhibits cell membrane function by eliciting the
leakage of small molecules from the intraliposomal space [35]. Porotan, like green tea, has
a bacterial membrane-damaging effect, and this effect was more pronounced in S. aureus
than in E. coli. JIS-L-1902 [37] specifies that an assay value of antibacterial activity of 2.0
or higher (a kill ratio of 99% or higher) indicates an antibacterial effect. The antibacterial
activity of green and brown burs, shells, inner skin, and leaves against S. aureus, and that
of brown burs against E. coli, met the criteria, indicating that they might act as potent
antimicrobial materials. Each part of ‘Porotan” was found to have a stronger antibacterial
effect against S. aureus than against E. coli.
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Figure 2. Antioxidant activity of “Porotan” chestnut components. Antioxidant activity was evaluated as the TPC (a), DPPH
radical scavenging activity (b), and H-ORAC (c). TPC, total polyphenol content; DPPH, 2,2-diphenyl-1-picrylhydrazyl
radical scavenging activity; H-ORAC, hydrophilic oxygen radical absorbance capacity. Means are shown, with vertical bars
indicating standard error (1 = 6). The different letters (a—e) indicate statistical differences (p < 0.05).

Table 1. Antibacterial properties of ‘Porotan’ chestnuts against different bacteria.

Antibacterial Properties

Species of Sample Incubation Time - - - - Bacteria Yielded
Bacterium (h) Viable Bacteria Antibacterial Growth Values *3
(CFU *1/mL) Activity Value *2
Before incubation 0 1.00 x 10° —
Burs (green) 18 3.84 x 10° 3.43
Burs (brown) 18 5.80 x 10° 3.25
Staphylococcus Shell 18 1.36 x 10° 3.21
aureus Inner skin 18 2.04 x 10° 4.03
Leaf 18 1.16 x 10° 3.28
Green tea 18 1.80 x 10° 0.76
Only bacteria 18 1.04 x 1010 - 5.02
Before incubation 0 1.00 x 10° —
Burs (green) 18 4.40 x 108 0.80
Burs (brown) 18 2.28 x 107 2.09
Escherichia coli Shell 18 2.28 x 1010 —0.91
Inner skin 18 2.16 x 10% 1.11
Leaf 18 1.24 x 10° 0.35
Green tea 18 4.64 x 108 0.78
Only bacteria 18 2.80 x 10° - 4.45

*1; Colony-forming units. *?: Antibacterial activity value = (logC; — logCp) — (logT; — logTp). logCt: log (Ave-age (count of viable cell after
incubation of bacteria alone for a given period)); logCy: log (average (count of viable cell before incubation)); logT:. log (average (count of
viable cell after incubation with chestnut samples for a given period)); logT. log (average (count of viable cell of the samples immediately

after inoculation)). *3: Bacteria yield growth values = logC; — logCo.
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3.3. Deodorizing Activity of the Inner Chestnut Skin and Compound Paper

The inner skin, which indicated high antioxidant and antibacterial activities, was
selected for analysis of the deodorizing activity against various kinds of odors. The
odorous gases used in the deodorization assays were ammonia (a basic odor), acetic acid
(acidic odor), and acetaldehyde (neutral odor). We additionally analyzed the deodorizing
properties of a compound paper containing 60% of inner chestnut skin (Figure 3). The
change in odor residual ratio was found to be time-dependent (Figure 4). The results
revealed that the inner skin and the compound paper effectively deodorized the basic
odor of ammonia and the acidic odor of acetic acid. The odor residual ratio of ammonia
gas decreased to 0% in just 10 min. The potent activity should be evaluated in further
studies. The mechanism of the deodorization of ammonia gas by the inner skin and
compound paper was considered to be that the hydroxyl groups of the polyphenols in
the inner skin form hydrogen bonds with the ammonia molecules. In summary, certain
OH groups of the polyphenols in the inner skin might have been converted into O-NH4 "
to incorporate ammonia gas into their molecular structures [19]. Additionally, the odor
residual ratio for acetic acid gas incubated with the inner skin and compound paper
was found to considerably decrease to 7.0 and 3.1% in 30 min, respectively. Therefore,
the inner skin and compound paper were found to have a high deodorization capacity
against acidic odor. The Weber-Fechner law indicates that the sensory intensity of an
odor is in proportion to the logarithm of the odorant concentration. Therefore, when the
concentration of an odor increases by 10-fold, the intensity of the odor can be perceived
as two-fold. Conversely, the odor of one-tenth of the concentration may be perceived as
50% as intense as that of the original concentration. In conclusion, the ground inner skin
and the compound paper produced using the skin were found to decrease the sensory
intensity of the basic and acidic odors by approximately 50%. The inner skin of the
chestnut showed a unique fibrous shape (Figure 5). Similarly, charcoal shows a high
porosity, which is associated with its deodorizing effect [38]. The porosity of the inner
skin could also be associated with its deodorizing effect. In contrast, the ground inner
skin and compound paper showed negligible deodorizing activity toward acetaldehyde,
a neutral odor. Further studies should be performed to determine the differences in the
deodorizing effects of the inner chestnut skin and compound paper on different odor
components.

Owt%

| _

Figure 3. Compound paper (25 x 25 cm) comprising the inner skin of ‘Porotan’ chestnuts
(60% weight).
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Figure 4. Deodorizing effects of the inner skin of ‘Porotan” chestnuts and compound papers against various odorous

gases. (a) Acetic acid gas, (b) ammonia gas, (c) acetaldehyde gas. The compounded papers were prepared by blending the

ground inner skin of chestnuts (60% weight) with pulp fibers. o, compound papers; B, inner skin; A, no sample against gas

(control).
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Figure 5. Scanning electron micrographs of skin of ‘Porotan’ (x500). Acceleration voltage: 20 kV.

4. Conclusions

To determine the potential re-utilization of the by-products of processed chestnut,
chestnuts were separated into green and brown burs, shells, inner skin, kernel, and
leaves; each part was powdered for analysis of its bioactive properties. Compound paper
comprising inner skin was prepared, and its deodorizing properties were investigated.
The analysis of the TPC, DPPH, and H-ORAC values showed that the inner skin pos-
sessed high antioxidant activity. Ground inner skin, green and brown burs, shells, and
leaves showed excellent antibacterial activity against S. aureus, and brown burs showed
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antibacterial activity against E. coli. The inner skin considerably inhibited the growth of
Gram-positive S. aureus and was found to possess high deodorant effect against basic and
acidic odors. It also decreased the odor residual ratio of ammonia gas to 0% in only 10
min. A compound paper was prepared, comprising the inner skin of chestnuts, and it
was found to possess a high deodorant effect. These results indicate that the inedible part
of chestnuts has a very high potential for use in food and industrial products, and it is
expected to be used in the future.
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Abstract: The food waste reduction through an efficient recovery of its valuable building molecules
has become an important topic with a positive effect on the economy and the environment. In this
work, the revalorization of slaughterhouse calf fleshing meat through its enzymatic hydrolysis is
proposed. The proteolytic activity of 11 enzymes was initially screened and the four most efficient
enzymes (papain, trypsin, pancreatin, and bromelain) were selected. The molecular profiling of the
different protein/peptide fractions by the Linear Trap Quadrupole-OrbiTrap technique showed
compositional differences due to the specificity of the enzymes’ cleavage sites. In order to find a
potential reuse of these hydrolysates, the analysis of antioxidant and, for the first time on fleshing
meat hydrolysates, of anti-tyrosinase activities, was performed. Papain-digested samples were
those showing the highest inhibition activity of tyrosinase enzyme (55.6%) as well as the highest
antioxidant activity (3.52 g TEAC/L). In addition, the composition analysis of the lipid fraction
was performed. The mono-unsaturated fatty acids resulted to be the most abundant lipid in all
the samples with the exception of pancreatin-treated hydrolysates in which poly-unsaturated fatty
acids were predominant. The present results seemed to support a possible valorization of isolated
fractions from calf fleshing by-products, as food or feed ingredients, by the implementation of
fraction isolation within the meat-processing pipeline.

Keywords: by-products valorization; protease; bioactive peptides; protein hydrolysates; fatty acids

1. Introduction

The recovery of food waste and by-products has become a hot topic, because of
the rising global demand of animal protein-based food products up to 70% by 2050 [1].
This fact is due to the population growth and to the adoption, in underdeveloped coun-
tries, of Westernized eating habits. Furthermore, this expected increase of animal protein
product consumption leads to a simultaneous increase of the production of food-related
waste [2]. Interestingly, depending on animal species, after the slaughtering, only 30-40%
of meat-processing products is used for human consumption [3]. Particularly in the case
of beef, that 44% is considered as “meat” and the remaining 56%, usually discarded, is
composed of non-edible (e.g., specified risked materials, SRM) and edible parts (e.g.,
offal) [4]. The incorrect utilization or the non-utilization of these by-products causes
loss of potential revenues and rising disposal costs for the producing companies [5]. An
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efficient and sustainable utilization of these by-products will have a positive economic
and environmental impact. Moreover, these by-products could be exploited as a cheap
source of valuable compounds, which could be recovered and recycled as functional
additives or ingredients in different food or feed products [6].

Beef fleshing meat by-product is represented by the meat portion, which is directly
attached to the bovine hides. This part is usually discarded and not recovered despite
its potential as a valuable source of proteins. Different strategies have been proposed [7]
for the recovery of fleshing meat. Previous studies reported the use of the enzymatic
hydrolysis on fleshing meat from different animal species [8-11] with or without the
chemical treatments of tanning process. More recently, the activity of six proteolytic en-
zymes was compared, and the protein fraction composition characterised [12]. The meat
by-product hydrolysates could find valuable industrial applications in the food sector
as they constitute a notable source of nutrients like amino acids, minerals, and vitamins,
they can be used to improve technological functions (flavouring compounds, water bind-
ing agents, emulsifiers), enhance sensory qualities (colour, texture, flavour), and increase
the shelf life [13]. Moreover, a prevalent fraction of the meat hydrolysates is constituted
by bioactive peptides, which could be used for the production of functional ingredients.
Bioactive peptides are defined as a short sequence of amino acids, which are not active
within the structure of the parent protein but show a positive effect on the system of the
body once released [14]. During the proteolysis, a high number of peptides are liber-
ated, but only a few of them can exhibit determined health benefits and can be defined
as bioactive peptides [15]. Some examples of bioactivities, which can affect the health
of the consumers, are anti-hypertensive, antioxidant, anti-inflammatory, antimicrobial,
anticancer, anti-thrombic, and opioid-like [14]. Oxidation in food is directly linked to its
deterioration and, in particular, it affects lipids, carbohydrates, and proteins. In meat
products, the most important effects of deterioration are colour changes, microbial growth,
and lipid oxidation [16]. To prevent the oxidation in food, synthetic antioxidants are
usually added to retard lipid oxidation [17] but their utilization is under strict regulation
as they might be associated with health risk. On the other hand, enzymatic browning
due to tyrosinase activity may further result in discolouration and reducing the nutri-
tional value of foods [18]. Therefore, nowadays, industries are searching for tyrosinase
inhibitors to be used as browning preventing agents in nutraceutical and functional food
sectors [19] or as anti-aging ingredients in cosmetic field [20]. This biological activity was
usually ascribed to plant secondary metabolites [18,21,22] and, recently, also to proteins
and peptides coming from both animals and plants [23-25]. Anti-tyrosinase capacity of
fleshing meat hydrolysates is reported here for the first time and could prove to have
good possibilities of future exploitation already in the meat processing industries. In
fact, the protein hydrolysates coming from meat by-products and showing anti-browning
capacity could be valuable, both as preservatives for meat-based food products, as well
as additives for active food packaging.

As regards fatty acid total content, saturated fatty acids are the preponderant in
bovine meat. Because of the hydrogenation process of unsaturated fatty acids that make
them saturated that occurs in bovine rumen due to its microflora, polyunsaturated fatty
acid content is very low in bovine meat [26]. A study conducted on calf, young bull, and
cow meat confirmed this fatty acid development [27]. Animal species, breed, age, and
farmed technique can affect fatty acids composition [28].

In view of the reduction of large amounts of by-products and wastes generated
during meat processing, the aim of this study was to test the activity of eleven proteases
in different reaction conditions for the hydrolysis of bovine fleshing meat and, after the
selection of the four most efficient enzymes, to determine the molecular profile of the
protein and lipid fractions of obtained hydrolysates. The peptide hydrolysates were
also tested in vitro to assess their antioxidant and, for the first time, their anti-tyrosinase
activities in view of their possible exploitation in the food and feed industrial sectors.
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2. Materials and Methods
2.1. Reagents and Solvents

Deionized water was obtained from a Millipore Alpha Q-Waters purification system
(Billerica, MA, USA). Sodium dihydrogen phosphate, hydrochloric acid, acetonitrile,
DL-cystine, dichloromethane, N-acetyl-L-cysteine, sodium tetraborate decahydrate, DL-
isoleucine and DL-norleucine, 30% hydrogen peroxide solution, sulfuric acid, formic acid,
trifluoroacetic acid, 2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), potassium
persulfate, Trolox, tyrosinase from mushroom, and L-DOPA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Copper oxide was obtained from Carlo Erba (Milan,
Italy). O-phthalaldehyde and boric acid were bought from Fluka (Buchs, Switzerland).
Sodium dodecyl sulfate was purchased from Biorad (Hercules, CA, USA). Kjeldahl tablets
defoamers and catalyst 3.5 g/tablet were purchased from Merck (Darmstadt, Germany).
AccQ-Fluor reagent kit was obtained from Waters (Milford, MA, USA).

2.2. Raw Material

Samples of calf fleshing were provided by Inalca Industria Alimentare Carni SpA
(Castelvetro di Modena, Italy). The samples (three biological replicates of about 600 gFW
each collected on a single slaughter day) were obtained from commercial breeds slaugh-
tered in an abattoir at Inalca and transported to the University laboratories on the day
of the slaughtering. The samples were grounded and homogenized in a kitchen blender
(Kenwood FP735 1000 W, Tokyo, Japan) at 3 °C. The samples were divided in 5.0 + 0.3
gFW (grams of fresh weight) aliquots and immediately frozen at —80 °C until further
analyses.

2.3. Raw Material Chemical Composition

Moisture content of fleshing was determined using the official AOAC (Association
of Official Analytical Chemists) method [29] according to Anzani et al. [12].

2.4. Proteases Digestion

Just before hydrolysis, 10 mL of 10 mM sodium-phosphate buffer (pH 7.5) were
added to 5 gFW of fleshing; the final pH of the digestion mixture was 7.2 & 0.2. Ini-
tially, the proteolytic activity of 11 different commercial proteases were initially tested
following these conditions: 2% E/S ratio (g enzyme/gFW sample), 4 h of incubation
time, pH 7.2-7.4 (with the exception of pepsin, which was tested at pH 3.0, in water
acidified by chloridric acid), 140 rpm stirring, and specific temperature enzyme according
to manufacturer’s instructions: Alcalase 1.5 MG (60 °C, Novozymes A/S, Denmark),
protamex (60 °C, Novozymes A /S, Denmark), papain from Carica papaya (60 °C, Sigma-
Aldrich, Milan, Italy), neutrase 1.5 MG (50 °C, Novozymes A /S, Denmark), flavourzyme
500 MG (50 °C, Novozymes A /S, Denmark), pancreatin from porcine pancreas (37 °C,
Sigma-Aldrich, Milan, Italy), trypsin (type A, 13,000-20,000 U/mg, 37 °C, Sigma-Aldrich,
Milan, Italy), trypsin from porcine pancreas (type B, 1000-2000 U/mg, 37 °C, Sigma-
Aldrich, Milan, Italy), bromelain from pineapple stem (37 °C, Sigma-Aldrich, Milan,
Italy), a-chymotrypsin from bovine pancreas (37 °C, Sigma-Aldrich, Milan, Italy), and
pepsin from porcine gastric mucosa (37 °C, pH 3.0, Sigma-Aldrich, Milan, Italy). Control
samples without any enzyme addition (ND, not digested) were performed by incubating
the samples for 4 h, 140 rpm stirring, at each incubation temperature (ND 60 °C, 50 °C and
37 °C). The enzyme was inactivated by boiling the samples in a water bath for 5 min. The
samples were cooled on ice and centrifuged at 5000 rpm for 15 min at 4 °C (Eppendorf
centrifuge 5804 R, rotor A 4-44, Hamburg, Germany). After the centrifugation, three
different fractions were observed: Pellet (residual solid material), intermediate liquid
fraction (containing digested proteins/peptides/amino acids), upper fraction (containing
lipids). The three fractions were separately collected and stored at —20 °C until following
analyses.
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Because of the gelatine formation in ND (60 °C, 4 h), «-chymotrypsin (60 °C, 4 h),
and pepsin (37 °C, 4 h) samples, it was not possible to separate the three sub-fractions in
these treatments, therefore they were discarded.

To optimize the E/S ratio and the time of incubation, several digestion treatments
were performed for each type of enzyme. The four best digestion conditions were selected,
yielding the highest amount of hydrolyzed proteins in the intermediate fraction measured
as g of bovine serum albumin equivalents per liter (g BSA eq/L) [30]. The complete list of
tested hydrolysis conditions and related yields is summarized in Supplementary Table S1.

2.5. Quantification of Free and Total Amino Acids, SDS-PAGE and Degree of Hydrolysis
(DH) Analyses

The free amino acid determination in intermediate protein-based fractions, performed by
high-performance liquid chromatography with fluorescence detection (HPLC/FLD) after
AccQeTag derivatization, the SDS-PAGE (Sodium Dodecyl Sulphate - PolyAcrylamide
Gel Electrophoresis) analysis, and the DH analysis by (o-phthaldialdehyde) OPA method,
were performed as reported by Anzani et al. [12]. The DH was calculated as follows:

DH (%’) = (Nfree /Ntotal) x 100 (1)

where N, represent the moles of free nitrogen atoms from «- amino groups of amino
acids after hydrolysis measured by the OPA assay, and Ny, represent the total moles
of nitrogen atoms in solution before hydrolysis calculated by the ratio of total grams of
proteins and the average residual amino acid molecular mass (MW 110 Da).

2.6. Peptide Identification by Linear Trap Quadrupole (LTQ)-Orbitrap Analyses

Peptide identification was performed by LTQ-Orbitrap analyses according to a
method previously reported [12].

2.7. Fatty Acid Analysis

The fatty acid composition of upper fractions was determined as fatty acid methyl
esters (FAMEs) by capillary gas chromatography analysis after alkaline treatment [31].
Methyl tridecanoate (C13:0, 2 mg/mL) was used as internal standard, and a GC 2010
Plus gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a flame
ionization detector (FID) and an AOC-20s auto sampler (Shimadzu Corporation) was used,
according to Verardo et al. [32] with slight modifications. A BPX70 fused silica capillary
column (10 m x 0.1 mm i.d. 0.2 um film thickness; SGE Analytical Science, Ringwood,
VIC. Australia) was used. The injector and flame ionization detector temperatures were
set at 250 °C. Hydrogen was used as carrier gas at a flow rate of 0.8 mL/min. The oven
temperature was held at 50 °C for 0.2 min, increased to 175 °C at 120 °C/min, held at
175 °C for 2 min, and finally increased from 175 to 220 °C at 20 °C/min. Samples were
injected in split mode (0.3 uL) with a split ratio set at 1:100. Peak identification was
accomplished by comparing peak retention time with GLC-463 standard mixture from
Nu-Check (Elysian, MN, USA) and FAME 189-19 standard mixtures from Sigma-Aldrich
Chemicals (St. Louis, MO, USA) and expressed as weight percentage of total FAMEs.
FAMEs composition was measured in 2 replicates for each lipid extract (n = 6) and each
analysis lasted 7 min.

2.8. Antioxidant and Anti-Tyrosinase Activity Evaluation

In all experiments, in vitro antioxidant activity of intermediate fractions was assessed
by the 2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay as reported by
Ferri et al. [33]. The results were expressed as Trolox Equivalents Antioxidant Capacity
(TEAC) by means of a dose-response calibration curve (between 0 and 2.5 ng of Trolox).
Anti-tyrosinase capacity was measured by an optimized enzyme inhibition assay [24].
The brown color formation kinetic was detected (absorbance at 490 nm) in the presence
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of 10 U of tyrosinase, 2 mM L-DOPA (3,4-dihydroxy-L-phenylalanine), and the sample.
The results were expressed as % of inhibition.

2.9. Statistical Analysis

All the treatments were performed in two biological replicates and two technical
replicates were analyzed for each repetition. Statistically significant differences were
analyzed among the same type of analytical data, related to different hydrolysate samples,
by using one-way ANOVA followed by post hoc Tukey’s multiple pairwise comparison
(p < 0.05) (R Software, version 1.3.5, R Core Tram, Vienna, Austria).

3. Results and Discussion
3.1. Calf Fleshing Bulk Characterization

Non-treated calf fleshing meat samples (ND) were analyzed. Proteins, fat, and
moisture percentages found were 16% (£ 4), 14% (£ 2), and 72% (=* 3), respectively,
over the total wet weight. Previous data obtained on the same initial by-product [12]
showed the presence of a lower fat content. This difference could be ascribable to calf
samples’ biological variability, which could show a slightly different composition of the
residual fleshing. Conversely, the distribution of total amino acids (Table 1) was similar
to that reported by Anzani et al. [12], with Hyp, Glu, and Pro being the most abundant.
In agreement with Rai et al. [34] and Bhaskar et al. [35], the presence of these amino
acids suggested that fleshing is constituted by a great amount of collagen because of its
proximity to the skin. A further important point of discussion is to evaluate the impact of
the fleshing from a nutritional point of view. Therefore, the amount of essential amino
acids was compared with that of a reference standard amino acid profile from raw lean
beef [36]. Fleshing showed a lower amount of essential amino acids compared to the
reference, demonstrating the lower nutritional value of fleshing compared to lean meat,
given the presence of the collagen as fleshing main component. Collagen, as previously
mentioned, is rich in Hyp, Pro, and Glu, and consequently caused a decrease of the
essential amino acids in fleshing.

Table 1. High-performance liquid chromatography with fluorescence detection (HPLC-FLD) analy-
sis of amino acid distribution in initial calf fleshing by-products given as percentage of the total
amino acid pool.

Amino Acids % on Total Amino Acids Reference (%)
Hyp 121+0.6 1.4
Asp 7.0+ 05 9.4
Ser 324+0.1 4.2
Glu 13.2+0.7 15.6
Gly 82+ 0.6 7.1
His 2.2+0.3 3.4
Arg 6.3 £0.5 6.8
Thr 34+03 4.0
Ala 534+0.8 6.5
Pro 10.7 £1.2 5.3
Tyr 274+04 3.2
Val 3.34+0.2 5.1
Met 34403 2.7
Lys 6.6 + 0.4 8.6

Ile 334+ 0.3 4.6
Leu 5.8 + 0.5 8.1
Phe 34+03 4.1

Data in bold show the amounts of essential amino acids. The reference is represented by standard amino acid
profile from raw lean beef [36]. Data (means + SD) are expressed in (%).
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3.2. Optimization of the Enzymatic Reaction

In preliminary digestion trials, 11 different proteases were tested on calf fleshing
samples. To assess the efficiency of the digestion reactions, the hydrolyzed protein amount
as well as the antioxidant activity were measured, by spectrophotometrical assays, in the
intermediate liquid protein-based fraction of hydrolysates (Supplementary Table S1).
After preliminary trials, the four best digestion conditions, yielding the highest amount
of digested proteins, were selected and were, respectively: papain: 10% E/S, 2 h 60 °C;
pancreatin 10% E/S, 2 h 37 °C; bromelain 10% E/S, 2 h 37 °C; trypsin (type B): 10% E/S,
4 h 37 °C. Overall, the highest amount of hydrolyzed proteins was equally measured
in samples obtained with 10% papain and 10% trypsin B (77.31 and 77.65 g BSA eq/L,
respectively) followed by bromelain (68.88 g BSA eq/L) and pancreatin (58.76 g BSA
eq/L) (Figure 1a, Supplementary Table S1).

100
a » Hydrolysed proteins a

60 ——

40

g BSA eq/L

20

ND Papain Pancreatin Bromelain 10% Trypsin (B)
10% 2h 10% 2h 2h 10% 4h

b

200KDa

116.25KDa
97.4KDa
66.2 KDa

45KDa

31KDa

21.5KDa
14.4KDa

6.5 KDa

Figure 1. Optimized hydrolysis. (a) Quantification of hydrolyzed proteins (g BSA eq/L) in in-
termediate fractions obtained after calf fleshing hydrolysis at different digestion conditions. ND,
average of not-digested control at 50 °C and 37 °C. Statistically significant differences among
different hydrolysate samples were indicated by different letters, according to one-way ANOVA
followed by post hoc Tukey’s multiple pairwise comparison (p < 0.05). Data are the mean + SD
(n =4). (b) SDS-PAGE (Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis) profile
of samples: A, standard marker; B, papain hydrolysate; C, pancreatin hydrolysate; D, bromelain
hydrolysate; E, trypsin (B) hydrolysate.
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The SDS-PAGE sample profile (Figure 1b) showed that the hydrolysates were con-
stituted by peptides with a molecular weight below 31 kDa. However, there were some
differences among the samples as consequence of the different cleavage sites of each
enzyme, which could attack the sequence within specific amino acid residues or be un-
specific. Of the selected enzymes, bromelain does not have a specific cleavage site while
papain is a cysteine endopeptidase, hydrolyzing proteins, peptides, amides, and esters
of amino acids and peptides, with the specific target of Arg, Lys, Glu, His, Gly, and Tyr
bonds [37]. However, if the incubation is prolonged, further bonds are split. According
to Olsen et al. [38], the cleavage site of trypsin is very specific cutting exclusively the
C-terminal Arg or Lys. On the contrary, pancreatin cleavage site is not specific being a
mixture of different type of enzymes such as protease, amylase, and lipase. However, the
profile of the sample treated with pancreatin and trypsin type B resulted almost similar,
with a blurred band lower than 14.4 kDa and 2 bands around 21.5 kDa (probably because
of the high concentration in the sample treated with trypsin showed only one blurred
band) (Figure 1b, lanes C and E).

3.3. Protein Fraction Analysis

The degree of hydrolysis (DH), which is directly linked to the enzyme proteolytic
activity, was determined on selected samples on the basis of the number of the cleaved
peptide bonds and on the amount of free amino acids present in solution [39]. DH was
determined by monitoring the reaction of the free amino groups with OPA depending
on the protein material released in solution. The sample treated with papain showed
the highest DH (70% =+ 2), followed by bromelain and pancreatin (55% =+ 1 and 60% =+ 5,
respectively), which resulted to be not significantly different (p < 0.05). The sample
obtained with trypsin B showed the lowest DH (25% = 0.4) possibly due to the highest
specificity of this enzyme, which is able to cleave the sequence after Arg and Lys and
therefore release long peptides and less free amino acids. The present DH results were
higher than literature data; for example, Zhang et al. [9] treated bovine collagen with six
different proteases and diverse pre-treatments, obtaining DH always lower than 20%.
The content and distribution of free amino acids were also measured and are reported in
Table 2.

Table 2. Free amino acid distribution of the hydrolysates obtained by enzymatic hydrolysis of calf
fleshing meat.

Amino Acids Papain Pancreatin Bromelain Trypsin (B)
Hyp 3.46 +0.33P 3.54 +0.07P 2.79 +0.60 P 5.75 + 0.30 @
Asp 0.14 £0.03 ¢ 1.81 +0.012 0.81 +£0.01P 1.78 + 0.36 2
Ser 3.55 + 0.06 417 +0.66 2 3.73 40202 1.754+0.01P
Glu 4.66 +0.04° 6.86 +0.254 244 +037°¢ 277 £0.05¢
Gly 9.00 + 0.022 1.67 £ 0.15¢ 327 +0.13P 1.57 4 0.04 ¢
His 2.62 +0.06 € 5.80 + 0.08 465+ 0.16P 247 +£0.02°¢
Arg 1458 +0.29 2 16.63 + 1.69 @ 3.74 +0.34b 14.27 +£1.042
Thr 293 +0.08P 3.79 + 0.07b 837 +0.242 3.48 +£0.05P
Ala 3.44 +0.03b 3.70 + 0.67 2 2.29 +0.09 b 328 +0.80P
Pro 7.67 £0.04P 1.32 +0.23¢ 11.89 + 0.62 2 1.36 +0.21°¢
Tyr 7.89 +£0.214 8.93 + 0.86 2 496+ 0.47b 75240734
Val 1.85 + 0.09 443 +0.152 3.08+0.01b 3.46 +£0.69P
Met 393 +0.13b 420+ 041b 455+ 022b 5.69 +0.032
Lys 15.36 + 0.13 b 14.89 + 1.84P 10.55 + 0.06 © 2251 +1.892

Ile 396 +0.12b 4.05+020b 19.26 + 0.23 2 447 +0.69P
Leu 11.20 + 0.47 2 7.82 +0.33¢ 9.04+0.16b 9.45 +0.38 b
Phe 3.75+0.33¢ 6.40 + 0.58 P 459 +0.09 8.40 + 0.452

Data (means =+ SD) are expressed in (%). Different lowercase letters on the same row show significantly different
values for samples digested with different enzyme determined one-way ANOVA followed by post hoc Tukey’s

multiple pairwise comparison (p < 0.05).
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Particularly in the case of trypsin B and pancreatin digested samples, the most
abundant amino acids were Arg (14.27 and 16.63%, respectively) and Lys (22.51 and
14.89%, respectively), according to the specificity of the cleavage site. The sample treated
with papain was rich of Arg (14.58%), Lys (15.36%), Leu (11.20%), and Gly (9.00%),
while that obtained with bromelain showed high levels of Ile (19.26%), Pro (11.89%), Lys
(10.55%), Leu (9.04%), and Thr (8.37%).

Moreover, the hydrolysates were also analyzed by high-resolution mass spectrometry
to identify the most abundant peptides present in the origin proteins (Table 3). In the
pancreatin and papain hydrolysates most of the detected peptides derived from collagen.
On the other side, in trypsin B-derived digestates the most abundant peptides were
originated from muscular protein, such as myosin.

Table 3. Identification by Linear Trap Quadrupole-OrbiTrap of the main peptides in digestates
obtained after enzymatic hydrolysis of calf fleshing meat, and of the proteins of origin. Proteins are
listed according to the highest number of peptides generated [12]. AA, amino acids.

Identified . Average Peptide
Enzyme Peptides Parent Protein Lengt%l (NOITA A)

Papain 78 Collagen alpha-1(I) chain 14
71 Actin, alpha skeletal muscle 11

56 Collagen alpha-2(I) chain 13

54 Collagen alpha-1(II) chain 12

30 Myosin-1 11

Pancreatin 70 Titin 12
57 Collagen alpha-1(I) chain 11

53 Collagen alpha-2(I) chain 10

29 Collagen, type III, alpha 1 14

24 IgG heavy chain 18

Bromelain 24 Collagen alpha-1(I) 9
17 Hemoglobin subunit beta 23

15 Hemoglobin subunit alpha 25

15 Collagen alpha-2(I) chain 9

13 Myosin light chain 1/3, 13

skeletal muscle isoform

Trypsin (B) 59 Titin 11
46 Myosin-2 11

28 Myosin-1 10

23 Collagen alpha-1(I) chain 13

10 Myosin-7 12

3.4. Antioxidant and Anti-Tyrosinase Activity

The antioxidant activity was assayed in intermediate fraction of all the samples
(Supplementary Table S1) and the highest values were obtained using 10% papain (on av-
erage 3.22 g TEAC/L) (Supplementary Table S1, Figure 2a). These results are comparable
with literature data by Ryder et al. [40] who obtained hydrolysates, from bovine connec-
tive tissue treated with different fungal proteases, showing an average Trolox equivalence
lower than 10 mmol/L (equals to 2.5 g TEAC/L), increased to 45 mmol/L (equals to 11 g
TEAC/L) by a more complex proteolytic protease preparation.

In addition, the papain-sample (10% for 2 h) also showed the highest inhibition
activity (55.6%) of tyrosinase enzyme, while the sample digested with bromelain (10%
for 2 h) showed the lowest (23.6%) (Figure 2b). To the best of the authors” knowledge,
this is the first report on anti-tyrosinase activities of fleshing meat hydrolysates. A com-
parison can be done with tyrosinase inhibitory activity of a fish meat (Scomber japonicus)
hydrolysed by subcritical water treatment, which shows best activities between 48% and
65.5% of inhibition depending on process conditions [41]. These results were, therefore,
very promising, as nowadays, the interest in anti-tyrosinase ingredients is increasing
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among several industries [19,20]. Fleshing meat hydrolysates exerting this type of bioac-
tivity can be exploited as browning-preventing agents already in the meat-processing
chain, for example as preservative ingredients in food preparations, or as additives for
the production of food active packaging.
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Figure 2. Quantification of antioxidant activity (a) and anti-tyrosinase activity (b) in intermediate
fractions obtained after calf fleshing hydrolyses at different digestion conditions. ND, average of
not digested control at 50 °C and 37 °C. Statistically significant differences among the same analysis
were indicated by different letters, according to one-way ANOVA followed by post hoc Tukey’s
multiple pairwise comparison (p < 0.05). TEAC, Trolox equivalents antioxidant capacity. Data are
the mean + SD (n = 4).

3.5. Fatty Acid Composition

A total of 17 individual fatty acids were identified and quantified in the upper
fraction of differently hydrolyzed samples. As shown in Table 4, oleic acid (C18:1 cis9)
was the most abundant fatty acid in all digestates, ranging from about 39.59 to 42.80%.
The second major fatty acid detected was palmitic acid (C16:0, 24-26%), followed by
stearic acid (C18:0, 7-9%), palmitoleic acid (C16:1 cis, 5-6%), myristic acid (C14:0, 5-6%),
and linoleic acid (C18:2 n6, 4-5%). The samples digested with four different enzymes
differed for the fatty acid composition but not for the concentration of them, that did not
show significant differences (p < 0.05).

As shown in Table 4, the sample digested with papain showed the most complete
fatty acids composition, which was the same of sample digested with trypsin, except for
C18:1 t9 that was absent. Samples treated with pancreatin and bromelain showed a
more limited fatty acids composition. In particular, C12:0, C15:0, C16:1t, C17:0, C17:1,
C18:1t9, C18:3n3, and C20:0 were absent in these two samples; C20:3n6 was present
only in the sample digested with pancreatin. Saturated fatty acids (SFA) were present
in considerable amounts, from 39.52 to 40.46%, whereas mono-unsaturated fatty acids
(MUFA) were the class more abundant in all the samples ranging from 50.20 to 54.60%

21



Foods 2021, 10, 755

without significant differences (p < 0.05) for both classes among the different samples.
Polyunsaturated fatty acids (PUFA), instead, showed a significantly higher amount in
the sample digested with pancreatin (10.03%) and in a range from 4.99 to 6.39% in
the other three samples. The low PUFA content of the analyzed calf’s by-products is
related to animal nature, and rumen microflora in bovine rumen is responsible for the
hydrogenation process, which takes place at unsaturated fatty acids, increasing the total
SFA amount [26,27]. Compared to the literature [42—44], the results obtained in this
work revealed lower amount of saturated and polyunsaturated fatty acids and higher
concentration of monounsaturated fatty acids. In fact, in studies conducted by Baggio
et al. [42], Muchenje et al. [43], and Brugiapaglia et al. [44], SFA concentrations were,
respectively, 47-48%, 44-45% and 46-49%; MUFA concentrations were 39-40%, 34-36%,
and 32-42%; and PUFA concentrations were 12-14%, 19-22%, and 41-22%.

Table 4. Fatty acids (FA) identification and quantification of the hydrolysates obtained by enzymatic

hydrolysis of fleshing meat.

FA Papain Pancreatin Bromelain Trypsin (B)
C12:0 0.69 £ 0.00 n.d. n.d 0.51 +0.02
C14:0 5.82 £ 0.09 5.88 + 0.04 5.66 + 0.30 5.41 +0.33
Cl14:1c 2.30 £0.19 2.67 £ 0.56 3.79 £0.15 2.14 £ 0.01
C15:0 0.31 +£0.01 n.d n.d 0.28 £+ 0.00
C16:0 24.66 + 0.03 23.99 £1.95 26.55 £ 0.38 24.72 £0.19
Cl6:1t 0.37 £ 0.02 n.d n.d 0.27 £ 0.07
Clé6:1c 5.80 £ 0.02 5.89 + 0.60 5.88 + 0.96 592 +0.28
C17:0 0.58 £ 0.01 nd n.d 0.59 £ 0.07
C17:1 0,61 £+ 0.04 n.d n.d 0.64 +0.10
C18:0 7.77 £0.03 9.91 + 0.66 8.21 +0.47 7.59 +0.40

C18:1 19 1.56 +0.11 n.d n.d n.d
C18:1 ¢9 40.52 +0.02 39.59 + 4.69 42.80 £ 1.97 41.61 £1.37
C18:1 c11 1.99 £ 0.14 2.06 +0.42 212 4+0.32 213 +£0.10
C18:2 n6 491 £0.15 4.78 £0.38 4.99 £+ 0.95 4.38 £ 0.60
C18:3n3 0.71 £ 0.08 n.d n.d 0.90 £ 0.08
C20:0 0.64 +0.062 n.d n.d 042 +0.01°
C20:3 n6 0.76 £+ 0.66 524 +0.77 nd 0.85 £ 0.10
SFA 40.46 £ 0.08 39.77 £0.75 4041 £1.16 39.52 £0.98
MUFA 53.16 + 0.51 50.20 &+ 3.15 54.60 +2.11 54.36 + 1.40
PUFA 6.39 +0.59 P 10.03 £2.392 499 £0.95¢ 6.12 +0.42°

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. n.d., not deter-
mined. Data (means + SD) are expressed in mg FA /100 mg fatty acid methyl esters (FAME) (%). Different letters
on the same row show significantly different values for samples digested with different enzyme determined by
one-way ANOVA followed by post hoc Tukey’s multiple pairwise comparison (p < 0.05).

4. Conclusions

In the present paper, the best four enzyme protocols for the hydrolysis of calf fleshing
meat were selected and optimized. These were: Papain (10% E/S, for 2 h at 60 °C);
pancreatin (10% E/S, for 2 h at 37 °C); bromelain (10% E/S, for 2 h at 37 °C); and
trypsin (type B) (10% E/S, for 4 h at 37 °C). SDS-PAGE profile, free-amino acid contents,
DH, and peptide identification results pointed out that the differences between the
hydrolysates were due to the specificity of the enzyme’s cleavage site. In the case of the
fatty acid composition, MUFA were the most abundant ranging from 50.20 to 54.60%;
whereas the digestate obtained with pancreatin showed the highest amount of PUFA
(10.03%). The obtained protein-based samples also showed both antioxidant and anti-
tyrosinase biological activities with papain-digested samples displaying the highest
bioactivities (up to 3.52 g TEAC/L antioxidant capacity and to 55.6% tyrosinase inhibition).
These results demonstrated the potential use of the enzymatic hydrolysis as a way of
recovering calf fleshing meat by the production of hydrolysates reach in proteins, peptides,
and free amino acids with anti-oxidant and anti-tyrosinase activities, and of good quality
fatty acids fractions like n-3 and n-6 series. As no solvents nor chemicals were used along
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the exploitation process, the present results suggest that a possible future valorization of
isolated fractions from calf fleshing by-products, as food or feed ingredients, is feasible
and could be implemented short term within the meat-processing pipeline.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f00ds10040755/s1, Table S1: Preliminary optimisation of calf fleshing meat digestion
conditions and selection of most efficient proteases.
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Abstract: Despite the nutritional properties of alfalfa, its production is mainly for animal feed and
it is undervalued as a food source. In this study, the valorization of alfalfa as a potential source
of bioactive carbohydrates [inositols, x-galactooligosaccharides («-GOS)] is presented. A Box—
Behnken experimental design was used to optimize the extraction of these carbohydrates from
leaves, stems, and seeds of alfalfa by solid-liquid extraction (SLE) and microwave-assisted extraction
(MAE). Optimal extraction temperatures were similar for both treatments (40 °C leaves, 80 °C
seeds); however, SLE required longer times (32.5 and 60 min vs. 5 min). In general, under similar
extraction conditions, MAE provided higher yields of inositols (up to twice) and x-GOS (up to
7 times); hence, MAE was selected for their extraction from 13 alfalfa samples. Pinitol was the most
abundant inositol of leaves and stems (24.2-31.0 mg-g~! and 15.5-22.5 mg-g~!, respectively) while
seed extracts were rich in a-GOS, mainly in stachyose (48.8-84.7 mg-g~1). In addition, inositols
and «-GOS concentrations of lyophilized MAE extracts were stable for up to 26 days at 50 °C.
These findings demonstrate that alfalfa is a valuable source of bioactive carbohydrates and MAE a
promising alternative technique to obtain functional extracts.

Keywords: alfalfa (Medicago sativa L.); o-galactooligosaccharides (x-GOS); inositols; sugars;
microwave assisted extraction (MAE); solid-liquid extraction (SLE)

1. Introduction

Alfalfa or lucerne (Medicago sativa) is a perennial herbaceous plant belonging to the
Fabaceae family. Worldwide, it is widely cultivated and intended for animal nutrition
since it can be grown in areas with extreme abiotic factors [1] and has high protein and
digestible fiber levels [2,3]. Alfalfa extracts have been proven to be an efficient dietary
tool in the treatment of hypertension, metabolic disorders related to glucose, and lipid
metabolism, arthritis, and kidney problems [2] and to be helpful in lowering choles-
terol levels in both animals and humans [4,5]. These activities have been attributed to
its content in several bioactive compounds such as sterols, triterpenes, phenolic com-
pounds, fatty acids, and saponins [2,5-8]. While several studies have been carried out
regarding these compounds, scarce attention has been paid to its bioactive carbohydrate
composition [1,9].

Cyclitols (also named inositols) are minor phytochemicals with several reported
biological activities (anti-diabetic, anti-inflammatory, antioxidant, and even anti-cancer
properties) [1]. The presence of free inositols such as myo-inositol, methyl-inositols
(such as pinitol and ononitol), and glycosyl-inositols (such as galactinol) have been
previously detected in alfalfa leaves [9]. Alfalfa seeds contain several glycosyl-inositols
and they have also been shown to be a rich source of «-galactooligosaccharides (x-GOS)
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from the raffinose family. x-GOS are considered prebiotics which selectively stimulate
the growth and activity of a limited number of beneficial bacteria (mainly Bifidobacterium
and Lactobacillus) in the colon [10-12]. Thus, alfalfa is a leguminous plant of great interest
for exploitation by the food industry as a source of bioactive carbohydrates.

Extraction of bioactive carbohydrates from fruits, vegetables, and legumes have been
usually carried out by conventional solid-liquid extraction (SLE) [13-16]. However, there
is a growing interest in applying more efficient advanced extraction techniques which
help to break vegetable tissues, releasing bioactive compounds from cell structures, as
an alternative to the tedious and time-consuming SLE-based processes [17,18]. Among
the most outstanding implemented techniques, Microwave Assisted Extraction (MAE)
is preferred for its speed, efficiency, and safe operation [16,18-21]. During conventional
treatments, heat energy is delivered through conduction—convection processes with the
consequent loss of heat energy to the environment. However, during MAE, heating of the
sample is produced in a targeted and selective process produced by the simultaneous com-
bination of ionic conduction and dipole rotation which change microwave into thermal
energy [22-24]. Subsequently, MAE provides shorter extraction times and more effective
treatments due to the microwave properties—it can heat all samples simultaneously,
without heating the vessel and with a faster energy transfer, reduce thermal gradients
and unique heating selectivity, and ultimately afford better yields at lower costs [25-28].

The most relevant parameters that affect MAE treatments are solid-liquid ratio,
extraction temperature, and time. Considering the high dependence among some of these
parameters, MAE usually requires the optimization of the extraction conditions using
experimental design approaches [29]. In closed systems, pressure is also an important
variable, but it is directly dependent on temperature, it being preferable to control the
latter to avoid degradation of thermolabile compounds [25]. Irradiation power can be
also optimized; however, the number of extraction vessels simultaneously used mainly
governs its selection. It is usually chosen as a compromise between minimizing the extrac-
tion time and avoiding solvent projections or degradation of thermolabile analytes [27].
The nature of the solvent also affects the extraction of bioactive carbohydrates; polar
solvents such as water, methanol, or hydroalcoholic mixtures are commonly used. Based
on their dielectric constant, water has a greater capacity to obstruct microwaves than
other solvents such as methanol and, therefore, favors their penetration. On the contrary,
methanol has a higher ability than water to dissipate the microwave energy as heat [30].

MAE has been mainly used for the extraction of polysaccharides (i.e., pectins, inulin,
etc) from different natural matrices [20,31], although recently its utility for the extraction
of bioactive low molecular weight carbohydrates (LMWC) from food residues has been
addressed (i.e., lettuce leaves [18], artichoke bracts [20], and legume pods [21]). However,
as far as we know, MAE efficiency for the extraction of bioactive carbohydrates from
alfalfa has not yet been evaluated.

Therefore, in this work both SLE and MAE methods were optimized and compared
for the effective extraction of cyclitols and «-GOS from different morphological parts
of alfalfa. Thermal stability of lyophilized extracts obtained by the optimal extraction
technique was also evaluated.

2. Material and Methods
2.1. Reagents

Analytical standards of pinitol, myo-inositol, galactinol, glucose, fructose, sucrose,
raffinose, stachyose, and phenyl-B-D-glucopyranoside were purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA). Ethanol and methanol were acquired from Scharlab
(Barcelona, Spain) and hydroxylamine chloride, hexamethyldisilazane and trifluoroacetic
acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA)
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2.2. Samples

Thirteen samples from three different morphological parts: leaves (Lvl-Lv4),
stems (St1-5St4), and seeds (Sd1-5d5)] of alfalfa (Medicago sativa L.) were purchased
between June and August 2018. Leaves and stems were acquired in local markets of
Narifio (Colombia), and seeds in Colombian and Spanish seed stores. The identification
of samples is shown in Table S1 of Supplementary Material.

Leaves samples were dried on paper in the dark at room temperature for 72 h,
while stems were cut into small pieces and dried at 40 °C in an oven for 24 h. Seeds were
not subjected to any previous drying process. Samples were ground to fine particles using
a domestic mill (Moulinex, Barcelona, Spain) and sieved through a 500 pm mesh. Finally,
they were stored in a dry, hermetically sealed recipient protected from light until analysis
at room temperature.

2.3. Extraction Methods

Lv2 and Sd2 samples were selected for the optimization of both SLE and MAE
methods. Prior to the evaluation of the effect of different extraction conditions on cyclitol
and a-GOS yields, optimization of solvent was tackled by SLE. Samples (0.3 g) were
mixed with 10 mL of different percentages of ethanol:water and methanol:water (0-100%;
25-75%; 50-50%; 75-25%; 100-0%, v/v) and stirred at 75 °C for 16 min. Assays were
performed in triplicate.

MAE extractions were carried out on MARS6 equipment (CEM, Matthews, NC, USA)
provided with optic fiber (MTS-300, CEM, Matthews, NC, USA) for temperature control.
Microwave power was set at 900 W. Samples were accurately weighed and placed along
with a fixed volume of 10 mL of the selected solvent in 100 mL X-Press 1500 vessels (CEM,
Matthews, NC, USA) and subjected to MAE (n = 3).

A Box-Behnken experimental design was performed in order to evaluate the effect
of three independent variables (sample amount (s, g); temperature (T, °C) and time
(t, min)) on extraction of cyclitols and x-GOS by SLE and MAE. These independent
variables were selected as the most relevant factors according to findings in previous
investigations [16,20,21]. Sample amount was varied to evaluate the effect of modifying
the solid liquid ratio, using a fixed solvent volume of 10 mL (the minimum allowed by
the X-Press 1500 vessels). A total of 15 experiments were carried out in random order and
three central points were included to estimate the experimental error (Table 1).

Experimental ranges for factors evaluated were: T = 40, 80, 120 °C, t = 5, 32.5, 60 min,
and s = 0.1, 0.3, 0.5 g. Each experiment was carried out in triplicate. Response surface
methodology (RSM) was used to calculate the coefficients of Ry, the total concentration of
extracted cyclitols (mg-g~!) and Ry, the total concentration of «-GOS (mg-g~!), both re-
sponses to be maximized, in the model proposed for leaves and seeds and to estimate the
statistical significance of the regression coefficients. The quadratic model proposed was:

R=PBo+B1 T+PBat +B3s+B11 T> +Pop t* +Ba3 8> +B1o Tt +P13 Ts +Bosts+€ (1)

where (3 is the intercept, 3; are the first-order coefficients, 3;; the quadratic coefficients
for ith factors, B the coefficients for interaction between the factors i and j and ¢ is the
error. Ry and Ry were estimated by multiple linear regression (MLR) using StatGraphics
Centurion XV software (Statistical Graphics Corporation, Rockville, MD, USA). A multiple
response analysis, that simultaneously maximized R; and Ry, was also considered in
seeds for selection of optimal SLE and MAE operating conditions; this function takes
values between 0 (completely undesirable value) and 1 (completely desirable or ideal
response).

After extraction procedure, samples were cooled in ice for 5 min and solid residue
was removed by centrifugation at 4400x g at 10 °C for 10 min. A clear solution was
obtained and kept at —18 °C until analysis by gas chromatography-mass spectrometry
(GC-MS). Each procedure was performed in triplicate.
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2.4. GC-MS Analysis

Prior to the GC-MS analysis of inositols and «-GOS the alfalfa extracts were derivatized
to form their corresponding trimethylsilyl oximes (TMSO) according to Ruiz-Aceituno et al. [20].
Extracts (0.5 mL) and 0.1 mL of internal standard (phenyl-B-D-glucopyranoside, 1 mg-mL~!)
were dried under vacuum in a miVac concentrator (Inycom, Madrid, Spain) at 40 °C.
Oximes were prepared by addition of 350 uL of a 2.5% hydroxylamine chloride in pyri-
dine solution heating at 75 °C for 30 min. Then, trimethylsilyl derivatives were obtained
by addition of 350 pL of hexamethyldisilazane and 35 pL of trifluoroacetic acid at 45
°C for 30 min. Samples were centrifuged at 4400x g for 10 min and the supernatant
was recovered.

GC-MS analysis was carried out using a 6890 N gas chromatograph coupled to a
5973 N quadruple mass detector (Agilent Technologies, Santa Clara, CA, USA) with a
high-temperature capillary column HT-5 coated with 5% phenyl polycarborane-siloxane
(25m x 0.22 mm id, 0.10 um film thickness; Analytical Science, Santa Clara, CA, USA)
and using helium at 0.8 mL-min~! as carrier gas. The oven temperature was programmed
as follows: 160 °C (10 min), then at 10 °C-min~! to 380 °C, which was maintained for
5 min. Injections (1 pL) were carried out in split mode (1:20) at 280 °C. Mass spectrometer
transfer line and ion source were set at 280 °C and 230 °C, respectively. Mass spectra
were acquired in electron impact mode at 70 eV, scanning in a mass range: 40-700 m/z.
Data acquisition was conducted using HP ChemStation software (Agilent Technologies,
Santa Clara, CA, USA).

Identification of cyclitols and «a-GOS was carried out by comparison of their corre-
sponding linear retention indices (I”) and retention times and mass spectra with those
of corresponding standards and data reported in the literature [13]. When analytical
standards were not available, compounds were tentatively identified based on their
chromatographic retention and mass spectral data. Quantitative data were determined
by the internal standard method. Standard solutions of target compounds over the ex-
pected concentration range in sample extracts (sugars and inositols from 0.005 to 0.5
mg-mL~!, and stachyose from 0.0025 to 1.0 mg-mL~!) were used to calculate the response
factors relative to the internal standard (n = 3). Ononitol, trehalose, digalactosyl-inositol,
and galactose were quantified from external calibration curve of pinitol, sucrose, galacti-
nol, and glucose, respectively.

2.5. Thermal Stability

Aliquots of 1 mL of Lv2 and Sd2 extracts obtained by MAE were lyophilized in a
Cryodos —80 freeze dryer (Telstar S.A., Madrid, Spain) at —80 °C and 0.080 mbar and
then, subjected to accelerated temperature conditions at 50 °C in a convection oven for
26 days, following the process described by Rodriguez-Sanchez et al. [32]. Samples from
each extract were collected at 0, 5, 12, 19, and 26 days, reconstituted with Milli-Q water
(1 mL) and analyzed by GC-MS, as described in previous section.

2.6. Statistical Analysis

The analysis of variance ANOVA was used to determine significant differences
(p < 0.05) between different samples, using the StatGraphics Centurion XV software
(Statistical Graphics Corporation, Rockville, MD, USA).

3. Results and Discussion
3.1. Bioactive Carbohydrates Composition of Alfalfa Leaves, Stems and Seeds

Chromatographic profiles of Lv2, 5t2, and Sd2 extracts obtained by SLE at 75 °C for
16 min using 0.3 g of sample and 10 mL of Milli-Q water are shown in Figure 1; carbohy-
drate composition of Lv2, St2, and Sd2 extracts, indicating their tg and experimental I”
is detailed in Table S2 of Supplementary Material. In general, similar GC profiles were
observed for leaves and stems extracts (Figure 1A,B), while those of seeds (Figure 1C)
showed a different carbohydrate composition. Several free inositols such as pinitol, onon-
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itol and myo-inositol were detected in leaves and stems, while seeds were a richer source
of glycosyl-cyclitols such as galactosyl-pinitols, galactinol, and digalactosyl-cyclitols, as
previously reported by Horbowicz et al. [9]. Other LMWC such as fructose, glucose,
galactose, sucrose, and trehalose were also present in leaves and stems. Sucrose was also
found in seeds extracts together with the x-GOS raffinose and stachyose. Galactinol has
been described to be the main galactosyl donor implicated in x-GOS biosynthetic pathway,
where stachyose is synthesized from raffinose, and this trisaccharide from sucrose [33].
These oligosaccharides, which were not detected in leaves and stems, have been related
to maturation, desiccation tolerance, and storability of vegetable seeds, reducing damage
caused by oxidative stress or ageing [9,33]. Considering the similar composition of leaf
and stem extracts, only Lv2 and Sd2 samples were chosen for the subsequent analyses.
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Figure 1. GC-MS profile of alfalfa SLE extracts previously derivatized to TMS-Oximes. (A) Leaves (Lv2); (B) Stems
(5t2); (C) Seeds (Sd2): 1: pinitol; 2: fructose 1; 3: fructose 2; 4: ononitol 5: glucose E; 6: glucose Z; 7: myo-inositol; 8:
sucrose; 9: trehalose; 10: galactose E; 11: galactose Z; 12: galactosyl-pinitol A; 13: galactosyl-pinitol B; 14: galactinol; 15:
digalactosyl-glycerol, 16: raffinose; 17-19: digalactosyl-inositol; 20: stachyose; IS: internal standard.

3.2. Optimization of SLE Method

Firstly, different solvents for the extraction of bioactive carbohydrates from alfalfa
leaves (Lv2) and seeds (Sd2) by SLE were evaluated. This is a crucial step for the optimiza-
tion of an extraction method since it has environmental, social, and economic implications.
The use of GRAS (generally recognized as safe) solvents instead of contaminant and
hazardous solvents is encouraged. Moreover, solvent price and recyclability are other pa-
rameters to be considered [34]. Polar solvents are the most appropriate for the extraction
of carbohydrates, considering their high polarity. Moreover, these solvents have further
application in MAE since they strongly absorb microwave energy due to the presence
of permanent dipoles [17]. Then, water and different percentages of ethanol:water and
methanol:water were assayed within an extraction cycle of 16 min at 75 °C under stirring
conditions. Figure 2 depicts the carbohydrate yields extracted from leaves and seeds
using these solvents. To simplify data, carbohydrates have been grouped in inositols,
«-GOS and non-bioactive sugars (glucose, galactose, fructose and sucrose). Regarding
inositols, no noticeable differences were observed among the different percentages of
methanol:water and ethanol:water assayed for both leaves and seeds. However, yields
obtained with aqueous extracts (100% water) were higher than those of alcoholic mixtures.
Moreover, water extracts also presented the greatest yields of x-GOS in alfalfa seeds
(up to 11% higher than yields achieved using alcohol:water mixtures). These results are
in good agreement with those reported by Lopez-Molina et al. [35] and Ruiz-Aceituno
et al. [14], for the SLE of prebiotics from artichoke and inositols from pine nuts, respec-
tively. Furthermore, from a technical point of view, the choice of water as the extraction
solvent is considered the most appropriate due to its availability at low cost, its versatility
in different environmental conditions and its properties as a green solvent [34,36]. On the
contrary, in a study of Carrero-Carralero et al. [16], although water was the most effective
solvent for the extraction of inositols and prebiotics from mung beans, it was not selected
due to the high concentrations of non-bioactive sugars that were also co-extracted. This
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was not the case for alfalfa extractions, in which similar extraction yields of non-bioactive
sugars were obtained using the different evaluated solvents for both leaves and seeds.
Considering the relative low concentrations of sugars in alfalfa compared with those of
bioactive carbohydrates, water was finally selected as a solvent for further studies.
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Figure 2. Inositol, sugar and «x-GOS yields of Lv2 and Sd2 SLE extracts obtained using different extraction solvents. Lv2,
leaves; Sd2, seeds; x-GOS, x-galactooligosaccharides

After selection of the solvent, a complete optimization of SLE was carried out. A total
of 15 experiments were done in randomized order according to a Box-Behnken design
to study the impact of the three independent variables (extraction time (¢), temperature
(T) and sample amount (s) for a fixed solvent volume of 10 mL) on the efficiency of
the SLE of total inositol (R, mg-g~!) concentrations in alfalfa leaves and of both total
inositol and total «-GOS (R,, mg-g~!) in alfalfa seeds. Sugar concentrations were also
considered in order to control a potential and undesirable substantial increase in their
concentration under certain extraction conditions. Table 1 shows the obtained yields at the
different evaluated conditions. While a variation of 2.7 times was found for inositol and
sugar concentrations of Sd2 depending on the extraction conditions (inositols between
11.5 and 31.2 mg-g~! and sugars between 6.6 and 18.2 mg-g~!), concentrations of «-
GOS underwent a variation of almost 16 times (between 11.4-190.8 mg- g’l). Regarding
leaves extract, a slight variation was observed for inositol concentrations (most extracts
presented values between 14.3 and 21.8 mg g~ !, except for experiment 15 which showed
31.4 mg g~ 1), while sugar concentrations varied from 2.98 to 9.0 mg-g~!. In general, at
higher temperatures and extraction times, higher inositol and x-GOS concentrations were
obtained.

Response surface methodology was followed to calculate the coefficients of Ry and
Ry in the proposed quadratic model and to estimate the statistical significance of the
regression coefficients. Regarding inositols (R;), t* was the most significant factor at a 95%
confidence level (p < 0.05) for Lv2 extract, while s, s% and t were the factors statistically
significant (p < 0.05) for Sd2 extract. Regarding «-GOS (R;) for Sd2 extract, s and ¢t were
the most significant factors. The quadratic regression equations (from Equation (1)) for
Rj and R; are shown in Table 2. The surface plots to maximize R; in leaves and R; and
Ry in seeds after excluding no significant (p > 0.05) terms in the model are shown in
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Figure S1A—C of Supplementary Material. Good fits were found for both inositols and
«-GOS in Sd2 extract, where the R? were 0.97 and 0.67, respectively. The resultant optimal
conditions which maximized inositols and «-GOS yields were 80 °C, 60 min, 0.1 g, and 80
°C, 60 min, 0.5 g, respectively. On the contrary, a low fit quality of the proposed model
was found for inositols in Lv2 (R? = 0.58), probably due to the low variability in their
concentrations among experiments. Then, SLE conditions for extraction of inositols from
Lv2 were selected considering the experiment that provided the highest inositol yields
from those evaluated (Table 1, experiment 15: 40 °C, 32.5 min and 0.5 g).

Table 2. Regression equations to maximize the extraction of inositols (R;) and a-GOS (Ry) from leaves (Lv2) and seeds (Sd2)

by solid-liquid extraction (SLE) and microwave assisted extraction (MAE).

SLE MAE
Response . 2 . 2
Variable Model Equation R Model Equation R
Ry = 4.174 + 0.066*T + 0.566*¢ + Ry =43.614 — 0.086*T — 0.270*t — 12.625%s

Leaves Ry 52.000% — 0.459*Ts — 0.087*12 578 + 0.003*Tt 592
R Ry =38.005 +0.049° —120411% + o, Ry=42741 — 0.082' — 136.683"s+ 0.001*2 98.8

Seeds 1 131.518%s2 ) + 160.721%s2 :
R, Ry = —12.385 + 1.210%* + 209.000*s  66.4 Ry =54.903 — 0.785* + 135.017%s + 4.509%s  65.7

Finally, a multiple response analysis that simultaneously maximized the extraction
of inositols and x-GOS (R; and Ry) in Sd2 extract was carried out. Optimal conditions
were 80 °C, 60 min, and 0.5 g.

3.3. Optimization of MAE Method

Water was selected as the extraction solvent for MAE experiments, considering
the results obtained during the SLE treatment of alfalfa leaves and seeds, its high ca-
pacity to obstruct microwaves which favor their penetration [30], and its green nature.
Similar to SLE procedure, optimization of MAE conditions (T, t and s) was carried out
following a Box-Behnken design. Table 1 shows the experimental results of inositol
and x-GOS concentrations obtained for the 15 assays performed. A slight variation of
inositol concentrations depending on the extraction conditions applied was also found
for Lv2 sample (between 26.2 and 38.4 mg-g~!), while changes in inositol and a-GOS
concentrations of Sd2 were greater (between 13.5 and 30.9 mg-g~! and between 40.6 and
270.6 mg-g !, respectively). In general, under similar time and temperature conditions,
inositol extraction yields in Sd2 were higher in those experiments carried out using lower
sample amounts (e.g., experiment 9: 29.5 mg-g~! vs. experiment 15: 13.5 mg-g~!). On
the contrary, similar extraction yields were obtained by varying the time (for the same
temperature and quantity of sample), probably due to the fact that 5 min was enough
to achieve the maximum concentration of inositols under these conditions. Regarding
x-GOS, higher concentrations were obtained when temperature increased. As previously
reported by Alexandru et al. [28], at higher temperatures, solvent viscosity decreased
which enhances the diffusivity and then the extraction efficiency. Regarding sugars, they
varied from 3.25 to 8.36 mg-g~! in Lv2 and from 9.78 to 17.39 mg-g~! in Sd2.

However, it is difficult to evaluate the influence of extraction parameters indepen-
dently; thus, response surface methodology was used to calculate the coefficients of Ry
and R, and to estimate the statistical significance of the regression coefficients. In this
case, s and Tt were the most statistically significant factors (p < 0.05) for maximization
of Ry in Lv2 sample, while s and s% were those for maximization of Ry, and s and ts for
Rj in 5d2 extract. The quadratic equations, after excluding non-significant parameters
(p > 0.05), can be observed in Table 2 (response surface plots are shown in Figure SID-F of
Supplementary Material). According to SLE results, low fit quality of the quadratic model
was found for inositols in Lv2 extract (R? = 59%), probably considering the low variability
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of the total inositols detected under different experimental conditions. Considering the
low efficiency of the model, the experiment 2 (40 °C, 5 min, and 0.3 g) was selected as
MAE optimal conditions taking into account that it provided high inositol yields (Table 1),
minimizing the temperature and extraction time, and therefore the energy consumption.

The quadratic model for Sd2 sample appropriately described the variability of R;
and R, (R% = 99% and 66%, respectively). Then, the optimal conditions for maximization
of inositols were: 80 °C, 5 min, 0.1 g, and for x-GOS were: 80 °C, 60 min, 0.5 g. The
multiple response analysis performed to maximize the extraction of inositols and x-GOS
(R and Rp) by MAE displayed as optimal conditions: 80 °C, 5 min, and 0.5 g. Thus, these
conditions were selected for further experiments with alfalfa seeds.

3.4. Comparison of SLE vs. MAE

The efficiency of extraction method could be established by comparison of bioactive
inositols, x-GOS, and other sugar yields obtained at similar experimental conditions
assayed (Table 1). Inositol concentrations obtained by MAE were, in general, higher than
those obtained by SLE in both Lv2 and Sd2, A similar behavior was also observed for
x-GOS concentration in seeds. Regarding sugar content, non-significant differences
were found for leaves samples by both techniques, contrarily to that observed for seeds.
Nevertheless, these concentrations were lower than those of inositols and «-GOS in most
cases. Then, the implementation of an additional fractionation step for the subsequent
removal of sugars was not considered mandatory.

Regarding the extraction of bioactive carbohydrates under optimal conditions,
MAE required shorter extraction times for both leaves and seeds (MAE 5 min vs. SLE 32.5
min Lv2 and 60 min Sd2) and smaller amounts of samples for leaves (MAE 0.3 g vs. SLE
0.5 g) than SLE. Similar temperatures were selected as optimal for both treatments (80 °C
for seeds and 40 °C for leaves). Under these optimal conditions, significant higher inositol
yields in both leaves and seeds were obtained by MAE (see concentration values marked
in bold in Table 1), however, greater concentrations of x-GOS were obtained by SLE.

From these results, although both techniques could be appropriate to extract bioactive
carbohydrates from alfalfa, considering the advantages of MAE in terms of extraction
times vs. inositols and a-GOS yields, this technique was selected for further experiments.
These results were in good agreement with those reported by Carrero-Carralero et al. [16],
who found that MAE provided similar bioactive carbohydrates yields than SLE, but with
shorter extraction times. Similar results were also observed by Zuluaga et al. [21] for the
extraction of inositols from legume pods.

3.5. Analysis of Bioactive Carbohydrates of Alfalfa Samples

Optimal MAE conditions were applied to obtain extracts enriched in inositols and
a-GOS from leaves (Lv1l, Lv2, Lv3, and Lv4) and seeds samples (Sd1, Sd2, Sd3, Sd4,
and Sd5). Extraction conditions of leaves were also used for stems (St1, St2, St3 and
St4) considering their similar composition. Table 3 shows the concentrations of bioactive
carbohydrates and sugars present in the analyzed samples. Leaves and stems were mainly
constituted by inositols (total concentrations between 27.0 and 37.0 mg-g~! for leaves
and 17.9 and 24.9 mg-g ! for stems). Pinitol was the most abundant inositol (24.2-31.0
mg- g_l in leaves and 15.5-22.5 mg'g_1 in stems), mainly in Lv1 and Lv2. In general,
similar concentrations of ononitol and myo-inositol were detected in all leaves and stems
samples. Pinitol, ononitol, and myo-inositol concentrations were similar to that reported
by Horbowicz et al. [9] and higher than those reported by Al-Suod et al. [15] for alfalfa
leaves and stems after soxhlet ethanolic extraction. Moreover, these last authors did not
detect ononitol in these samples, although they reported the presence of D-chiro and
scyllo-inositols, non-identified in the present work. Regarding sugars, low concentrations
were found for glucose, fructose, and sucrose in all leaves and stems samples. While
similar concentrations of glucose and fructose were extracted by Horbowicz et al. [9] from
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old leaves using ethanol:water (1:1, v/v) at 80 °C, higher sucrose contents were found by
these authors.

Table 3. Inositol, x-GOS and other low molecular weight carbohydrate content (mg-g~!) of MAE leaves, stems and seeds

alfalfa extracts. Standard deviation in brackets (1 = 3).

Leaves Stems Seeds
Lvl Lv2 Lv3 Lv4 St1  St2 St3  St4  Sdi Sd2 Sd3 Sd4 Sds
Pinitol 31.08 30.1% 243 242b 193b 2252 155¢ 195P 23¢ 25P 273 23¢  p5b
(14) (04 (06 (1) (@12 (09 (8 (06 (01 (1) (1) (1)  (0.1)
Fructose o7d 09¢ 17* 15> 114 30 14°¢ 18P i i ) i i
(01 (0.1) (1) (1) (1) (02 (01 (0.2
Ononitol 10 467 1e® 11 11 147 147 10° i i ) i i
01 (1) (1) (@O (01 (01 (1) (0.1)
Glucose 094 247 12b 10° 12° 24 15 11°€ i i ) i i
(01 (1) (1) (1) (1) (1) (01 (0.1
myo-Inositol 1.1¢ 232 16® 17b 10* 10® 10* 113 27b 313 323 28P 313
(01 (1) (1) (01 (©1) (1) (01 (@O (©1) (1) @O (01 (0.1
Sucrose i i 192 17k 282 26b 174 24¢ 117P 1059  11.0¢ 1252 1252
(01 (1) (01 (1) (1) (1) (1) (01 (04 (1) (02
Galactinol ) i i ) i i ) 5294 53be 552 51d  54ab
01  (03) (1) (01  (0.1)
Digalactosyl- 51¢ 642 53bc 52¢  54Pb
inositol ) ) ) ) ) ) ) ) (0.1) 0.4) (0.1) (0.1) 0.2)
Raffinose ] i ) ) i ] ] i 79¢ 84 842 764  goP
01 (01 (1) (01  (0.1)
Digalactosyl- 59¢ 702 70% 59°¢  69P
inositol ) ) ) ) ) ) ) ) (0.2) 0.1) (0.1) (0.1) 0.1
Digalactosyl- 52ab 5pab 51b 532
inositol ) i i ) i i ) ) (0.1) (0.1) (0.1)  (0.1)
Stachyose i i ) i i ) ) 488°¢ 748" 8472 4984 700°
06 (09 (7)) (04  (16)

= Different letters indicate significant differences (p < 0.05) for samples of each morphological part of alfalfa. - Non-detected.

Seed extracts were rich in «-GOS (56.7-93.1 mg-g 1), stachyose was the most abun-
dant (48.8-84.7 mg-g~!), mainly in Sd3 extract. Significant differences were observed
in stachyose concentrations among the different seed samples. However, these values
(mainly in Sd1 and Sd4) were similar to those reported by Horbowicz et al. [9]; samples
Sd2, Sd3, and Sd5 presented higher concentrations. Pinitol (2.3-2.7 mg-g~!) and galactinol
(5.1-5.5 mg-g~!) contents were also higher than those reported by Horbowicz et al. [9].
These higher yields of bioactive carbohydrates found in this work could be due to the
higher efficiency of the developed MAE method in comparison with the SLE method
used by Horbowicz et al. [9].

3.6. Stability Study

In order to evaluate the thermal stability of obtained extracts due to their potential
use as food ingredient, Lv2 and Sd2 extracts were lyophilized and stored at 50 °C for
26 days. The variability of inositols and «-GOS concentrations over time is shown in
Table 4. Contents of inositols in both Lv2 and Sd2 extracts showed a slight decrease
during storage time (from 36.8 to 34.5 mg-g~! and from 28.3 to 27.2 mg-g~!, respectively).
Similarly, «-GOS concentrations decreased less than 5% after 26 days (from 83.2 mg-g~*
to 79.1 mg-g~!). On the contrary a marked decrease was observed in sugar concentrations
of these samples (between 19.7% and 24.4%); this significant decrease could be due to the
degradation of these carbohydrates to give rise to organic acids, hydroxymethylfurfural,
and unwanted colored compounds, among others [37,38]. A similar behavior (stability of
inositols and decrease of sugars) has been previously observed during storage of other
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matrices (e.g., dried fruits, [39]). Stability of free inositol has been attributed to the absence
of non-reducing groups in their molecule, which seems to confer stability during thermal
treatments [40]. Alterations experimented by bioactive carbohydrates during storage were
not drastic, so these extracts had an acceptable stability to be used as food ingredients.

Table 4. Inositol, -GOS, and sugar concentrations (mg g ') of MAE seeds (Sd2) and leaves (Lv2)
lyophilized extracts stored at 50 °C for different times. Standard deviation in brackets (1 = 3).

Lv2 Sd2

Sampling Time (days) Inositols Sugars Inositols x-GOS Sugars
0 36.8 (0.6) 2 3.5(0.07) @ 283052  832(L.0)2  105(0.2)*
5 35.8(0.2)P  3.16(0.02P 279(0.4)>®  80.8(1.3)P 82(0.1)"
12 35.0(0.1)b¢  3.07(0.08)Pc 274(03)Pc 798 (1.0)Pc  80(0.1)P
19 348(02)cd  298(0.02¢  27.3(0.2)° 79.3 (0.5) © 8.0(02)°
26 345(0.1)¢  281(001)¢  272(0.1)¢ 79.1(0.5) © 79 (0.1)b

a-d Different letters indicate significant differences (p < 0.05) for each compound at the different storage times.
«-GOS, a-galactooligosaccharides.

4. Conclusions

Optimized SLE and MAE methods to obtain extracts rich in inositols and «x-GOS
from different morphological parts of alfalfa (leaves, stems, and seeds) are proposed. Al-
though both techniques were appropriate to extract bioactive carbohydrates from alfalfa
using water as GRAS solvent, MAE presented advantages in terms of extraction times vs.
inositols and x-GOS yields. Moreover, in the case of leaves, MAE also provided similar
inositol concentrations to the classical treatment from less raw material. The increased
speed and the efficiency of the extraction process by microwaves is advantageous con-
sidering the lower consumption of energy and, thus, the costs, which should be taken
into account for the scaling up of the extraction process. Thus, the MAE methodology
here proposed could be considered a promising efficient and green strategy to obtain
bioactive carbohydrate extracts to be used as functional food ingredients. Moreover, this
work opens new routes of revalorization of alfalfa (leaves, stems, and seeds) as a potential
source of bioactive carbohydrates, such as inositols and x-GOS, of interest for the agri-
food industry.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f00ds10020346/s1, Table S1: Origin and identification of samples; Table S2: Cyclitols,
«-GOS and other sugars identified in alfalfa leaves, stems and seeds extracts obtained by SLE at
75 °C for 16 min using 0.3 g of sample and 10 mL of Milli-Q water. Figure S1: Response surface
plots for SLE of A. inositols from Lv2; B. inositols from Sd2; C. «-GOS from Sd2, and for MAE of D.
inositols from Lv2, E. inositols from Sd2, and F. x-GOS from Sd2.
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Abstract: The focus on natural foods and “clean” labeled products is increasing and encourages
development of new biobased ingredients. Fish solubles derived from downstream processing of
side stream materials in the fish filleting industries have potential as emulsifiers based on their
surface-active and emulsion stabilizing properties. The aim of this study was to evaluate and
compare emulsion properties and critical micelle concentration (CMC) of direct protein extracts
and protein hydrolysates based on fish backbones, and to identify associations between molecu-
lar weight distribution and process yield with the studied physicochemical properties. Protein
extracts and enzymatic protein hydrolysates were produced based on two raw materials (cod and
salmon backbones), two enzymes with different proteolytic specificity, and varying hydrolysis
time. Emulsion activity index (EAI), emulsion stability index (ESI) and CMC were measured and
compared with casein as a reference to protein-based emulsifiers. Protein hydrolysis was found
to have negative impact on EAI and CMC, likely due to generation of small peptides disrupting
the amphiphilic balance. The direct protein extracts had comparable EAI with casein, but the latter
had superior ESI values. Protein hydrolysates with acceptable EAI could only be obtained at the
expense of product yield. The study emphasizes the complexity of physicochemical properties of
protein hydrolysates and discusses the challenges of achieving both good surface-active properties
and high product yield.

Keywords: enzymatic protein hydrolysates; emulsion activity; critical micelle concentration; fish
by-products; emulsion stability

1. Introduction

Emulsifiers are important ingredients in a variety of formulated food products
containing two immiscible phases, such as mayonnaise, spreads, and salad dressings [1].
Their surface-activity reduces the interfacial tension between the phases and promotes
the formation of stable emulsions. Present consumer attention and increasing preference
for natural products and “clean” labeled food products is encouraging the development
of new natural surface-active biobased ingredients [2,3]. Food-approved emulsifiers
include proteins, polysaccharides, phospholipids, and synthetic surfactants [1,4]. Fish-
based peptides may be a coming alternative. Given adequate surface-activity, this type
of emulsifier will also add to the nutritional value while exerting a function in food
formulations.

Emulsions in foods are often in the form of oil-in-water (O/W), where small droplets
of lipids are distributed in a continuous aqueous phase, or water-in-oil (W/O), where oil
is the continuous phase [1]. The formed emulsions are thermodynamically unstable and
require the presence of an emulsifier for stabilization through reduction of surface-tension
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and prevention of droplet aggregation and coalescence. The amphiphilic nature of pro-
teins facilitates adsorption at the interphase between polar and non-polar environments,
after which they will reorient in a manner maximizing the contact between hydrophilic
areas with the oil, while repelling other emulsion droplets [5,6]. The adsorption rate of na-
tive proteins to an interphase varies depending on the protein, but often the net charge of
the proteins will not provide repulsion between droplets, causing aggregation [1]. Partial
hydrolysis may improve the physicochemical properties due to exposure of hydrophobic
moieties, improving the electrostatic balance, and increase the solubility and flexibility of
the peptides compared to the intact protein [7,8].

Several studies have addressed the physicochemical properties of protein
hydrolysates[9-21], where influences of both hydrolysis time and choice of enzyme
have been assessed. The degree of hydrolysis determines the reduction in peptide molec-
ular weight, while enzyme specificity influences the balance between hydrophilic and
hydrophobic regions, both imperative for peptide surface-activity. Enzymatic protein
hydrolysates of side stream products from the fish filleting industry, such as heads,
backbones, and trimmings, have been proposed as a source of emulsifiers for food formu-
lations [8]. This represents a possibility for valorization of side streams and increasing
the yield of water-soluble protein, while simultaneously improving the functionality of
the native proteins [22]. Hydrolysis of herring protein has been shown to improve emul-
sion activity and stability [23], and sardine protein hydrolysates showed better emulsion
properties compared with sodium caseinate [24]. However, hydrolysis of the common
emulsifiers casein and whey have not always been found to improve physicochemical
properties (emulsion capacity and stability), having emulsifying abilities either inferior
or comparable to that of the native proteins [24]. In general, large peptides (>2—4 kDa)
are essential for proper functionality, and it has been suggested that peptides should
contain more than 20 amino acids to exhibit good emulsifying capability [16]. In addition,
peptide—peptide interactions are particularly important [5,10,16].

Several approaches can be used in the determination of surface-activity and emulsion
properties of proteins and peptides. Emulsion activity (emulsion activity index; EAI)
determines the obtainable interfacial area between oil and water per unit weight of protein
or product, and emulsion stabilizing ability (emulsion stability index; ESI) indicates the
emulsifying effect over time [25]. Critical micelle concentration (CMC) indicates the mini-
mum concentration of a product needed for maximum reduction of the surface-tension
and can be assessed by different methods based on fluorescence, conductivity, surface-
tension, or 'H nuclear magnetic resonance (NMR) [26,27]. High CMC values imply poor
surface-activity, i.e., a high concentration of the given surfactant is needed to reduce the
surface-tension [10,27]. Measurements of properties related to emulsion capabilities of
protein hydrolysates are challenging to standardize. Pearce and Kinsella [25] showed
that EAI results are dependent on assay variations, such as homogenization factors and
protein concentration, and the latter was confirmed by Nalinanon et al. [17]. This makes
interstudy comparisons difficult and may add to the contradictory results from previous
emulsion studies of protein hydrolysates.

There is a lack of knowledge on the effect of raw material and process variables on
properties related to surface-activity of fish solubles. The aims of this study were (1) to
evaluate and compare physicochemical properties (i.e., emulsion activity (EAI), stability
index (ESI) and CMC) based on direct extraction and enzymatic hydrolysis of salmon
and cod backbones, and (2) to assess the association between peptide molecular weight
distribution, physicochemical properties, and process yields.

2. Materials and Methods
2.1. Materials

Atlantic salmon (Salmo salar) and cod (Gadus morhua) backbones were kindly pro-
vided by Sotra Fiskeindustri AS (Glesver, Norway) and Halstensen Granit AS (Bekkjarvik
Norway), respectively. The raw materials were milled on a Comitrol 1700 (Urschel lab-
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oratories, Chesterton, IN, USA), vacuum packed, and stored at —20 °C until use. The
applied enzymes were Bromelain BR1200 (EC 3.4.22.32, Enzybel, Waterloo, Belgium)
and FoodPro PNL (EC 3.4.24.28, DuPont, Wilmington, DE, USA). Refined rapeseed oil
was purchased at a local supermarket (Rema 1000 store brand, Kjerreidviken, Norway).
Peptide standards were purchased from Sigma-Aldrich (Oslo, Norway) except lysozyme
(Fluka biochemicals, Buchs, Switzerland) and Alberta standards (Alberta Peptide Institute,
Department of Biochemistry, University of Alberta, Edmonton, AB, Canada). Technical
grade Tween 20 (VWR, Oslo, Norway) and bovine casein (Sigma, Oslo, Norway) were
applied in the emulsion assay. All other chemicals were analytical or food grade.

2.2. Chemical Analyses

Analysis of nitrogen (N) was performed by the Kjeldahl method [28] and the crude
protein level determined based on substrate specific N-to-protein conversion factor [29].
Amino acid composition was quantified by High performance liquid chromatography
(HPLC) using fluorescence detection with excitation/emission at 250/395 nm. Proteins
were hydrolyzed to free amino acids with 6N HCl and amino acids derivatized with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate before passing through the HPLC
column (Waters Accq Tag 3.9 x 150 mm, Milford, MA, USA) and detector [30]. As-
paragine and glutamine were estimated based on the release of ammonia in the HCI
digest compared to a neutral control sample [31]. Released ammonia was quantified by
the method of Conway and Byrne [32]. Analysis of molecular weight distribution (MWD)
was performed by HPLC (1260 series HPLC, Agilent Technologies, Santa Clara, CA, USA)
using size exclusion chromatography [33], as described by Oterhals and Samulesen [34].
All chemical analyses were performed in duplicate with predetermined allowances for
replicate variation.

2.3. Enzymatic Protein Hydrolysis

Raw materials were thawed overnight at 4 °C. The raw material was mixed with
purified water (1:1) and transferred to a Distek Model 2500 Dissolution System (Distek
Inc., North Brunswick, NJ, USA). The slurry was heated to 50 °C at continuous stirring
(70 rpm) before adding 10 U enzyme per gram protein [35]. The proteolytic reactions
were terminated after 5, 10, 30 or 60 min by heating to >90 °C in a microwave oven
(Menumaster commercial, Cedar Rapids, IA, USA) for a minimum 10 min. The slurry
was cooled to <40 °C in a water bath before phase separation by centrifugation at 15,000 x
g for 20 min (Sorvall, LYNX 6000, Thermo Scientific, Waltham, MA, USA). Direct protein
extracts by thermal coagulation were produced with the same method, with the exception
of enzyme addition, of both raw materials. The water phase was filtered through a
Seitz-T2600 filter (Mall Corporation, East Hills, NY, USA) to remove larger particles and
thereafter subjected to 0.1 um cross flow membrane filtration (Centramate 500S Tangential
Flow Filtration System, Pall, Port Washington, NY, USA) to remove remnant fine particles
and fat. The final hydrolysates were stored at —20°C until further use.

Protein recovery (PR) was determined based on protein content in the filtered hy-
drolysate compared to that in the raw material:

__ Protein in the hydrolysate x g hydrolysate
~ Protein in the raw material x g raw material

x 100% 1)

volume of collected hydrolysate after membrane filtration was corrected for the remaining
dead volume in the Centramate filter apparatus.

2.4. Determination of Critical Micelle Concentration by NMR Spectroscopy

All samples were diluted 3:4 with 400 mM sodium phosphate buffer (pH 6.5) con-
taining 15% D,O and 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). The pH was adjusted
to 6.5 with 0.1 M HCL. Dilution series of 10 samples were prepared from all hydrolysates
with the final concentration of 100 mM sodium phosphate buffer and 7.5% D,0O. A volume
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of 600 1L was transferred to 5 mm NMR tubes. 'H spectra were acquired at 300 K with a
Bruker AVANCE NEO ultrashielded 600 MHz spectrometer with cryoprobe using Bruker
pulse program zgesgppe (Karlsruhe, Germany). Acquisition parameters were set to four
dummy scans, 32 real scans, 1 s relaxation delay, 32k time-domain points, and spectral
width of 11.9 ppm. The NMR spectra were processed using TopSpin (v. 4.0.4, Bruker
BioSpin, Karlsruhe, Germany). Exponential line broadening of 0.5 Hz was applied prior
to Fourier transformation, and the chemical shifts were referenced to DSS.

The CMC was estimated by plotting the 'H shift of the lactate methyl group as a
function of log protein concentration [10]. The methyl resonance of lactate was visible
around 1.3 ppm for all samples. Separate linear trend lines were drawn for the lag phase
and the exponential phase in the plot. The data points used for the lag phase tangent were
adjusted to obtain best fit by removing points in the transition between lag and exponential
phase. The intercept of these lines indicated the start of protein aggregation and thus the
critical micelle concentration. Propagation of uncertainty assuming independent variables
indicated standard measurement error < £ 0.2 based on the fitted regression lines and
standard error for the coefficient provided by the LINEST function in Microsoft Excel
(v. 2013). Aspevik et al. [10] estimated the standard deviation for the used protocol to be
0.5¢g/L.

2.5. Emulsion Properties

Emulsion activity index (EAI) and emulsion stability index (ESI) were determined
based on the method by Pearce and Kinsella [25] and modified by Liceaga-Gesualdo
and Li-Chan [23]. The hydrolysates were diluted to 1.0% protein in purified water and
pH adjusted to 6.5 with 0.1 M HClL. Tween 20 was used as control to ensure method
repeatability, and casein (1% solubilized in 50 mM potassium phosphate) as a reference to
commercial emulsifiers. Emulsions were made by adding 2 mL of rapeseed oil to 6 mL
of standardized hydrolysate and homogenized (T 10 basic Ultra-Turrax, Ika, Staufen,
Germany) at 16,000 rpm for 1 min in a glass container. Emulsions were made in triplicate.
Immediately after homogenization, 25 pl was collected from the bottom of the mixture,
added to 5 mL 0.1% sodium dodecyl sulfate (SDS) and the mixture inverted two times
before measurement of EAL Sample collection was repeated after 10 and 30 min for
determination of ESI. Absorbance was measured at 500 nm and EAI was calculated based
on the following equation:

2 x 2304 o gf

EAI <m2(g protein)fl) = # (2)
where A = absorbance measured at 0, 10 or 30 min; 1 = path length of cuvette in m;
df = dilution factor (200); ¢ = oil phase volume of total mixture volume; ¢ = weight of
protein per unit volume of aqueous sample before emulsion. ESI was calculated based on
the percent EAI remaining after a defined stagnant standing period:

®)

o EAI — EAJ
ESI(%) = 100 — (EAI x 100)

where EAl; = EAI value of samples collected after 10 or 30 min.

2.6. Statistics

Analysis of variance (ANOVA) was performed using Minitab (v. 19.2, Pennsylvania
State University, PA, USA). One-way ANOVA was used to determine significant product
differences of EAI and ESI results. Two-way ANOVA determined significant parameters.
Hydrolysates were used to model effect of raw material, enzyme, and hydrolysis time.
Tukey’s pairwise comparison was used when significance (p < 0.05) was found.
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Principal component analysis (PCA) was used to evaluate relationships between
EAI, ESI, and MWD using Unscrambler (v10.4.1, Camo, Oslo, Norway). All data were
unit variance scaled and centered before analysis.

3. Results and Discussion
3.1. Raw Material and Hydrolysate Composition

Salmon and cod backbones showed similar amino acid compositions (Table 1), with
slightly higher levels in the cod raw material, reflecting higher protein concentration
in the latter substrate. Both substrates contained high levels of glycine, proline, and
hydroxyproline, ascribed to the high proportion of bones and connective tissue protein.
N-to-protein conversion factors (fy) for cod and salmon backbones were calculated to
5.5 and 5.2, respectively, in agreement with previous findings for pure muscle proteins
from the two species [35], and illustrated the deviance of fish raw material from the
commonly used factor of 6.25. The use of substrate specific conversion factors facilitated
a more accurate quantification of protein content, and thus enzyme addition on protein
basis and standardization of hydrolysis conditions in studies applying different protein
sources [30].

Table 1. Amino acid composition in the raw material (g kg*1 ; n =2) and substrate specific nitrogen-
to-protein conversion factor data of salmon (Salmo salar) and Cod (Gadus morhua) backbones.

AA (g/kg) ** Cod Backbone Salmon Backbone
Alanine 11.0 9.9
Arginine 11.0 9.0

Asparagine * 7.1 6.3

Aspartate 8.9 7.7
Glutamate 16.1 12.0

Glutamine * 7.9 7.0
Glycine 17.0 14.0
Histidine 33 3.6

Isoleucine 6.4 5.7
Leucine 12.0 9.6
Lysine 13.0 11.0
Methionine 54 4.6
Phenylalanine 59 52
Proline 8.8 7.8
Serine 8.6 6.5
Threonine 6.9 6.2
Tyrosine 6.9 4.0
Valine 74 6.7
Hydroxyproline 3.8 3.5
Nitrogen 27 25
NH3 (acid digest) 1.8 1.6

Total AA 167.4 140.3
Total 27.0 25.0
N 55 52

* Calculated based on released NH3, and assuming 1:1 ratio of released NH3 between Asp and Glu
[29]. ** Amino acid. *** Nitrogen-to-protein conversion factor.

The enzymes were added based on similar activity-to-protein ratio [31], and the
resulting peptide molecular weight distribution (MWD; Table 2) showed an increase
in smaller peptides as the hydrolysis progressed. Furthermore, levels of molecules
<0.2 kDa were higher in products based on FoodPro PNL compared to the equivalent
Bromelain hydrolysate, indicating some exopeptidase activity in the former enzyme [31].
In general, hydrolysates based on cod backbone contained a larger proportion of peptides,
>1 kDa, compared with salmon. For both raw materials, the PR increased with prolonged
hydrolysis time, with Bromelain giving slightly higher levels compared with FoodPro PNL
(Table 3). This is possibly explained by the broad specificity of Bromelain and efficiency on
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connective tissue proteins [36]. As expected, the direct protein extracts contained mostly
large peptides, >10 kDa, and small molecules, <0.2 kDa, characteristic for a product based
on direct thermal coagulation and separation [10,34].

Table 2. Apparent molecular weight distribution (MWD; kDa) and average amino acid units in the molecular size of direct protein
extracts (-ext) and hydrolysates made from cod (C) and salmon (S) backbones with FoodPro PNL (F) and Bromelain (B) for 5, 10, 30
and 60 min.

Nfo/vf)D C-ext CF05 CF10 CF30 CF60 CB05 CB10 CB30 CB60 S-ext SF05 SF10 SF30 SF60 SB05 SB10 SB30 SBeo 2
20 89 13 12 04 02 13 14 08 03 49 26 15 04 01 11 08 01 <01 >198
1520 39 11 09 03 01 10 09 05 02 22 17 11 04 01 06 04 01 <01 138
10-15 57 29 27 11 05 30 26 13 05 31 41 31 13 04 12 08 02 <01 99
8-10 34 30 29 15 08 35 32 18 08 17 40 34 19 09 10 07 02 01 71
6-8 40 60 61 39 25 78 74 51 28 22 70 65 45 27 25 20 06 03 55
46 38 120 126 97 72 159 160 137 100 24 116 112 89 67 76 66 29 17 32
24 37 214 230 228 212 264 279 300 293 25 186 200 200 182 233 230 160 120 20
1-2 19 161 172 202 214 146 162 207 250 13 123 140 169 184 2202 237 257 245 12
0.5-1 12 100 110 149 175 62 69 97 133 08 77 92 130 160 128 143 211 242 59

0.2-0.5 3.3 6.6 7.1 103 130 33 34 44 60 18.4 103 11.0 136 164 107 115 165 200 28
<0.2 60.3 197 154 148 157 170 141 121 119 60.7 202 191 191 201 169 164 164 172 1.0

* Estimated average number of amino acid units in the molecular size group based on weighted average MW [30].

Table 3. Measured emulsion activity index (EAI *) and stability index after 10 and 30 min (ESI-
10/30 *), critical micelle concentration (CMC **) and protein recovery (PR) of hydrolysates and
direct protein extracts (-ext) based on cod (C) and salmon (S) backbones with FoodPro PNL (F) and
Bromelain (B) for 5, 10, 30 and 60 min of hydrolysis.

EAI (m?/g) ESI-10 ESI-30 CMC (g/l) PR (%)
C-ext 13+092 21 4 1.9 cde 16 + 3.0 de 1.6 6.2
CF05 11 + 1.2 bed 33+272 25+ 0.6 2P 3.7 18.1
CF10 9.0+ 0.2¢d 18 + 1.9 def 9 +0.6°f8 4.8 234
CF30 11 4 0.7 bed 14 4+ 2.1 ¢ 7 +1.3fsh 6.0 31.4
CF60 90+ 0249  27+05abd 2y 4 pgabe 6.2 35.6
CB05 11 +£05bd 314173 224 p9bcd 5.1 24.0
CB10 11 £0.7 bed 25 4 1.6 abe 17 + 1.5¢de 5.4 27.0
CB30 11 =+ 0.4 bed 33 + 1.4 abc 26 +3.123b 6.0 31.5
CB60 11 + 0.1 abe 314224 27+ 162 6.6 36.6
S-ext 12 +1.209b 10+1.0°f 6+1.88h 1.8 7.0
SF05 10 4 1.2 bed 11+24f 6+1.08h 5.8 26.5
SF10 10 + 0.3 bed 12+00° 6+1.28h 5.3 25.8
SF30 10 =+ 0.4 bed 30+22ab 23 4 1.6 bc 6.7 31.1
SF60 10 =+ 0.3 bed 324362 25+ 3.7ab 6.8 33.7
SB05 11 + 0.3 bed 11 +£35f 4+07h 5.3 26.1
SB10 10 + 0.5 bed 13 + 0.6 ©f 5+1.0h 6.2 30.0
SB30 10 £0.5bd 22 4 1.7bed 13 +0.4¢f 7.6 40.0
SB60 11 + 0.5 bed 31 +33a 22 4 1.4 abe 7.6 40.8

* Different letters indicate statistically different values (p < 0.05) by one-way ANOVA and Tukey’s
pairwise comparison. ** Measured based on single samples. Standard deviation was estimated to
0.5 g/L by Aspevik et al. [10].

All products were purified by microfiltration to eliminate suspended solids and
residual lipids with possible bias effects in the surface-activity assays. The protein re-
coveries (Table 3) were lower than observed in earlier studies without a microfiltration
step [10], particularly for the direct extracts (PR = 6-7% compared to expected approx-
imate 20%). This confirms a partial retention of large proteins and peptide fragments
by microfiltration, as earlier reported [37]. The shift in MWD toward smaller peptides
probably influenced the surface-active properties of the respective products; however,
effects of membrane filtration were outside the scope of this study.
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3.2. Associations between MWD and Physicochemical Properties

Principal component analysis (PCA; Figure 1) was used to evaluate associations
between EAI, ESI, CMC, PR, and MWD of the hydrolysates. Data from the direct protein
extracts were excluded due to the deviant MWD and PR compared with the hydrolysates
(Tables 2 and 3), adding too much leverage to the model and dominating the variation of
the two variables. Based on the score plot, hydrolysates with similar or different properties
could be identified. Two principal components (PCs) were found to be relevant for the
interpretation of results. The first and second PCs explained 58% and 21%, respectively.

1 (a)
) SF05
SF10
2
sBeo SB30 SF60
s - ® . 8?103,;30 SB05 CF10
£ CF60 . B
§° : CFs0 CFO5
0 A
a
. CBO5
CB10 &
= .
~$:
CB60 CB30
Iy
»
6 5 -4 3 -2 -1 0 2 3 4 5
PC-1 (58%)

05

PC-2 (21%)
°

-0.5

Pc1 (58%) o8 !

Figure 1. Principal component analysis score plot (a) shows similarities and differences between
salmon (S) and cod (C) backbone hydrolysates made with FoodPro PNL (F) and Bromelain (B) for
5,10, 30 and 60 min. The correlation loading plot (b) illustrates associations between molecular
weight distribution (kDa), protein recovery (PR), critical micelle concentration (CMC), emulsion
stability after 10 min (ESI-10), emulsion stability after 30 min (ESI-30), and emulsion activity index
(EAI). The two ellipses represent 50% and 100% of explained variance.

In the score plot (Figure 1a), PC-1 mainly explains the effect of hydrolysis time,
while the raw material variation is explained by PC-2. The correlation loading plot
(Figure 1b) mostly shows a product separation based on CMC, PR, and MWD. High
values for the two former variables and small molecules of 0.5-2 kDa were associated and
negatively correlated with molecules of 4->20 kDa, in agreement with Aspevik et al. [10].
The emulsion responses were less than 50% explained by the model, thus interpretation
should be done with care. The loading plot shows no positive correlations between
emulsion properties and specific MW groups. This was also the case in studies on salmon
muscle protein hydrolysates [15], and whey and casein protein hydrolysates [24]. The
results indicate that extended hydrolysis is detrimental to surface-activity, expressed by
CMC. The MWD (Table 2) and considerably lower CMC values (Table 3) for the direct
protein extracts supported this conclusion.

3.3. Effect of Process Parameters on Emulsion Properties

The EAI of the products (Table 3) showed small differences between the enzymatic
hydrolysates, but the direct protein extracts gave the highest values for both cod and
salmon. This may be attributed to the higher levels of large peptides (>10 kDa) being

46



Foods 2021, 10, 38

sufficiently flexible for effective interfacial surface coverage. Furthermore, a decrease in
surface hydrophobicity of the hydrolysates may also add to this observation, as discussed
for whey hydrolysates [20]. Negligible differences between the EAI (Table 3) of the
hydrolysates were observed, with no clear pattern of differences influenced by raw
material, enzyme, or hydrolysis time (Figure 2).
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Figure 2. Mean emulsion activity index (EAI) and emulsion stability index (ESI) after 10 and
30 min for the raw materials salmon and cod (a), the enzymes FoodPro PNL and Bromelain (b), and
hydrolysis times (c). Different letters indicate statistical effect of the hydrolysis parameter on the
emulsion variable. EAI (x), EAI-10 (y) and EAI-30 (z) are separate statistical entities, indicated by
the dotted lines.

Casein is an excellent emulsifier in milk-based products [6], and the EAI of casein
was measured at 16 + 1 m? /g protein, only slightly higher than the direct protein extracts
in this study (EAI = 12-13, Table 3). We have found few studies comparing the EAI
of fish-based protein hydrolysates with direct protein extraction of the raw material.
Contrary to this study, Liceaga-Gesualdo and Li-Chan [23] showed enhanced EAI of
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herring hydrolysates compared to this type of reference sample. More common is to use a
commercial protein emulsifier as reference. Tan et al. [21] found that restricted hydrolysis
on catfish gave EAI and ESI comparable to those of soy protein isolate. However, Alves
et al. [9] found the EAI of soy proteins to be superior to that of chicken blood hydrolysates
and associated this to large interfacial areas of the soy proteins. The interfacial properties
of proteins could possibly explain the relatively good results for the casein protein and
the direct thermal extracts compared to the hydrolysates in this study. The mentioned
studies [6,9,21,23] had assay variations comparable to the current work, such as sample
dilution media, protein concentration, and pH, likely influencing the results.

The ESI showed more variation between the samples compared to the EAI (Table
3), with lowest values obtained by the direct protein extracts. The low stability of the
two latter emulsions may be due to a combination of electrostatic attraction between
unfolded protein and interactions with other small molecules present in the samples [1].
An increase in ESI with prolonged hydrolysis time for the salmon hydrolysates was
observed, suggesting that a higher release of small molecules is required for stabilization,
compared with shorter hydrolysis time (Figure 2). Other studies have reported a decrease
in emulsion stability in hydrolysates based on salmon heads [13], muscle proteins [15],
and chicken blood [9] when the degree of hydrolysis is increased. They attributed the
reduction in ESI to a reduction in interfacial tension and increased hydrolysis, indicating
a loss of emulsion stabilizing properties when the salmon peptides are substantially
hydrolyzed.

The ESI values for the cod hydrolysates, on the other hand, were more ambiguous,
with low levels at intermediate hydrolysis times. The highest observed levels were, how-
ever, similar for both salmon and cod, and the values decreased after 30 min holding time.
The ESI values of casein were about two times higher compared with the hydrolysates,
with values for ESI-10 = 54 £ 5 and ESI-30 = 40 =+ 4, likely due to an appropriate balance
of hydrophobic regions [1] and high film viscosity.

ANOVA of the individual enzymatic hydrolysis parameters demonstrated that there
were no significant effects of species or hydrolysis time on EAI (Figure 2(ax,cx)), whereas
Bromelain gave significantly higher values compared with FoodPro PNL (Figure 2(bx)).
The proteases Bromelain and FoodPro PNL (formerly named Protex 7L) were chosen
based on studies suggesting good emulsion properties and CMC values in hydrolysates
based on these enzymes [10,12]. The observed difference, although small, was in agree-
ment with a study on tilapia hydrolysates [12], where Bromelain gave superior emulsion
properties of the four proteases tested.

All hydrolysis parameters significantly influenced the ESI-10 levels (Figure 2(ay—cy)).
where cod, Bromelain, and 60 min hydrolysis were superior to salmon, FoodPro PNL, and
shorter hydrolysis time, respectively. This suggests that smaller peptides may be impor-
tant for emulsion stability, in agreement with other studies on fish-based substrates [17,18].
On the other hand, there have been studies suggesting a general decrease in emulsion
properties of fish-based substrates as the hydrolysis progressed [14,15], but very high pro-
tease concentration [14] and different emulsion assays [15] were applied. The PCA-plot
(Figure 1) indicates a negative association between MW < 0.2 kD and ESI. Characteris-
tic for the two direct protein extracts is a very high content (60%) of this MW fraction
(Table 2) and a low ESI. Combined, this indicates a negative effect of free amino acids on
EAI and a positive effect of higher molecular weight peptides in general. No correlations
were found between specific peptide fractions and ESI; however, the effect might reflect a
low contribution to film viscosity of free amino acids compared to peptides.

Interpretation and comparison between separate studies should be made with cau-
tion. The protein concentration applied in EAI assays strongly influences the results [17],
along with pH [18] and the equipment used [25]. These factors have been taken into con-
sideration when assessing similarities with other studies, but the challenges emphasize
the need for more standardized assay methodology. The process of emulsion formation
and stabilization is complex with many influencing factors [5], especially peptide—peptide

48



Foods 2021, 10, 38

interactions [16]. Furthermore, the relatively low ESI of the direct extracts (Table 3) shows
that the formation and stability of emulsions cannot be seen as co-dependent responses,
as they appear to depend on different peptide properties, in agreement with previous
studies [24,38].

3.4. Critical Micelle Concentration of Fish Protein Hydrolysates

The use of "TH NMR is a well-established method for determination of CMC [10,27].
In this study, the chemical shift of lactate was used to measure changes in the chemical
environment due to micelle formation (Figure 3). A full overview of the chemical shifts
with the corresponding protein concentration can be found in Table S1. A low CMC is
favorable and implies that less of the surfactant is needed to obtain maximum reduction
of the surface-tension. The lowest value of CMC was observed for the direct extracts
(Table S1) and indicated that the undigested proteins present were flexible enough to exert
a better reduction of surface-tension than their peptide moieties. The NMR technology
measures a change in the chemical environment; however, it cannot discern if the micelles
or aggregates are homogenously distributed, which indicates electrostatic repulsion
necessary for emulsifying capabilities. This may add to an explanation of the lack in
correlation between CMC and ESI (Figure 1).
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Figure 3. (a) 'H NMR spectra showing the methyl resonance of lactate around 1.3 ppm, with an
insert illustrating the change in chemical shift of lactate with decreasing protein concentration of
the salmon protein extract dilution series. (b) Determination of the critical micelle concentration
(CMC) of the direct protein extracts based on cod (C-ext) and salmon (S-ext).

An increase in hydrolysis time, and thus reduction in peptide size, gave higher CMC
values (Table 3). This was in agreement with a previous observation [10] and likely due
to a decrease in the amphiphilic nature of the peptides by extended hydrolysis [6]. The
CMC of cod hydrolysates was slightly lower compared with the corresponding salmon
hydrolysates and may be explained by the generally higher content of larger peptides in
cod-based hydrolysates (Table 2). Furthermore, the CMC values of hydrolysates based
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on Bromelain were higher than the corresponding FoodPro PNL hydrolysates, probably
due to the broad specificity of the former enzyme, leading to more disruption of the
hydrophobic areas in the peptides [36]. The obtained CMC values were lower than those
reported by Aspevik et al. [10] for salmon heads and backbones, which ranged from 6
g/L in the control sample (without proteolysis) to 11.5 g/L after prolonged hydrolysis
with FoodPro PNL. The respective values of the current study are 1.8 and 6.8 g/L. A
major difference between the two studies was the use of a 100 kDa [10] and 0.1 pm (this
study) membrane filter to remove residual lipids and fine particles in the hydrolysate
before measurement of physicochemical properties. A microfiltration step is needed to
remove interfering compounds; however, it will also partly remove higher molecular
weight peptides with negative impact on CMC. The variation in CMC between the two
studies shows that a 100 kDa filter removes more of the high MW molecules required for
low CMC values.

The negative correlation between PR and low CMC (Figure 1) suggests that a com-
promise must be met between high surface-activity and product yield. Although by
restricting hydrolysis to a degree where peptide surface-activity is retained, the lower
PR may be compensated by introduction of a cascade approach where peptide fractions
with different physicochemical properties are obtained after successive hydrolysis steps
to improve the overall process yield. Additional studies on droplet size distribution and
reduction in interfacial tension may be included to further elucidate the physicochemical
properties.

4. Conclusions

No associations between CMC and emulsion properties (EAI and ESI) of protein
hydrolysates based on cod and salmon backbones were observed. Low CMC, implying
good surface-activity, was correlated with peptides > 4kDa and hydrolysates of restricted
proteolysis. The lowest CMC and highest EAI values were obtained for products based on
direct protein extraction without hydrolysis and reflected a negative effect of hydrolysis
on CMC and EAL The ESI values of the hydrolysates were both increased and reduced
compared with direct protein extraction. The process combination of cod, Bromelain, and
60 min of hydrolysis was superior to salmon, Food Pro, and shorter hydrolysis times
with respect to this property. The EAI values of direct protein extracts were slightly
lower than casein; however, ESI values were less competitive. Hydrolysates showed
both lower EAI and ESI values compared to casein. Direct protein extraction gives
superior physicochemical properties measured as CMC and EAL however, it also results
in lower ESI and product yield compared with hydrolysis. This is further reinforced
by microfiltration to remove residual lipids and fine particles. A cascade approach is
suggested as a potential method both to improve product yield and optimize emulsifier
properties.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/foods10010038 /51, Table S1: Chemical shifts of lactate methyl resonance.
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Abstract: In the present study, we assessed the extraction of low molecular weight soluble
polysaccharides (MESP) from soybean by-products using microwave-assisted enzymatic technology
and proposed the chemical structure of MESP using Fourier transform-infrared spectroscopy;,
gas chromatography, and 'H and '3C nuclear magnetic resonance spectrum analysis. The results
suggested that MESP mainly comprised arabinose, rhamnose, and glucuronic acid with (1—4)
glycosidic linkages in the backbone. Compared with inulin, MESP was found to selectively stimulate
the growth of Lactobacillus probiotics. Moreover, the results of in vitro fermentation indicated that
MESP significantly increased the concentrations of both acetate and butyrate (p < 0.05). MESP were
treated on lipopolysaccharide (LPS)-stimulated RAW264.7 cells to determine the anti-inflammatory
effect in vitro. It was observed that MESP inhibited nitric oxide, tumor necrosis factor (TNF)-c,
interleukin (IL)-1f3, IL-6, and IL-10 production. Furthermore, Western blotting results indicated
that MESP significantly attenuated LPS-induced downregulation of phosphorylation levels of Janus
kinase 2 (JAK2) and signal transducer and activator of transcription 3 (STAT3) in macrophages.
The underlying mechanism might involve inhibition of the expression of pro-inflammatory cytokines,
presumably via JAK2/STAT3 pathway. Collectively, the results of our study paved way for the
production of MESP, which may be potentially used as nutraceutical ingredients for prebiotics and
anti-inflammatory agents, from soybean residue.

Keywords: fermentation; inflammation; microwave-assisted enzymatic extraction; nutraceutical;
polysaccharide; prebiotics; probiotics; soybean residue

1. Introduction

Soy (Glycine max) is an economical crop that has been cultivated in eastern Asian countries since
ancient times, and more recently, is increasingly used in the Western countries [1]. Soybean is used
for human consumption, since it is an abundant source of protein and oil. Soymilk consumption
has increased in most countries; however, increased soymilk production has been continuously
accompanied by soybean by-product accumulation. The residue left from soybean after aqueous
extraction from soymilk production is rich in insoluble fiber (55%) and remaining protein (30%) [2].
Several studies have been conducted on soybean by-products to identify different methodologies to
minimize the economic and environmental load of food production.

For decades, research has revealed that polysaccharides possess immense health beneficial
physiological effects including immunomodulatory [3], antiviral [4], and antioxidant activities [5].
Soybean polysaccharide and its derivatives were reported to possess hypolipemic, hypocholesterolemic,
anti-inflammatory, antidiabetic, antiobesity, anticardiovascular disease activities, and these derivatives
improved metabolic syndrome. These derivatives may be related to polysaccharide activity [6-8];
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however, soybean residue is still considered a waste product due to its low water solubility. Moreover,
the correlation between the molecular weight and health benefits of polysaccharides has already been
reported [7].

A decrease in the molecular weight of honey-processed Astragalus polysaccharide (dextran)
was accompanied by its reduced anti-inflammatory activity [9]. A similar trend was observed on
investigating a polysaccharide obtained from Schizophyllum commune [10]. He et al. [11] observed that
low molecular weight polysaccharide might reach more distal regions of the colon intact and may
lead to slower fermentation rate, which results in high prebiotic potency. Therefore, it is necessary to
find alternative strategies to obtain low molecular weight polysaccharides with high solubility and
anti-inflammatory activity from soybean residue.

Several modification methods, such as acid hydrolysis [12], autoclaving [13], and enzymatic
hydrolysis [14], have been developed to prepare soluble polysaccharides. Enzymatic hydrolysis used
for production of valuable polysaccharides has been intensively studied due to the improved extraction
yield of water-soluble polysaccharides and the simple process; however, this method requires strict
temperature and pH conditions and is time consuming [15]. In contrast, in our previous study,
microwave-assisted extraction (MAE) required shorter time, reduced solvent consumption, and lower
energy input [16]. Nevertheless, the effects of the combined use of enzymatic hydrolysis and MAE on
the bioactivities of soybean-derived soluble polysaccharides, particularly those with low molecular
weight, have not yet been investigated.

Hence, we evaluated the physicochemical characteristics and bioactivities of low molecular
weight soluble polysaccharides (MESP) derived from soybean using microwave assisted enzymatic
extraction (MAEE). MESP were isolated and purified via a Cellulose DEAE-52 column chromatography.
The in vitro chemical characteristics and biological activities, including prebiotic and anti-inflammatory
effects, of MESP were investigated.

2. Materials and Methods

2.1. Materials

The solid soy residue obtained from CJ Food Systems (Guro, Seoul, Korea) and was stored in a
freezer at —4 °C before use. Inulin from chicory, lipopolysaccharide (LPS) from Escherichia coli O111:B4,
pectinase from Aspergillus aculeatus, cellulase from A. niger were provided by Sigma Chemical (St. Louis,
MO, USA). MRS carbohydrate-free broth (MB-M0757) and MRS broth (MB-M1025) were purchased
from MB cell (Los Angeles, CA, USA). Lactobacillus rhamnosus GG ATCC 53103, L. plantarum ATCC 8014,
L. brevis ATCC 367, and murine macrophage cell line RAW 264.7 ATCC TIB71 were purchased from
the American Type Culture Collection. Penicillin-Streptomycin (10,000 U/mL), Dulbecco’s modified
eagle’s medium, fetal bovine serum (FBS) was purchased from Gibco BRL (Grand Island, NY, USA).
Bicinchoninic acid assay kit (23225) was purchased from Thermo Scientific™ (Waltham, MA, USA).
Griess reagent kit (G7921), tumor necrosis factor (TNF-«) (A43658), IL-6 (P26892), IL-10 (18893),
and IL-1p (P10749) were purchase from Invitrogen (Carlsbad, CA, USA). Mouse anti-3-actin (sc-47778),
Janus kinase 2 (JAK2) (sc-390539), phosphorylated (p)-JAK2 (sc-101718), signal transducer and activator
of transcription 3 (STAT3) (sc-8019), and p-STAT3 (sc-8059) antibodies were purchased from Santa
Cruz Biotechonlogy (Santa Cruz, CA, USA). Anti-rabbit horseradish peroxidase-conjugated secondary
antibodies (ab6721) was acquired from Abcam (Cambridge, MA, USA). All chemicals and reagents
applied were of analytical grade.

2.2. Microwave Assisted Enzymatic Extraction

The fresh soybean residue was dried at 60 °C for 3 d and followed by grounding (80 mesh)
in a FM-909 T mechanical grinder (Hanil Electric Co., Seoul, Korea) to obtain a homogeneous
soybean residue powder. The powder was pretreated with 80% ethanol at 60 °C for 5 h to remove
oligosaccharide, colored materials, and some small molecule materials. The insoluble parts were
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separated via centrifugation and dried until its weight was constant. The microwave extraction was
performed as previously described by Le, Golokhvast, Yang, and Sun [16] with minor modifications.
The pretreated powder of 10 g was accurately weighed and was immersed in 200 mL deionized water
(D0) (1:10 w/v) for 1 h in a 250 mL flat-bottomed flask. The mixture was hydrolyzed for 30 min using a
cocktail enzyme (pectinase: cellulase = 1:1, mixed enzymes: powder = 2.0%, w/v) under the microwave
irradiation power of 700 W. Thereafter, the suspension was centrifuged and concentrated to reach
20 mL by rotary evaporation under reduced pressure. Next, the mixture was precipitated with 80% (v/v)
ethanol) at 4 °C overnight. The crude polysaccharide was obtained via centrifugation, deproteinized by
the Sevag reagent (chloroform: n-butyl alcohol = 4:1, v/v) to remove the associated proteins, and finally
lyophilized through freeze drying process. The crude polysaccharide was redissolved in distilled
water and fractionated through an activated Cellulose DEAE-52 (5.0 X 30 cm) column pre-equilibrated
with distilled water and was then stepwise eluted with distilled water and 0.5M NaCl at a flow rate
of 1.0 mL/min (10 mL/tube). Each fraction was evaluated at 490 nm by phenol sulfuric acid to detect
the compounds. The main fraction was extensively dialyzed against ultrapure water at 4 °C for 48 h
(molecular weight cut-off: 3.5 kDa), and lyophilized to obtain white pure polysaccharide, namely
MESP, for further analyses.

2.3. Characterization of MESP

Total polysaccharide content was measure by the phenol-sulfuric acid colorimetric method at
621 nm using D-glucose as a standard. The molecular weight of MESP was measured according to a
method described by Zheng et al. [17]. Monosaccharide composition of MESP was determined via a
gas chromatography-mass spectrometer (6890/5973N-GC/MSD, Agilent Technologies, Santa Clara, CA,
USA) after hydrolysis with 3 M trifluoroacetic acid at 100 °C for 3 h, and then the MESP were passed
through a 0.45 um syringe filter before loading on a capillary column HP-5 ms (30 m x 0.25 mm X
0.25 um) at 25 °C. VERTEX 70 v Fourier transform infrared spectrometer (Bruker, Germany) was used
for FT-IR measurements. A potassium bromide disc that contains 1% of MESP was recorded in the
frequency range of 4000400 cm™!. MESP (30 mg) was maintained over P,Os under vacuum for several
days and then dissolved in D,O. The solid-state 'H and '3C nuclear magnetic resonance (NMR) spectra
were recorded at 25 °C on a Varian Inova 500 and 600 MHz spectrometers (Varian, Walnut Creek,
CA, USA), which were operated at 400 MHz and 101 MHz for TH and 13C NMR, respectively.

2.4. Stimulation of Probiotic Growth

The prebiotic activity of MESP was evaluated by a method described in a previous study with
minor modifications [18]. MRS carbohydrate-free broth (MB cell, Los Angeles, CA, USA) was used
as the basal medium, and MESP and inulin (positive prebiotic control) were used as the individual
carbon sources. Three Lactobacillus strains, including L. rhamnosus GG, L. plantarum, and L. brevis, were
precultured in MRS broth, centrifuged and diluted in basal MRS medium to attain 1 X 107 colony
forming units (CFU)/mL. The MRS carbohydrate-free broth containing 1% carbon source (MESP or
inulin) was dispensed as 200 pL aliquots into in 96-well U-shaped-bottom microplate; thereafter,
20 pL of logarithmic culture of each probiotic strains was added for fermentation. The growth of the
probiotics was evaluated after 24 h of incubation using an ELISA reader (BioTek Instruments, Winooski,
VT, USA) at a wavelength of 600 nm.

2.5. Short Chain Fatty Acid (SCFA) Analysis

In vitro fermentation was performed according to a previously described method [19] with
certain modifications. Fresh feces samples were obtained from three healthy individuals (2 female,
1 male, aged 22-29 years), who had not been treated with antibiotics in the last 3 months. Feces
were homogenized with 0.1 M anaerobic phosphate-buffered saline (pH 7.0) using a Bead Ruptor
Homogenizer (Omni International, NW Kennesaw, GA, USA) to make 10% (w/v) slurries. The basic
medium comprised the followings components (per liter): 0.45 g KH,POy; 0.45 g K,HPO4; 0.05 g NaCl;
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0.064 g KCI; 1.0 g MgSO4-7H,0; 0.5 g cysteine-HCI; 0.5 g bile salts, 0.05 g hemin; 0.001 g resazurin;
2.0 mL Tween 80; 0.01 mL vitamin K, with or without supplement of 8.0 g each of MESP or inulin.
The fermentation was carried out in an anaerobic chamber at 37 °C for 24 h. After fermentation,
the culture (1 mL) was dispensed into a sterile Eppendorf tube (1.5 mL) and centrifuged at 13,000x g
for 10 min to collect the supernatant. Next, the supernatants were filtered using organic phase
microfiltration membrane (0.22 mm) and analyzed by Agilent 1100 Series (Agilent Technologies,
Inc., Santa Clara, CA, USA) with a DAD detector at 210 nm equipped with a calcium-loaded
Aminex-HPX-87C column (Bio-Rad Corp., Richmond, CA, USA).

2.6. Cytotoxicity Assay

We examined the cytotoxicity of MESP on RAW 264.7 murine macrophage cells by growing
them in Dulbecco’s modified eagle’s medium supplemented with combination of penicillin and
streptomycin (final concentration of 100 units/mL and 100 pg/mL, respectively), along with 10%
fetal bovine serum at 37 °C, with 5% CO, supply. As the cells reached 80% confluence, they were
treated with different concentrations of MESP (5-1280 pg/mL) for 24 h. The cell vitality was measured
using methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay using microplate reader (F50, Tecan,
Mannedorf, Switzerland) via spectrophotometry at 570 nm.

2.7. Measurement of NO and Cytokines

To evaluate anti-inflammatory potential of MESP, RAW264.7 cells (5 X 10° cells/mL) were seeded
in a 24-well plate and adding MESP at various concentrations in the presence of LPS (1 pg/mL) in 5%
CO;y at 37 °C for 24 h. The NO, TNF-«, IL-6, IL-10, and IL-13 concentrations in the supernatant were
measured by Griess and ELISA assays according to the manufacturer’s instructions.

2.8. Western Blot Analysis

RAW?264.7 cells were rinsed with cold 1x phosphate buffer saline and detached with EDTA-free
0.25% trypsin, followed by homogenization using RIPA lysis buffer (Sigma-Aldrich, St. Louis,
MO, USA). After quantitative determination of the protein content by BCA assay kit, equal quantities
of total proteins were separated by denaturing them via 10% SDS-PAGE and then transferred to
PVDF membranes (GE Healthcare, Buckinghamshire, UK). The membranes were then incubated in
Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBST) and 5% skim milk at 37 °C for 3 h, and the
specific primary antibodies were incubated at 4 °C overnight. After several washes with TBST (0.075%),
they were incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. The targeted protein blots were developed using an enhanced chemiluminescence
(ECL) kit (ECL-plus, Thermo Scientific, USA) and detected by using a Chemiluminometer (CLINX
Scientific Instrument Co., Ltd., Shanghai, China).

2.9. Statistical Analysis

All results were performed in triplicate and expressed as mean + standard deviation. Analysis of
variance and Student’s t-test were analyzed using the SPSS software (IBM, SPSS 22.0, Chicago, IL, USA)
atp <0.05and p < 0.01.

3. Results

3.1. Polysaccharide Extraction, Isolation, and Purification

Four fractions were obtained by NaCl (0 and 0.5 M) elution (Figure 1a). Each polysaccharide
peak was collected, dialyzed, and lyophilized. Due to the lower yields observed for other eluted
fractions (1.72-11.41%), the main MESP fraction (80.86%) was selected for structural and functional
characterizations. The single and symmetrically sharp peak at 19.02 min in the MESP profile indicated
that MESP was a homogeneous polysaccharide with molecular weight of 3.32 kDa, based on the
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calibration curve of dextran (Log My, = —0.3508 X retention time + 10.193; Figure 1b). The total sugar
content of MESP was 97.69% with remaining trace amounts of protein and nucleic acid.
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Figure 1. Elution curve obtained using Sephadex G-75 gel filtration (a) and HPLC chromatograms (b).
Gas chromatography (GC) analysis of the monosaccharides (Table 1) revealed that MESP comprised
arabinose, galacturonic acid, rhamnose, xylose, galactose, glucose, and fucose at a molar ratio of

27.4:18.1:11.41:5.71:2.53:1.53:1.32, indicating that arabinose, galacturonic acid, and rhamnose were the
main monosaccharide components of low molecular weight soluble polysaccharides (MESP).

Table 1. Monosaccharide composition of okara polysaccharide.

Samole Molecular Monosaccharide Compositions (mol%)
P Weight (kDa) Ara Rha Fuc Xyl Man Gal Glc  GalA
Soybean residue 16.41 3.46 0.91 12.89 ND 27.56 10.23 20.3
MESP 34 274 1141 132 5.71 ND 2.53 1.53 18.1

3.2. Structural Characterization

The integrated structure of MESP was further assessed via FT-IR and 'H and '*C NMR. The typical
FT-IR spectrum of MESP in the 400-4000 cm~! range is presented in Figure 2a. The graft MESP
revealed strong stretching peak at 3397.8 cm™! corresponding to the hydroxyl groups (O-H) [20].
The weak absorption peak at 2919.2 cm™~! was characteristic of C-H asymmetric stretching vibration [21].
The bands at 1736.2 and 1629.6 cm™! might be due to the nonsymmetrical vibration of C=0 in the
ester group [22]. Moreover, the absorption signals at around 1473.3 and 1074.1 cm™! indicated the
presence of residual water (OH"). Furthermore, the signal observed at 1256.3 cm™~! was attributed to
the stretching vibration of C-O. Collectively, FT-IR analysis suggested that MESP possessed typical
sugar groups.

The 'H and 13C NMR spectra, illustrated in Figure 2b,c, confirmed the attribution and structural
characterization of MESP. Based on the data in existing literature, the signal of five anomeric protons at
53.18-4.18 was identified as the zone of accumulation of protons from «-D-GalA™ residues, whereas
that at 51.21-4.03 was assigned to a-L-Rhap™ [8]. The *C NMR spectrum of MESP showed no signal at
low field from 160 to 180 ppm, indicating that MESP did not contain uronic acid. Chemical shifts of
MESP are summarized in Table 2. According to the corresponding chemical shifts in existing literature,
MESP structure was proposed, as shown in Figure 2d.
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Figure 2. Fourier transform infrared spectra (a); 'H-NMR spectra (b); '3C-NMR spectra (c); and proposed
structure (d) of low molecular weight soluble polysaccharides (MESP).

Table 2. Summary of 'H and 'C chemical shifts for MESP.

. Chemical Shift Assignment of MESP
Residues

1 2 3 4 5 6
H 458 3.18 358 3.42 3.76

A —~4-a-D-Gala(l—> - 94.3 74.0 74.9 73.2 76.4 172.2
H 453 357 3.46 315 403 121

B —2)ecl-Rhap-(1—= 99.0 79.2 69.4 71.7 70.4 18.3
H 445 318 333 371 414

C a-D-GalA-(1- C 98.4 74.1 742 735 74.6 181.1
H 488 356 352 337 3.95

D S ocl-Araf (1= 0 oo 72.2 69.6 7123 61.01 15.9

3.3. MEESP Stimulated Probiotic Growth

The number of all tested Lactobacillus strains treated with MESP or inulin was remarkably increased
(Figure 3a), indicating that all Lactobacillus strains could utilize MESP and inulin. Lactobacillus exhibited
an outstanding growth rate when MESP, in contrast to inulin, was used as the carbon source.
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Figure 3. Growth of probiotics in glucose free-MRS base media with supplement of inulin or MESP (a).

OD600, optical density of a sample measured at a wavelength of 600 nm. Values are expressed as mean
+ SD (n = 3). Different letters indicate significant (p < 0.05) differences in the same strain. Cytotoxic
effects (b) and NO production (c) of MESP in RAW 264.7 cells. ## p < 0.01, compared to the control

group; * p < 0.05, ** p < 0.01, compared to the lipopolysaccharide (LPS) treated group.

3.4. Effect of MESP on SCFA Production

The pH of the cecum is lower than that of the ileum, which in turn affects the growth inhibition
of pH-sensitive pathogenic bacteria, thereby altering gut microbiota composition and promoting
host health. After in vitro fermentation, the concentrations of total short chain fatty acids (SCFAs),
including acetic, butyric, and propionic acids, were significantly higher (p < 0.05) in the MESP group
than those in the control group (Table 3), indicating that MESP enhanced SCFA production in the gut
model. A comparison of the results revealed that the concentrations of total SCFAs were significantly
higher (p < 0.05) after MESP treatment than those after inulin treatment. Acetic acid concentration was

significantly increased (p < 0.05).
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Table 3. Concentrations of short chain fatty acids (SCFAs) at different points during in vitro fermentation.

SCFAs (mM)

Sample

Fermentation Time (h)

0 6 12 24 48
Control 389+ 048 H!  4.29+0.69 cH 1648 +0.71bF 1539 +0.67cF 1548 +0.99 cF
Acetic acid 1% inulin 948 +049bG  21.86+0.89bE  29.82+0.08bC  24.36 + 0.53 bD
1% MESP 2418 +036aD  51.84+0.05aB 6948 £0.74aA  69.14 £ 0.62 aA
Control 218+ 031E 2.95 + 0.12 bE 4.85 + 0.49 bD 8.62 +0.18 bB 6.21 + 0.83 cC
Butyric acid 1% inulin 4.31 + 0.81 aD 6.14 + 0.48 aC 9.89 + 0.84 bB 9.18 + 0.23 bB
1% MESP 4.18 + 0.69 aD 6.83£041aC  1321+055aA  13.23 +0.81 aA
. Control 122+023D  1.33+0.04bD 2.89 + 0.63bD 4.26 +0.47 bC 411+ 0.84bC
Propionic 1% inulin 415 +0.28 aC 6.81 + 0.16 aB 1151+ 0.04aA  11.81 + 0.41aA
acid 1% MESP 492 +0.85aC 7.21 +0.74 aB 1221 £ 056 aA 1218 +0.07 aA
Control 9.12+0.11G 9.34 + 0.75 cG 2214 +044cE  3495+0.12bD 3243 +0.64 cD
Total SCFAs 1% inulin 11.15+0.07bF 3381 +049bD 4512 +0.17bC  44.26 +0.16 bC
1% MESP 2081+0.09aE  6331+0.18aB 8349 +0.78aA  82.46 +0.36aA

! Values are expressed as means + SD (1 = 3). Values followed by the same capital letters are not significantly
different at p < 0.05 among different samples at the same time point, while the same minuscules letter are not
significantly different among different times (p < 0.05) in the same SCFAs.

3.5. Effects of MESP on RAW264.7 Cell Proliferation

We analyzed the safe concentration of MESP on RAW 264.7 macrophage, with various MESP
concentrations wherein cell viability was determined by MTT assay. We observed that MESP at
concentrations 5-1280 pg/mL did not affect cell growth in a dose-dependent manner. (Figure 3b).

3.6. Effects of MESP on NO Production in LPS-Stimulated RAW264.7 Cells

The NO levels were markedly induced after treatment with LPS alone, whereas they were
remarkably inhibited by MESP pretreatment in a dose-dependent manner (Figure 3c). As 160 pg/mL
MESP did not present any cytotoxic effect, we propose the possibility that inhibition of NO production
was not linked to the cytotoxic effects on RAW264.7 cells.

3.7. Effect of MESP on IL-6, TNF-a, and IL-1 Release in LPS-Stimulated RAW264.7 Cells

As illustrated in Figure 4, inflammatory cytokine production was tremendously increased in
the LPS-treated group compared with that in the control group (p < 0.01), whereas TNF-«, IL-6,
IL-1p, and IL-10 production was significantly inhibited by the six tested peptides in LPS-treated
RAW264.7 cells, compared with that in the control cells. Treatment with MESP at concentration 20
pg/mL showed the strongest inhibitory activity towards TNF-«, IL-6, IL-1f3, and IL-10 at 57.2%, 30.1%,
45.7%, and 55.3%, respectively.
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Figure 4. Cont.
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Figure 4. Inhibitory effects of MESP on TNF-« (a), IL-6 (b), IL-1f3 (c), IL-10 (d) production on RAW
264.7 cells by ELISA. Values are expressed as mean + SD (n = 3). ## p < 0.01, compared to the control
group; * p < 0.05, ** p < 0.01, compared to the LPS treated group.

3.8. MESP Blocked the LPS-Triggered Inflammatory Response via the JAK2/STAT3 Pathway

We revealed that LPS induced JAK2 and STAT3 phosphorylation (Figure 5). Next, we explored
the role of MESP in JAK2 and STAT3 regulation. As illustrated in Figure 5, MESP could significantly
suppress phosphorylated (LPS-induced) JAK2/STATS3, indicating that MESP exerted anti-inflammatory
effects through the JAK2/STAT3 signaling pathway.
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Figure 5. Inhibitory effects of MESP on JAK2/STAT3 pathway activation. Immunoblot analysis of JAK2
and STAT3 protein levels (a) and quantification of protein levels (b) normalized to 3-actin. ## p < 0.01,
compared to the control group; * p < 0.05, ** p < 0.01, compared to the LPS treated group.

4. Discussion

In the present study, crude polysaccharide was extracted from soybean residue by MAEE extraction
and then fractionated using the Cellulose DEAE-Sephadex A-25 column. The extraction yield was
73.8%, which is comparable to that (previously reported value ranging from 7.09-85%) obtained using
alkaline hydrogen peroxide, enzymatic hydrolysis, autoclaving, fermentation, and ultrasonic-assisted
extraction [23-25]. In MAEE, the extraction time was shorter than that in microwave-assisted extraction
(0.5-2 h), whereas the extraction temperature was lower than that for autoclaving (121 °C); moreover,
enzyme loading of MAEE extraction was lower than that of enzymatic hydrolysis using cellulase and
pectinases, thereby suggesting that MAEE extraction was more efficient and eco-friendly. In a previous
study, numerous heterogeneous polysaccharides isolated from soybean residue (okara) presented
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monosaccharide compositions comprising mainly galacturonic acid, galactose, arabinose, xylose, fucose,
and rhamnose [2,26]. Furthermore, enzyme treatment increased arabinose content in polysaccharides
obtained from tea leaf and pulp [27,28], and in accordance with our results. This demonstrated that
MESP was a pectin-like polysaccharide with rhamnose and galacturonic acid forming its backbone.

To evaluate the growth stimulating effects of MESP on probiotics, MESP was used as the single
carbon source for Lactobacillus spp. cultivation. Meanwhile, the medium without a carbon source was
used as a negative control, whereas inulin (commercial prebiotic) was used as a positive control to
compare its effects with those of MESP. Our results were in accordance to those of previous in vitro
and in vivo studies, which revealed that soybean oligosaccharides and soluble polysaccharides could
stimulate Lactobacillus and Bifidobacterium growth [29-31]. Soybean soluble polysaccharides, which are
rich in GalA and Ara, were reported to stimulate Lactobacillus fermentum and L. plantarum growth by
49.5 and 5.25 times, respectively [29]. A similar result was observed, demonstrating that consumption
of high-dose soybean oligosaccharides could promote Bifidobacterium and Lactobacillus proliferation in
a mouse model [32]. This indicated that MESP was a good substrate for facilitating probiotic growth.

SCFAs are the main end-products obtained fermentation of dietary fiber by gut microbes in the
colons [19]. This increase was consistent with the change in the number of Lactobacillus spp. (known as
lactate producers). Enriched acetate production has been reported in numerous inulin intervention
studies [14,29]. Moreover, a similar result has been documented when soybean oligosaccharides were
used. Zhou, et al. [33] found that the fermentation of mini-pig-supplemented soybean oligosaccharides
increased acetic, propionic, and butyrate acid production, and this could be corrected by increasing the
number of Lactobacillus spp. Our results indicated that MESP exerted better effects on SCFA production
and richness than inulin, and this might be due to the more diverse monosaccharide compositions
of MESP.

Macrophages are crucial immunocytes and play a pivotal role in protecting the host from certain
pathogens and maintaining homeostasis [34]. Our result revealed that MESP exerted no toxicity
toward RAW264.7 cells, and this was in accordance with the results of previous studies [32,35].
Moreover, soybean oligosaccharide was considered “generally recognized as safe” material in the
United States. To estimate the suppressive effects on NO, pro-inflammatory mediator in LPS-induced
inflammation, RAW264.7 cells were treated with MESP at serial concentrations for 4 h before treatment
with LPS (1 pg/mL). These data suggested that MESP exerts anti-inflammatory activity towards
RAW264.7 cells. To determine the underlying anti-inflammatory mechanisms of MESP, we evaluated
the production of inflammatory cytokines, which are crucially involved in the inflammatory response.
The immunomodulatory capacities were affected by the different monosaccharide compositions of the
MESP, and this was in accordance with the results of a previous study [35]. Furthermore, the (1—4)
glycosidic bond, which is the main type of linkage formed in MESP, might partly be responsible for the
immunoregulatory activity of MESP [36,37]. A previous study showed that soybean curd residue at
higher concentrations (800-1600 ug/mL) significantly downregulated LPS-induced TNF-« and IL-1f3
protein expression [38]. Additionally, admixtures of soybean soluble polysaccharides and genistein
reduced IL-1, IL-6, and TNF-« levels in high-dose L-carnitine-fed mice [39]. Recent studies have
confirmed the importance of JAK2/STAT3 in the macrophage inflammatory response [40,41]. STAT3 is
a protein that mediates the expression of numerous cytokines such as IL-6 to promote inflammation.
p-STAT3 can subsequently translocate into the nucleus and bind to DNA response elements, and it is
generally activated by regulating the activity of the cytoplasmic tyrosine kinase JAK?2 [42]. Further
evidence that the JAK2/STATS3 signaling pathway could be activated by a series of cytokines, including
TNEF-«, IL-1$3, and IL-6, has been presented [43].

5. Conclusions

The present study revealed that the use of MAE extraction, followed by anion exchange
chromatography, allowed the production of low molecular weight (3.32 kDa) MESP from soybean
residue. MESP mainly comprised galacturonic acid, rhamnose, and arabinose with copious (1—4)

62



Foods 2020, 9, 1808

glycosidic linkages in its backbone. MESP exhibited remarkable in vitro prebiotic properties, including
stimulation of Lactobacillus growth and SCFA production. Furthermore, MESP possessed potential
anti-inflammatory activity that might be mediated by inhibiting NO, IL-6, IL-1f3, IL-10, and TNF-«
production by suppressing the JAK2/STAT3 pathway in LPS-stimulated RAW264.7 cells.
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Abstract: Melon by-products, that currently lack high value-added applications, could be a sustainable
source of bioactive compounds such as polysaccharides and antioxidants. In this work, melon peels
were extracted with water to remove free sugars, and the water-insoluble solids (WISs) were subjected
to hydrothermal processing. The effect of temperature on the composition of the obtained liquors and
their total phenolic content was evaluated. The selected liquors were also characterized by matrix
assisted laser desorption/ionization-time of flight mass spectroscopy (MALDI-TOF MS), fourier
transform infrared spectroscopy (FTIR) and high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD), and its phenolic compounds were identified
and quantified by high-performance liquid chromatography-diode array detector-tandem mass
spectrometry (HPLC-DAD-MS/MS). In addition, the spent solids from the hydrothermal treatment
were characterized and their potential use was assessed. At the optimal conditions of 140 °C
(severity 2.03), the total oligosaccharide yield accounted for 15.24 g/100 g WIS, of which 10.07 g/100 g
WIS were oligogalacturonides. The structural characterization confirmed the presence of partially
methyl esterified oligogalacturonides with a wide range of polymerization degrees. After precipitation,
16.59 g/100 g WIS of pectin were recovered, with a galacturonic acid content of 55.41% and high linearity.

Keywords: melon by-products; hydrothermal treatment; pectin-derived oligosaccharides;
oligogalacturonides; phenolic compounds; antioxidant activities

1. Introduction

Around 1300 million tonnes of food are discarded every year, between production and
consumption [1]. For instance, in Europe alone, 88 million tonnes of food waste were generated in 2012,
of which about 39% arises from manufacturing activities [2,3]. It would be equivalent to 20% (w/w) of
the total food produced and a generation of 173 kg of food waste per person per year [3].

In particular, waste and by-products from the fruit and vegetable processing industries, which are
characterized by a high fraction of discards, are in fifth place in the ranking of total food waste in Europe,
assuming 8% of the total [4,5]. These wastes, with high contents of moisture and microbial loads,
have an important contribution to the global environmental burden, and currently, they are mainly
destined for low value-added applications, such as composting or animal feed [4,5]. In addition,
the requirements of European regulations regarding the prevention, management and landfill of
waste (Directives (EU) 2018/851 and (EU) 2018/850), support the growing need to find alternatives for
their valorization that allow them to be re-incorporated into productive processes as raw materials,
thus adopting the principles of circular economy and the concept of industrial symbiosis [6,7].

In this context, one of the most consumed fruit crops worldwide is melon (Cucumis melo L.) [8].
According to information provided by the Food and Agriculture Organization of the United
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Nations (FAO), its annual production (Cucumis melo L.) has recorded slight fluctuations over the last
ten years, between 25.5 and 27.3 million tonnes [9]. It is often used for minimal fresh processing as
cylinders, cubes or slices [10] or for the production of juices, jams, compotes or dehydrated pulp [11,12].
The processing by-products account for around one third of the weight of the fruit and would be
mostly made of skin and lower percentages of pulp and seeds [13].

Melon by-products have high contents of polysaccharides and minerals, as well as bioactive
compounds with antioxidant activity, including phenolic compounds such as flavonoids and
phenolic acids, with important applications in several food and pharmaceutical industries [14-18].
One of the main components of the melon peel is pectin [19,20], a complex heteropolysaccharide found
in the plant cell walls of many agro-industrial by-products, consisting of a backbone of galacturonic
acid (GalA) with alternating ‘smooth” and ‘hairy’ regions [21,22]. Homogalacturonans (HGs) represent
the smooth regions, which are composed of GalA linked by «-(1,4) glycosidic bonds and constitute
about 65% of the pectin, while rhamnogalacturonans (RG-I and RG-II) form the hairy region, with RG-I
being the main branched structure of pectin, constituting 20-35% of the molecule [21]. In RG], the GalA
backbone is often interrupted by rhamnose units bearing neutral sugar side chains composed mainly
of galactose and arabinose [22]. This polymer displays important applications in the food industry as
thickener, gelling agent, stabilizer, encapsulant and edible food packaging films [23-25]. Moreover,
pectin-derived oligosaccharides are reported as emerging prebiotics and in recent years they are being
studied for their potential health benefits [21,23,26].

In the last decade, autohydrolysis has been applied successfully for the extraction of pectic
oligosaccharides from several fruit by-products, such as lemon peels [27], orange peels [28],
sugar beet pulp [29], pomegranate peels [30] or mango peels [31]. The hydrothermal processing,
carried out in pressurized hot water, is catalyzed by the hydronium ions of the reaction media as
well as by the acids generated in situ. This green technology allows the selective solubilization of
hemicelluloses, yielding a pre-treated solid fraction enriched in cellulose and lignin, suitable for further
applications in a bio-refinery context [32-35]. Temperature and time are the main factors affecting this
treatment, and their effect can be measured by combining the two variables into a single parameter
called the severity factor (Rg) [33].

The application of bioactive compounds in the formulation of novel functional foods has been
drawing the attention of researchers due to the health benefits associated with their consumption and the
high demand and acceptance that they nowadays are having in the market [36-38]. Melon by-products,
that currently lack high value-added applications, could be considered as a cheap and sustainable
source of these compounds [5,39]. However, the literature concerning extraction technologies for the
production of bioactive compounds from melon by-products is limited. For instance, the extraction of
melon peel pectin with citric acid has been optimized recently by Muthukumaran et al. [20]. In another
study, Raji et al. [19] assessed the influence of several acids on the extraction of melon peel pectin,
obtaining the highest pectin yield (29%) with citric acid. Several studies focused on the recovery
of the phenolic fraction by conventional alcoholic extraction [8,14,40], aqueous wet grinding [41] or
ultrasound assisted extraction [42] have also been reported. More recent studies [11,43] evaluated the
extraction of bioactive compounds (total phenolics, chlorophylls, total carotenoids and vitamin C)
from several melon parts by ultra-turrax homogenization in alcoholic media.

However, to the best of our knowledge, despite the important content of pectin of the melon peels,
no literature dealing with the extraction and characterization of pectin-derived oligosaccharides with
phenolic content from these by-products is available. Hence, the need for additional research focused
on its extraction and characterization, since the polysaccharide structure has an important role in their
functionality and applications [23,44].

Therefore, this work evaluates the suitability of non-isothermal autohydrolysis for the
production of melon by-products extracts enriched in functional pectic oligosaccharides with
antioxidant activity. The liquid phases obtained were assayed for their chemical composition,
total phenolic contents and antioxidant activities (by DPPH (x,x-diphenyl-B-picrylhydrazyl),
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ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and FRAP (ferric reducing antioxidant
power) methods). The identification and quantification of the main phenolic compounds was
also performed by HPLC-DAD-MS/MS. Additional information about the pectic oligosaccharides
composition has also been provided by FTIR and MALDI-TOF. Finally, in order to propose further
bio-refinery stages, the spent solids were characterized and their susceptibility to enzymatic hydrolysis
was also studied.

2. Materials and Methods

2.1. Standards

The standards used for determination were: arabinose (99%), xylose (99%), rhamnose monohydrate
(99%), galacturonic acid monohydrate (97%), acetic acid (96%), formic acid (99%), gallic acid (97.5%),
trolox (97%), digalacturonic acid (85%), trigalacturonic acid (90%) and polygalacturonic acid (90%),
purchased from Sigma-Aldrich (Steinheim, Germany); glucose (98%), purchased from Scharlau
(Barcelona, Spain); galactose (99%), mannose (99%) and fructose (98%), purchased from Panreac
(Barcelona, Spain). For the identification of phenolic compounds, 4-hydroxybenzoic acid (99%),
p-coumaric acid (98%), gallic acid (97.5%), salicylic acid (99%), tyrosol (98%), sinapic acid (98%) and
caffeic acid (98%) were purchased from Sigma-Aldrich (Steinheim, Germany); ferulic acid (99%) and
vanillic acid (97%) were purchased from Sigma-Aldrich-Fluka (Steinheim, Germany).

2.2. Raw Material

Melon by-products (var. piel de sapo) consisting of peels with a small amount of seeds were
kindly supplied by FreshCut, S.L. (Vigo, Pontevedra, Spain), a company dedicated to the development
and marketing of fresh cut products. They were cut into small pieces and frozen at —18 °C until use.

2.3. Aqueous Extraction of Melon by-Products

Melon by-products (MPs) were centrifuged (SV4028, AEG Electrolux) at 2800 rpm for 15 min,
separating the extracts from the solid fraction. The solid fraction was then washed with distilled water
for 15 min at room temperature in a 2 L stirred reactor (20 g of water/g of oven dry MP), and centrifuged
again for 15 min. The resulting water insoluble solids (WISs) were ground in a regular coffee grinder
and then frozen until use, except a small fraction that was dried in an oven at 60 °C for analysis.

2.4. Autohydrolysis

Wet WIS samples were mixed with water in a liquid to solid ratio of 20 kg/kg (oven dry basis)
in a 0.6 L stainless steel reactor (model 4842 from Parr Instruments, Moline, IL, USA). Based on the
literature concerning pectin-rich raw materials [27-29] and on preliminary experiments (data not
shown), the hydrothermal treatments were performed under non-isothermal conditions in the range
of temperatures from 130 to 165 °C. Figure 1 displays the temperature profiles followed during the
heating and cooling of all the experiments carried out in this work. With the purpose of facilitating the
comparison between different reactors, the combined effects of temperature and time can be expressed
in terms of the severity (Sp). This parameter is defined as the logarithm of the severity factor R [45]
and it is calculated by the following equation:

So =1logRy = log(RoneaTING + Rocooring)

1
_ log(j(‘)tMax eXp(T(t):UTREp) % dt + ﬁ:/};ax exp( Tl(t)‘;TREF)X dt) ( )

where )4, is the time (min) needed to achieve the target temperature of each treatment (fy1,,, °C);
tr is the time (min) of cooling; T(t) and T’(t) (°C) represent the temperature profiles in the heating and
cooling stages, respectively; and w and Trgr are parameters whose values are fixed according to the
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literature (w = 14.75 °C; Trer = 100 °C). The calculated values of Sy for the performed experiments are
also included in Figure 1.

180
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Figure 1. Heating and cooling temperature profiles determined for the autohydrolysis experiments
carried out at all conditions assayed.

After each autohydrolysis treatment, the solid and liquid phases were separated by manual
pressing using a cloth bag. The liquid phases were weighed to determine liquor recovery and stored at
4 °C until further analysis, and the solid phases were washed with water, dried in an oven at 60 °C,
weighed and subjected to moisture determination in order to calculate the solid yield. Aliquots of
the autohydrolysis liquors and the spent solids of the optimal treatment were analyzed using the
methodology described below.

2.5. Pectin Precipitation

Ethanol was added to the autohydrolysis liquor obtained at the optimum conditions to a final
concentration of 75% v/v. After mixing, the solution was allowed to stand at 4 °C overnight, after
which it was centrifuged (Rotixa 50 RS centrifuge, Hettich Lab Technology, Tuttlingen, Germany) at
4000 rpm (radius of 211 mm) for 20 min and subsequently washed with 96% ethanol. After separation
by centrifugation, the washed precipitate was oven dried at 55 °C until constant weight and redissolved
in water for analysis.

2.6. Enzymatic Hydrolysis of Autohydrolyzed Solids

The dried spent solids from hydrothermal treatment at the selected conditions were treated
by enzymatic hydrolysis to assess their digestibility. The enzyme cocktail used contained
endopolygalacturonase (Viscozyme L from Aspergillus aculeatus, 50 U/g spent solid), cellulase
(Celluclast 1.5L, 12 filter paper unit (FPU)/g spent solid) and (-glucosidase (Novozym 188,
5 international unit (IU)/FPU cellulase). The enzymes used in this study were kindly supplied
by Novozymes, Madrid, Spain. The hydrolysis was carried out at 37 °C and pH = 5 for 48 h.
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2.7. Analytical Methods

2.7.1. Analysis of the WISs and Spent Solids from Autohydrolysis Treatment

The dried WISs and solids from hydrothermal treatment were subjected to moisture (TAPPI
T-264-om-88 method) and ash (T-244-om-93 method) determination. Protein was calculated using
the nitrogen content (6.25 g protein/g nitrogen), which was determined with a Thermo Fisher Quest
Flash EA 1112 analyzer, using 130 and 100 mL/min He and O, and an oven temperature of 50 °C.
Metals were analyzed using a fast sequential atomic absorption spectrometer after digestion in an
MLS-1200 Microwave Labstation mega with 5 mL of HNO3 65% (w/w), 1 mL of HyO, 30% (w/v)
and 0.5 mL of HF 40% (w/w). Conventional quantitative acid hydrolysis with 72% (w/w) H,SO4
(TAPPI T13 m method) was used to determine the content of hemicelluloses, glucan and lignin.
The solid residue from hydrolysis was recovered by filtration, oven-dried and considered as Klason
lignin (TAPPI T13 m assay), and the liquid phase was analyzed for monosaccharides (thamnose and
arabinose) and acetic acid (coming from acetyl groups) by high-performance liquid chromatography
(HPLC) using an Agilent 1260 equipped with a refractive index (RI) detector with an Aminex HPX-87H
column (BioRad, Life Science Group, Hercules, CA, USA) operating as follows: mobile phase,
3 mM H)SOy; flow, 0.6 mL/min; temperature, 50 °C. Another separation with an Aminex HPX-87P
column (BioRad, Life Science Group, Hercules, CA, USA) was performed for the determination of
glucose, xylose, galactose, arabinose and mannose, operating with deionized water as the mobile phase,
at a flow rate of 0.4 mL/min at 80 °C. The arabinose content was calculated as the average of the
results obtained by both columns. The liquid phase was also subjected to uronic acid determination by
spectrophotometry using galacturonic acid as a standard for quantification [46].

2.7.2. Chemical Characterization of Liquors

The samples of liquors from hydrothermal treatments were filtered through 0.45 um membranes
and used for the direct HPLC determination of galacturonic acid, rhamnose, arabinose, formic
acid and acetic acid using the same method employed in the analysis of the WIS fraction with an
Aminex HPX-87H column. Another aliquot of filtered liquors was quantified for glucose, xylose,
galactose, arabinose, mannose and fructose using an Aminex HPX-87P as described for the WIS fraction.
For the determination of OGalA (oligogalacturonides), another sample of liquors was subjected to
total enzymatic posthydrolysis using cellulases (Celluclast 1.5 L) and an endopolygalacturonase
(Viscozyme L from Aspergillus aculeatus) at 37 °C and pH = 5 for 40 h, with a cellulase loading
of 5 FPU/g liquor and an endopolygalacturonase loading of 45 U/g liquor [27,47]. The neutral
oligosaccharides were quantified by quantitative posthydrolysis (4% (w/w) sulphuric acid at 121 °C for
20 min). The reaction products of both posthydrolyses were assayed by the same HPLC methods using
the already mentioned columns. The increase in the concentrations of monosaccharides and acetic
acid caused by posthydrolysis provided a measure of the oligomer concentration and their degree
of substitution by acetyl groups (Ac-O). OSs (oligosaccharides) were expressed as monosaccharide
equivalents. The content of non-volatile compounds (NVCs) was measured by oven-drying at 60 °C
until constant weight. Other non-volatile compounds (ONVCs) were calculated by difference as
(NVCs—monosaccharides—oligosaccharides)/NVC. Protein and ash were determined using the same
methods as for the solid fractions. All determinations were made in triplicate.

2.7.3. Total Phenolic Content (TPC)

The total phenolic content of autohydrolysis liquors was determined according to the
Folin—Ciocalteau method [48]. Aliquots of the samples (500 pL), water as blank and gallic acid
standards (10-80 mg/L) were mixed with water (3.75 mL), and Folin-Ciocalteu chemical (1:2 v/v; 250 pL)
and NayCOs3 (10% w/v; 500 pL). These mixtures were kept in darkness at room temperature for 1 h
and their absorbance was then measured at 765 nm. The results were expressed as mg of gallic acid
equivalents (GAE)/g dried WISs. All samples were analyzed in triplicate.
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2.7.4. Antioxidant Activity

Antioxidant capacity was evaluated using three different methods, namely DPPH
(o, a-diphenyl-B-picrylhydrazyl), ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and
FRAP (ferric reducing antioxidant power) according to the methodology described by Gullon et al. [49].
In all antioxidant capacity assays, Trolox was used as a standard and results were expressed as mg
Trolox equivalents (TE)/g dried WISs as the mean of three replicates.

2.7.5. Identification and Quantification of Major Phenolic Compounds Using HPLC-DAD-MS/MS

The profile of phenolic compounds was analyzed using an Agilent model 1260 Infinity
(Palo Alto, CA, USA) connected directly to a mass detector AB SCIEX Triple Quad 3500 (AB Sciex,
Foster City, CA, USA) equipped with a turbo V™ electrospray ionization source (ESI), and to a
Waters 996 photodiode array detector. The separation was carried out on a Phenomenex Luna
C18 column (150 mm X 2 mm; 3 um), with an injection volume of 5 uL and a flow of 300 pL/min.
The mobile phase was 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B).
The gradient used was: 98% A (v/v), 0—4 min; 98-80% A (v/v), 4-7 min; 80-10% A (v/v), 7-14 min;
10% A (v/v), 14-15 min; 10-98% A (v/v), 15-17 min. The mass spectrometer was run in positive and
negative ionization, using N, as the nebulizer and collision gas, with an ion spray voltage of 4500 V,
source temperature of 400 °C and nebulizer gas pressure of 55 psi. The compounds were identified
by the comparison with the corresponding standards, based on retention time data, extracted ion
chromatograms and MS/MS spectra. For the quantification, calibration curves were made by using
different concentrations of the standards and plotting them against peak areas.

2.7.6. Structural Characterization of the Extracted Oligogalacturonides (OGalA)

To obtain detailed information on the structural characteristics of solubilized oligogalacturonides
at the optimal temperature of autohydrolysis, the liquors were freeze-dried and were analyzed using
different analytical techniques including FTIR, HPAEC-PAD and MALDI-TOF.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of the oligogalacturonides was performed on a Nicolet 6700 Spectrometer.
A total of 34 scans were accumulated in transmission mode with a resolution of 4 cm~!. The spectrum
was obtained in a range of 4000400 cm™'.

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD)

The oligogalacturonides were analyzed by HPAEC-PAD using an ICS3000 chromatographic
system (Dionex, Sunnyvale, CA, USA), fitted with a CarboPac PA-1 column (2 mm i.d. X 250 mm)
in combination with a CarboPac PA guard column (2 mm i.d. X 25 mm) and an ISC3000 PAD
detector. HPAEC-PAD was performed following the pectic oligosaccharides (POS) identification
method described by Gomez et al. [27]. GalA with DP 1, 2 and 3 were used as standards, as well as a
mixture of OGalA prepared by the hydrolysis of a 1% (w/w) solution of commercial polygalacturonic
acid at 121 °C for 40 min at pH = 4.4 adjusted with NaOH [27].

Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectroscopy (MALDI-TOF MS)

The absolute masses of oligogalacturonides were obtained by MALDI-TOF MS, using an Ultraflex
workstation (Bruker Daltonics, Billerica, MA, USA), operating in reflectron mode and positive polarity.
Sample preparation was performed according to the protocol described by Gémez et al. [50] using
2,5-dihydroxybenzoic acid (DHB) as the matrix. Data were acquired and processed by means of the
Flex Control and Flex Analysis software (Bruker Daltonics, Billerica, MA, USA), respectively.

71



Foods 2020, 9, 1702

3. Results and Discussion

3.1. Chemical Characterization of the Raw Material

As is the case for other food by-products, the MPs are characterized by a high moisture content
(90.05%). In order to eliminate free sugars and other water-soluble compounds, which would
decompose into undesirable compounds during the hydrothermal treatment, a centrifugation stage
and aqueous extraction followed by further centrifugation was proposed. The chemical composition of
the MP extracts and water insoluble solid (WIS) fractions obtained is shown in Table 1. The extractives
accounted for 42.21% of the raw material and contained mostly sugars (especially glucose and fructose)
and some protein and organic acids. The remaining WISs (57.79% of the raw material) were mainly
made up of glucan (includes glucose from cellulose and other glucose moieties) and Klason lignin
(24.54 and 19.96%, respectively), followed by protein and galacturonan (11.36 and 11.99%), and minor
amounts of other polysaccharides or substituents. Ash and some minerals were also determined,
highlighting the content of potassium and magnesium. In general, the presented data are in range
of that found in recent literature for melon peels [8,15,16,51]. However, the results showed sample
variability and reported clear differences in the chemical composition, for instance, in the protein and
ash contents (ranges from 3.25 to 19.14% and from 3.67 to 11.13%, respectively). They are thought
to be related with the variety of plant used, the state of ripening of the fruit and/or the analytical
methodology used in each case.

Table 1. Chemical composition of the aqueous extracts and the water-insoluble solids (WISs) on a

dry basis.
Component Content
Extracts (g/100 g extracts)
Glucose 36.40 + 3.18
Sucrose 535+ 0.24
Fructose 45.79 + 0.26
Uronic Acids 2.79 £ 0.04
Citric Acid 5.59 + 1.00
TPC 0.89 + 0.02
Protein 10.81 £ 1.05
WIS (g/100 g WIS)
Glucan 24.54 +0.10
Xylan 489 +£0.21
Galactan 3.31+0.21
Mannan 1.54 £ 0.04
Arabinosyl S. 1.56 +0.11
Acetyl Groups 2.05+0.35
Galacturonan 11.99 + 0.69
Klason lignin 19.96 +1.72
Protein 11.36 + 1.86
Ash 3.36 + 0.03
mg/100 g WIS
Iron 8.74 £ 3.97
Potassium 863.01 + 109.81
Manganese 1.83 +0.36
Magnesium 218.73 + 50.57

Compared with other pectin-rich raw materials that have also been used for pectic oligosaccharides
extraction, such as lemon and orange peels, MPs contain a similar glucan content, considerably higher
proportions of lignin and protein as well as a lower amount of galacturonan [27,28]. However,
the sugar beet pulp presented comparable protein content but a much higher percentage of arabinosyl
substituents and lower galacturonan and lignin [29].
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3.2. Effect of Hydrothermal Processing on Autohydrolysis Liquors

WIS samples were subjected to non-isothermal autohydrolysis at maximum temperatures in
the range of 130-165 °C or Sy between 1.74 and 2.77, according to temperature profiles shown in
Figure 1. This treatment mainly causes the solubilization of the pectin, protein and other hemicellulosic
fractions as well as low molecular weight phenolic compounds, yielding spent solids with increased
proportions of glucan and lignin [27-30]. Therefore, as expected, in this study, the percentage of
solubilization of WISs increased with the temperature of the treatment reaching a maximum value of
36.46 g/100 g WIS in the experiment performed at 165 °C. A similar trend has been previously observed
during the autohydrolysis treatment of lemon and oranges peels, reaching higher percentages of
solubilization in both cases, with values close to 50% and greater than 60%, respectively, under the
same operational conditions [27,28].

Depending on the severity of the treatment, the autohydrolysis liquors contain different
proportions of high molecular weight polymers, oligomers as well as monomers and sugar degradation
products, among others. The degree of polymerization and the substitution pattern of the extracted
oligosaccharides are also affected by the treatment severity. Itis well known that the structural attributes
play an important role, since it is evident that the chemical and physicochemical features can affect,
for instance, the cholesterol-lowering ability, prebiotic potential or emulsifying properties [21,23].
Therefore, the successful modulation of the treatment severity can be used to obtain tailored
oligosaccharides suitable for industrial/food applications and to limit carbohydrate decomposition or
lignin solubilization, which would result in the presence of undesired compounds in liquors.

3.2.1. Liquor Composition

Most of the autohydrolysis soluble products are non-volatile compounds (NVCs), which are
quantifiable by oven-drying the liquors. These NVCs are made of oligosaccharides, monosaccharides,
organic acids and other compounds (ONVCs). This fraction includes protein, protein-derived
compounds, soluble minerals, and acid soluble lignin.

Figure 2 shows the severity dependence of the mass fraction of NVCs and ONVCs in the
autohydrolysis liquors (expressed as g per 100 g WIS treated). The lowest NVC content was noted
at 130 °C, and then this parameter gently increased in experiments carried out at temperatures between
140 to 165 °C, with values between 23.22 and 28.99%. Regarding ONVCs, in this kind of raw materials
when operating at low to moderate severities, this fraction would contain mostly protein and soluble
minerals. However, as can be seen in Figure 2 when the autohydrolysis was performed at 165 °C,
higher NVC and ONVC contents have been detected in the reaction media. This fact would be related to
the increase in the solubilization of WISs and to the presence of decomposition reactions, which would
result in the generation of undesirable compounds, such as furans or organic acids, also reported
in previous studies [27,52]. Oligosaccharides made the most part of the NVC at all the treatment
temperatures, fluctuating between 59 and 66% of this fraction at temperatures of 130-155 °C and
then decreasing down to 54% at 165 °C, due to further depolymerization and degradation reactions.
In addition, other components present in the NVC of all the autohydrolysis liquors are monosaccharides
(in the range of 8-10 g per 100 g NVC) and organic acids (6-11 g per 100 g NVC).

The ratio of total OSs to ONVCs increased from 2.5 to 3.5 at temperatures from 130 to 140 °C and
then gradually decreased down to 2.2 at 165 °C, similarly to the results reported for lemon and orange
peels and sugar beet pulp, where this ratio decreased from 4 or 5 at the lowest temperatures assayed to
1 or 0 at the most severe ones [27-29].
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Figure 2. Temperature dependence of the concentration of NVCs and ONVCs in the reaction liquors.
NVC, non-volatile compound; ONVC, other non-volatile compound or impurity.

In order to provide additional information about the chemical composition of autohydrolysis
liquors, Figure 3 shows quantitative information on oligosaccharides (determined as monosaccharide
equivalents and expressed as g per 100 g WIS treated). The total oligosaccharides content increased
with the severity of the treatment up to reach a maximum of 16.28 g/100 g WIS in the experiment
performed at 150 °C. As can be observed in Figure 3, oligogalacturonides (OGalA), the main component
of the liquors, showed a similar pattern, with the highest contents being between 140 and 150 °C.
They exhibited a maximum of 10.41 g/100 g WIS at 150 °C, corresponding to a conversion yield of 80.02%
(g of OGalA monomer equivalents in liquors/100 g of galacturonan monomer equivalents in the WISs).
As expected, higher severities led to liquors with decreased OGalA suggesting their depolymerization.
Other oligosaccharides detected were mostly GalOS (galactose units in oligosaccharides), followed by
AraOS (arabinose units in oligosaccharides), and smaller contents of glucose, acetic acid, mannose,
rhamnose and xylose units in oligosaccharides (GOS, Ac-OS, ManOS, RhaOS and XOS, respectively).
The temperature dependence of GalOS, AraOS, RhaOS and Ac-OS is shown in Figure 3, whereas the
sum of ManOS, XOS and GOS by simplicity has been included in the other oligosaccharides fraction.
In general terms, the percentages of GalOS, AraOS, RhaOS and Ac-OS gradually increased in all the
temperature range evaluated, reaching values of 3.87, 1.53, 0.55 and 0.61 g/100 g WIS, respectively,
at 165 °C. However, other compounds such as GOS have experienced only slight variations, remaining
close to an average value of 0.56 g/100 g WIS in all the conditions assayed.

In this study, galacturonan presented higher susceptibility to hydrolysis reactions than other
polymers which required greater treatment severity. For instance, Galacturonan into OGalA, Galactan
into GalOS and Arabinosyl S. into AraOS conversions close to 60% were obtained in experiments
carried out at 130, 150, and 140 °C, respectively. A maximum temperature of 165 °C was required to
reach a complete conversion of Galactan into GalOS, whereas in the case of OGalA the maximum was
obtained at 150 °C (80.02%). Similar patterns have been found for lemon and orange peels and sugar
beet pulp, with the highest OGalA solubilization at temperatures between 150 and 160 °C, whereas
higher severities were needed for the optimum extraction of other oligosaccharides [27-29].
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Figure 3. Temperature dependence of the oligosaccharides. OGalA: oligogalacturonides; GalOS:
galactose units in oligosaccharides; AraOS: arabinose units in oligosaccharides; RhaOS: rhamnose units
in oligosaccharides; Ac-OS: acetic acid units in oligosaccharides; OS: oligosaccharides.

The selectivity of the autohydrolysis treatment was confirmed by the low conversion yield
of glucan into GOS which oscillated around 2% for all the severities assayed, therefore leaving
solid fractions with interesting proportions of glucan and applications in further biorefinery stages.
Other studies working with higher maximum temperatures found an increasing GOS yield with
increasing temperature [27-29]. The total oligosaccharides to monosaccharides ratio, with values
between 6 and 9 (with the maximum at 150 °C), also gives insight into the selectivity of the process.
The monosaccharides (MS) fraction showed small variations in the interval studied, with an average
value close to 2 g/100 g WIS. It was mainly constituted by fructose and glucose, followed by galactose
and arabinose (coming from arabinan, galactan or arabinogalactan) and some xylose. There is a lot of
variation in the OS/MS ratios found in the literature for liquors rich in pectic oligosaccharides recovered
by autohydrolysis. For instance, lemon peel liquors had ratios decreasing from 6 to 2 when increasing
the treatment temperature [27], while orange peel and sugar beet pulp liquors had much higher
ratios with maximums of 16 and 47, respectively, both at a treatment temperature of 150 °C [28,29].
Formic acid was the main degradation product generated from glucose and fructose degradation,
whose production increases with the treatment temperature up to 0.72 g/100 g WIS at 165 °C. This value
is considerably higher than those found at the same temperature in sugar beet pulp autohydrolysis
liquors (0.38 g/100 g sugar beet pulp) [29], lemon peel waste liquors (about 0.16 g/100 g WIS) [27],
and orange peel liquors (about 0.21 g/100 g WIS) [28].

The amount of liquors recovered was also influenced by the treatment severity. At 130 °C only a
75% (w/w) of the liquors were recovered, lowering the yields obtained. At temperatures from 140 to
160 °C this parameter reached a value of about 85% and lastly at 165 °C it increased to 90%. Previous
studies with similar raw materials related higher water retention capacity with the pectin content
of the solids [27,28], therefore, increased liquor recovery would be associated with increased pectin
fraction solubilization.

Taking into account that there are no important differences in the results obtained for the recovery
of OGalA in the temperature range between 140 and 150 °C, the lowest temperature, 140 °C, was chosen
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as the optimum treatment temperature, resulting in an average OGalA content of 10.07 g/100 g WIS,
corresponding to a yield of 77.42% and a total oligosaccharide content of 15.24 g/100 g WIS. In this study,
a lower operating temperature allowed higher yields than the ones achieved in the optimum for water
insoluble substrates of orange peels (66.23% at 160 °C) and sugar beet pulp (56.77% at 160 °C) and
similar to that in water insoluble substrates of lemon peels (79.32% at 160 °C). However, due to a
minor presence of galacturonan in the raw material, the resulted OGalA content was lower for MPs
than for lemon, orange and passion fruit peels (18.28, 13.96 and 13.78 g/100 g WIS), sugar beet pulp,
two different cultivars of pomegranate peels and pomelo peels (12.06, 13.58, 14.71, 15.04 g/100 g
raw material, respectively) [27-30,53,54]. There have also been studies that yielded a lower OGalA
content, probably due to a lower pectin content in the raw material: 8.46 and 6.49 g/100 g raw material
for apple pomace and cacao pod husks and 7.82 g/100 g WIS for jackfruit peels [55-57]. Under the
selected operational conditions, the degree of acetylation was 15.26 mol of acetic acid/100 mol of
galacturonic acid, in between those determined in the optimum for orange peels and sugar beet pulp
(5.56 and 50.66 mol of acetic acid/100 mol of galacturonic acid, respectively) [28,29].

The non-volatile impurities were 18.97 g/100 g NVC, in range with those reported for lemon and
orange peels and sugar beet pulp (15-18 g/100 g NVC) [27-29]. However, further analysis of the liquors
allowed concluding that in MPs, the ONVCs would be justified by protein and ash, with contents of
2.82 g/100 g WIS (corresponding to a solubilization yield of 24.80 g protein in liquor/100 g protein
in WISs) and 2.27 g/100 g WIS (solubilization yield of 67.34 g ash in liquor/100 g ash in WISs), respectively.
Sugar beet pulp contains a similar amount of protein to water insoluble melon substrate. However,
the generally lower protein yields in the recovered liquors (3.95 to 27.09 g protein in liquor/100 g
protein in sugar beet pulp at temperatures from 140 to 180 °C) could explain the lower ONVCs reported
previously for this raw material [29].

3.2.2. Antioxidant Potential

Another aspect assessed in this work was the antioxidant potential of the liquors from MPs.
Phenolic compounds are commonly recovered from fruits and vegetables by aqueous—organic
extractions, but an important part of the phenols contained in these raw materials are not extractable
by conventional methods. They are called macromolecular antioxidants and include high molecular
weight phenols and the low molecular weight ones linked to macromolecules like pectin [58,59]. Hence,
there is interest in studying new technologies for the recovery of phenolic compounds in pectin-rich
raw materials, since its solubilization could allow access to a macromolecular fraction and thereby
increasing its extraction performance.

In this context, this study proposes the hydrothermal treatment, since it has been previously studied
for the same purpose with several raw materials such as vine shoots, spent coffee grounds, peanut and
hazelnut shells, pomegranate and mango peels and purple corn cob, among others [30,31,49,52,60-62].
According to the literature data, the recovery of phenolic compounds by this technology could be
achieved by partial lignin depolymerization and by the hydrolysis of low molecular weight phenols
bound to oligosaccharides [49,63].

With the aim of knowing the impact of hydrothermal treatment on WISs, the total phenolic content
(TPC) and antioxidant activities (DPPH, FRAP and ABTS assays) of all the autohydrolysis extracts
obtained has been determined. As can be seen in Figure 4, both TPC and activities increased with
temperature, reaching the highest values at the highest temperature studied (TPC of 8.96 mg GAE/g
WIS and activities of 3.19, 4.85 and 19.63 mg TE/g WIS determined by DPPH, FRAP and ABTS methods,
respectively). Moreover, all the antioxidant activities assayed are in good correlation with the TPC,
with R? of 0.89, 0.96 and 0.84 for DPPH, FRAP and ABTS, respectively.
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Figure 4. Effects of the autohydrolysis temperature on the total phenolic content (TPC) and
antioxidant capacity of the extracted liquors by DPPH («,a-diphenyl-p-picrylhydrazyl), ABTS
(2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and FRAP (ferric reducing antioxidant
power) assays.

According to Pérez-Jiménez and Saura-Calixto [58], the melon peel of the “Piel de sapo” variety
presents a polyphenol content of 9.68 mg GAE/g dw (dry weight) peels, of which 67% are non-extractable.
On this basis, the autohydrolysis treatment at 165 °C would have extracted 93% of the total amount
contained in the raw material. Although it would be feasible to improve the extraction yield increasing
treatment temperatures, with the reported information, it seems reasonable to assume that 165 °C
could be close to the optimal treatment temperature for the recovery of phenols. However, due to
the typical variability of this kind of raw materials, to confirm this assumption still requires a more
exhaustive characterization.

At the optimal temperature selected for the production of pectic oligosaccharides, 140 °C,
the phenolic content and antioxidant activities were much lower (TPC: 1.89 mg GAE/g WIS,
DPPH: 0.65 mg TE/g WIS, FRAP: 0.83 mg TE/g WIS and ABTS: 7.52 mg TE/g WIS). The TPC was
lower than the total extractable polyphenols (3.16 mg GAE/g MP) determined by Pérez-Jiménez
and Saura-Calixto [58] with the same melon variety, and within the range provided for the
peels of other melon varieties when the extraction was carried out using conventional solvents
(1.11-7.03 mg GAE/g MP) [14,40,42]. Certain studies focused on the co-production of oligosaccharides
and phenols in aqueous media from peanut shells, spent coffee grounds, chestnut shells, or purple
corn cob resulted in higher TPC contents; but in all these cases, given the different nature of the
substrates, a considerably higher treatment severity was required to reach the optimal extraction
efficiency [52,62,64,65]. The recovery of the phenolic compounds that remain in the solid fraction after
melon peel treatment at 140 °C is key for the complete valorization of melon by-products. With this aim,
a sequential second stage is currently underway in our laboratories and it will be addressed in
future works.

Further HPLC-DAD-MS/MS analysis of the extracts allowed the identification and quantification
of three phenolic acids. The main compound detected was 4 hydroxybenzoic acid, with a content
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of 7.85 ug/g WIS, followed by salicylic and p-coumaric acids (0.51 and 0.12 pg/g WIS, respectively),
as shown in Figure S1. This finding is in agreement with previous studies, where hydroxybenzoic
acids were also predominant [8,58]. However, other compounds such as gallic acid, catechin or
flavones, that were not found in autohydrolysis liquors, were reported in important quantities in melon
by-product hydro-alcoholic extracts [8,14,66]. These differences could be associated with the melon
variety, the state of ripening, the extraction techniques or analytical methodologies.

3.3. Pectin Recovery from Autohydrolysis Liquor

Pectin was recovered and purified from the autohydrolysis liquor obtained at 140 °C by
precipitation using an ethanol concentration of 75% v/v. As shown in Table 2, the pectin yield
was 16.59 g/100 g WIS, in dry weight, with a galacturonic acid content of 55.41% (91.23% of the
galacturonic acid present in the original liquor). When comparing with the citric acid extraction, greatly
differing melon peel pectin yields (3.24-29.48%) and lower galacturonic acid contents (indicating lower
pectin purity) (47-48%) were reported [19,20]. Concerning similar raw materials, several autohydrolysis
studies found a wide range in the galacturonic acid content of the obtained pectin, with higher values
for the pomelo peels (76.62%) [54] and lower for apple pomace (48%) [55], both of which presented
moderately higher pectin yields than this work (19.6 and 17.55%, respectively). Regarding other OSs,
GalOS and AraOS also achieved good recoveries, both close to 70%, whereas the other oligosaccharides
remained mostly in the liquid phase.

Table 2. Chemical characterization of the selected autohydrolysis liquor and the precipitated pectin.

Autohydrolysis Liquor Recovered Pectin

Recovery Yield
Chemical Composition (g/100 g dw)
NVC (g/100 g WIS) 23.22 16.59 71.43
GOS 2.50 0.14 4.07
XOS 1.40 0.00 0.00
GalOS 8.15 8.05 70.50
ManOS 1.97 0.00 0.00
AraOS 4.62 437 67.47
RhaOS 1.56 0.51 23.37
Ac-0S 2.05 1.57 54.68
OGalA 43.38 55.41 91.23
Protein 12.13 6.10 35.94
Ash 9.75 6.88 50.40
TPC 0.81 0.33 29.21
Other Parameters

Moisture (%) 98.65 7.02

OS/MS ratio (w/w) 7.56 104.15

DA (molar %) 15.26 9.15

HG * (molar %) 62.34 77.75

RG-I* (molar %) 27.71 22.03

HG/RG-I 2.25 3.53

Sugar Ratios ** (w/w)
1 Wléalw 2.76 429
o Rha 0.04 0.01
GalA
3 Ara+Gal 8.17 24.27
Rha

* Determined as defined by M’sakni et al. [67]. ** Calculated according to Houben et al. [68]. GalA: galacturonic acid;
Rha: rhamnose; Gal: galactose; Ara: arabinose; Xyl: xylose; HG: homogalacturonan; RG: rhamnogalacturonan.

The composition of the precipitated pectin can give more insight into the structure of the solubilized
oligosaccharides. A recent study shows that hot water treatments are efficient for the extraction of
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the HG region of pectin with rhamnose contents of 0.5-0.6%, indicating a low RG-I content [69].
Our results confirm this finding, by increasing HGs and decreasing RG-I in the precipitated pectin,
meaning that some of the branched oligosaccharides solubilized would be too degraded to be recovered
by precipitation.

Moreover, the sugar ratios can also help to obtain information on the polymeric level [68,70],
since sugar ratio 1 measures of the linearity of pectin, sugar ratio 2 indicates the contribution of
RG-I to the pectin population and sugar ration 3 compares the amount of RG-I side-chain sugars to
rhamnose [68]. In this case, the higher sugar ratio 1 in the precipitate proves the recuperation of the
more linear region pectin, with a lower RG-I content (according to the sugar ratio 2 calculated value);
whereas the high sugar ratio 3 indicates that the recovered RG region would be highly branched
with GalOS and AraOS. Furthermore, the lack of XOS, ManOS and GOS shows that the co-extracted
hemicelluloses and cellulosic oligomers were not precipitated with the pectin. A similar linearity and
RG-I content, but less branching (sugar ratios of 5.9, 0.01 and 11.38) has also been reported in apple
pomace pectin recovered by hydrothermal treatment at the same temperature [55].

Besides oligosaccharides, the recovered pectin contained a substantial amount of protein and some
phenolic compounds (6.10 and 0.33 g/100 g dw, respectively), with recovery yields of 35.94 and 29.21%.
Moreover, another important parameter to consider would be the OS/MS ratio, which increased from
7.56 to 104.15, with the recovered pectin having a monosaccharide concentration of just 0.67 g/100 g dw.

3.4. Structural Characterization

The properties of the recovered oligosaccharides are conditioned not only by their chemical
composition but also by their structure, such as the degree of substitution or molecular weight
distribution [34,71]. Therefore, a more detailed analysis of the final product can give more insight into
its potential applications [71]. Several analytical techniques are often used in the literature to assess
the effect of a treatment on the structure of the resulting oligosaccharides. For instance, FTIR and
nuclear magnetic resonance (NMR) can be used to confirm the presence of characteristic functional
groups or bonds [34,71,72], SEC allows for the determination of molecular weights and polydispersity
index [26,32,70,71] and HPAEC-PAD and MALDI-TOF MS are commonly used to determine degrees of
polymerization in oligosaccharides, with MALDI-TOF MS also being able to identify the composition
of oligomers based on their molecular weight [26]. In this context, the liquors obtained in this
study at 140 °C were freeze-dried and analyzed by complementary techniques: MALDI-TOF MS
and HPAEC-PAD; and both the freeze-dried liquors and the pectin recovered by precipitation were
analyzed by FTIR.

Both FTIR spectra (Figure 5) show similar bands to those of pectins found in the bibliography,
especially the purified pectin with more intense peaks [19,20,31,70,72,73]. The peak at 3200~3500 cm ™!
corresponds to OH stretching as a result of hydrogen bonding in pectin [19,31,71]. The peak between
2800 and 3000 cm ™ is related to stretching and bending vibrations of alkyl groups in the carbohydrates
making up the pectin [20,31,71]. The observation of methyl esterified carboxyl groups (-COOCHj,
at 1738-1740 cm™!) and free carboxyl groups (-COO~, at 16051606 cm™!) confirmed the presence of
pectin with some degree of methyl esterification [19,31,72]. Using these two peaks and the calibration
curve determined by Manrique and Lajolo [74], the degree of methyl esterification (DM) of the OGalA
extracted in this work was estimated to be 41% (molar) for the autohydrolysis liquor and 50% for
the recovered pectin. However, these values might actually be higher, since the considerable protein
content of these extracts could be showing peaks at 1650 and 1539-1558 cm™!, overlapping with the
1606 cm™! band [70]. The increase in DM when recovering the pectin is in agreement with the literature
regarding hot water treatments, which tend to extract pectins with high DM [69]. Free carboxyl groups
also show weaker bands at 1410-1440 cm ™! related to symmetric stretching [19,73,75]. Other weaker
and less relevant bands are the ones at 1370-1372 cm™!, that could be caused by CH stretching
vibrations [72,75] and the one at 1329-1332 cm ™1, that could be related to the COO- functional group in
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pectin [20]. The patterns between 1200 and 800 cm™~! represent the “finger print” area, which is unique
to a compound, making its interpretation a complicated matter [19,73].
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Figure 5. FTIR spectra recorded for the autohydrolysis liquors and recovered pectin.

The degree of polymerization (DP) of the oligogalacturonides was determined by MALDI-TOF MS.
Table 3 displays the mass signals in MALDI-TOF spectra and suggested oligomeric structures
(all compounds were identified as sodium or potassium adducts). The MALDI-TOF MS data confirmed
the presence of a wide variety of complex oligomers, with the main products being combinations of
galaturonic acid in the range of 1-11 with neutral sugars (mainly hexoses, pentoses and rhamnose) and
substituted by acetyl and methyl groups. Overall, the complex chemical structure determined for the
oligomeric compounds obtained from the melon peels is similar to what it has been reported for other
oligosaccharides obtained by enzymatic hydrolysis from lemon peels [76]. Furthermore, HPAEC-PAD
analysis (Figure 6) showed OGalA with DP from 5 to over 20 (using commercial polygalacturonic acid
(PGA) as standard).

Table 3. MALDI-TOF results and suggested structures of autohydrolysis liquors at 140 °C.

m/z Structure
648.52 Pent,GalAAcyNa
847.58 HexPentRhaGalA,;MeNa
980.57 Pent;GalAsMeNa
1174.34 HeXGalA4 M84 AC5Na
1463.65 Hex,GalAgMe3Na
1603.34 GalAgMesAcy,Na
1790.94 Pent,GalA;Mez AcsNa
1889.26 Pent;GalAgMe3Na
2409.23 Hex; PentzGalAgMe AcyNa
2641.94 HexyPentGalAgAcK

3498.19 HexyPent,RhazGalA11MesAczNa

Hex: hexose; Pent: pentose; Rha: thamnose; Ac: acetyl group; GalA: galacturonic acid; Me: methyl group.
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Figure 6. HPAEC-PAD of melon peel extracts and standards (DP1, DP2, DP3 and PGA).

3.5. Valorization of the Autohydrolysis Spent Solids

Melon peels can be considered an abundant, renewable and cheap source of biomass whose
complete valorization to obtain various biobased products is an interesting strategy from an economic
and environmental point of view. In this context, the potential application of the spent solid recovered
from the selected hydrothermal treatment has been evaluated. It should be noted that operating at
140 °C, the solid yield was 72.88%, hence the importance of its valorization. The main components
of the autohydrolyzed solid were glucan and Klason lignin, with values of 31.26 and 30.59 g/100 g
spent solid, respectively, and percentages of recovery for both fractions of 93% and close to 100%.
These results are better than those previously reported for the autohydrolysis of other raw materials
rich in pectin. When sugar beet pulp and orange and lemon peels were treated under similar severities,
the percentages of glucan recoveries were in the range of 75-80% and in the case of citric peels, lignin
recoveries close to 92% were achieved [27-29]. The selected operational temperature allowed reaching
high pectic oligosaccharide extraction, whereas, as could be expected, other hemicellulosic fractions
remained in the spent solid; since according to the literature their solubilization requires higher
temperatures [34,52,77]. This leads to the fact that small amounts of xylan, galacturonan and galactan
were also detected in the autohydrolyzed solid (6.90, 5.79 and 2.78%, respectively), which are followed
by acetyl groups, mannan and arabinosyl substituents, with values lower than 2%. The behavior
pattern of these compounds during autohydrolysis could be related with structural features, since they
could be part of some hemicellulosic polysaccharides or be linked to the galacturonic acid of pectin.

Taking into account the chemical composition of the spent solid recovered in the autohydrolysis
of melon peels at 140 °C, it would be plausible to implement a second autohydrolysis step to obtain
a solid fraction enriched in cellulose with potential applications, and a liquid fraction with a higher
phenolic content [78]. For instance, this cellulose would be suitable for the biotechnological production
of fermentable sugars, or for the production of nanocellulose [13]. In this work, the digestibility of
the spent solid was assessed without further processing, by subjecting it to an enzymatic hydrolysis
using an enzyme cocktail, specifically a mixture of endopolygalacturonase, cellulase and 3-glucosidase.
Under the experimental conditions selected (see in the Materials and Methods Section), after 24 h of
saccharification, 79.83% of the glucan was solubilized, yielding a solution with 22.41 g/L of glucose.
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Other compounds, such as galactose and galacturonic acid, were also detected in the reaction medium,
but in much lower amounts (3.29 and 2.7 g/L, respectively). Further increases in the hydrolysis time
led to glucan conversions into glucose up to 87.65% after 48 h.

4. Conclusions

Pectic oligosaccharides with antioxidant activity were recovered from melon by-products using
an environmentally friendly process. The raw material was subjected to a water extraction to release
free sugars and the remaining solid was treated by autohydrolysis in non-isothermal conditions.
The selected temperature for this treatment was 140 °C (severity of 2.03), achieving a liquor with a total
oligosaccharide content of 15.24 g/100 g WIS, of which 10.07 g/100 g WIS were OGalA. A structural
characterization confirmed the presence of OGalA with a degree of methyl esterification of at least 41%
and a wide range of polymerization degrees. These liquors also exhibited antioxidant activity and
contained a considerable amount of protein (2.82 g/100 g WIS), with a negligible amount of non-volatile
impurities. The pectic oligosaccharides were successfully recovered by precipitation, producing a
mostly linear pectin with 55.41% of galacturonic acid. In conclusion, an environmentally friendly
process was developed for the valorization of melon by-products, through the production of pectic
oligosaccharides with protein content and antioxidant activity, and potential applications in the food
and pharmaceutical industries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/11/1702/s1,
Figure S1: HPLC UV/VIS chromatograms of melon peel autohydrolysis liquors at 140 °C.
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Abstract: During recent decades, consumers have been continuously moving towards the substi-
tution of synthetic ingredients of the food industry by natural products, obtained from vegetal,
animal or microbial sources. Additionally, a circular economy has been proposed as the most
efficient production system since it allows for reducing and reutilizing different wastes. Current
agriculture is responsible for producing high quantities of organic agricultural waste (e.g., discarded
fruits and vegetables, peels, leaves, seeds or forestall residues), that usually ends up underutilized
and accumulated, causing environmental problems. Interestingly, these agri-food by-products are
potential sources of valuable bioactive molecules such as tannins. Tannins are phenolic compounds,
secondary metabolites of plants widespread in terrestrial and aquatic natural environments. As they
can be found in plenty of plants and herbs, they have been traditionally used for medicinal and
other purposes, such as the leather industry. This fact is explained by the fact that they exert
plenty of different biological activities and, thus, they entail a great potential to be used in the food,
nutraceutical and pharmaceutical industry. Consequently, this review article is directed towards
the description of the biological activities exerted by tannins as they could be further extracted from
by-products of the agri-food industry to produce high-added-value products.

Keywords: tannins; valorization; circular economy; biological properties; health benefits

1. Introduction
1.1. Tannins as Target Compounds

Tannins are a diverse group within phenolic compounds widely distributed in nature.
They are secondary metabolites of plants usually produced as a result of stress and they
exert a protective role, including photoprotection against UV rays and free radicals or
defense against other organisms and environmental conditions, such as dryness [1-3].
Tannins are a heterogeneous group, having molecular weights between 500 and 20,000 Da
and very different chemical structures [4]. Tannins have been demonstrated to exert
different biological activities, such as antioxidant activity. This property is related to their
chemical structure as they possess phenolic rings able to bind to a wide range of molecules
and act as electron scavengers to trap ions and radicals [2,4]. Generally, tannins possess
about 12-16 phenolic groups and five to seven aromatic rings per 1000 Da [5]. They
also present plenty of hydroxyl groups, which confer on them hydrophilic properties,
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solubility in aqueous solvents and also the ability to form complexes with proteins,
carbohydrates, nucleic acids and alkaloids [6,7]. Regarding tannin classification, they
have been historically classified into hydrolyzable tannins (HTs) and condensed tannins
(CTs), and the latter are also called proanthocyanidins. Nowadays, the classification
according to their chemical characteristic and structural properties has been updated.
Thus, tannins can be grouped into gallotannins, ellagitannins, CTs, complex tannins (CoTs)
and phlorotannins (PTs, an exclusive class of tannins found in the algal species of the
Phaeophyceae class) [1,2,8]. A schematic representation of tannin structural classification
is presented in Figure 1.

HYDROLYZABLE TANNINS CONDENSED TANNINS COMPLEX TANNINS

OH HO

HO. OH
DeLIEE
HO

(o] Q © OH
e EaWse
i

4
2
Flavan-3-ol nomenclature

o

W : PHLOROTANNINS

o1

on

subumit .

| Phloroglucinol " G ™.
oH
|

of

on
n
h g
o @i HO (o]
o

Eckol

Ellagitannins

Figure 1. Structural classification of tannins. Functional groups are shown in circles.

HTs have owned their name as they can be hydrolyzed by weak acids/bases, pro-
ducing carbohydrates and phenolic acids because of the reaction [3]. They are formed by
glycosylated gallic acid units [9], which can be either ellagic acid (EA) or gallic acid (GA),
forming ellagitannins (ETs) and gallotannins (GTs), respectively [3,10]. ETs are formed
by simple to multiple units of hexahydroxydiphenol (HHDP) connected to a polyol core.
After hydrolysis and the breakdown of C-C bonds between suitably orientated galloyl
residues of glucogalloyl molecules of HHDP, they are converted into EA units [2,11,12].
The abundant variety of structure has been observed within this group, due to the dif-
ferent possibilities in the formation of oxidative linkages [7]. On the other hand, GTs
are considered as simpler HTs and are formed by galloyl or digalloyl units coupled to
a polyol, catechin or triterpenoid unit, in the form of pentagalloyl glucose (PGG). They
can yield GA from the hydrolysis reaction [2,13]. HTs can be mainly found in fruits,
berries, legumes, leafy vegetables and different tree species [3,9]. They have been widely
employed in the leather industry and they have been studied for their antioxidant and
antimicrobial properties [3].

CTs or proanthocyanidins account for more than 90% of the world commercial
production of tannins [3]. They are polymeric or oligomeric flavan-3-ols, formed by the
combination of A (phloroglucinol or resorcinol) and B (catechol or pyrogallol) rings [2,14]
(Figure 1). When these compounds are heated in ethanol solutions in acidic conditions,
they are decomposed into anthocyanidins [7]. The combination of these flavan-3-ol
monomers gives rise to the formation of procyanidins (PCs) (composed of catequins
and epicatechins) or profisetinidin, prorobinetidin and prodelphindin (composed of
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(epi)fisetinidol, (epi)robinetinidol and (epi)gallocatechin units) [2,15]. Particularly, these
type of tannins are commonly found in fruits, berries, cocoa and some drinks such as
wine, beer or tea [9].

Finally, CoTs and PTs will be briefly described. CoTs are tannins of high molecular
weight, created as a result of the bonding between flavan-3-ols with either GTs or ETs. This
type of tannin can be obtained from tree species such as Quercus sp. and Castanea sativa [6].
Finally, PTs are polyphenols obtained from brown marine algae and formed by phloroglu-
cinol (1,3,5-trihydroxybenzene) (PG) synthesized via the acetate—-malonate pathway. They
are grouped into six major groups (fucols, phloroetols, fucophloroteols, fuhalols, car-
malols and eckols) depending on to the type of bonds between PG units and their content
of hydroxyl groups, being more complex with a higher level of PG units [16,17]. These
tannins, which can represent up to 30% of seaweeds’ dry weight, have been demonstrated
to exert antimicrobial, photoprotection or antioxidant activities, among others [17,18].

Although tannins have been sometimes linked to unpleasant organoleptic properties,
they have also shown plenty of properties and applications. Some of these properties are
antioxidant, antimicrobial or anti-inflammatory, among others, which have given rise to
their use in the food, nutraceutical and pharmaceutical industry [19]. Additionally, their
toxic effects have been assessed [1]. Particularly, they have been proposed as natural food
additives able to enhance the safety and the shelf life of products and also as clarification
agents in drinks [20]. Furthermore, tannins have been used as adhesives and coatings,
foams or adsorbents, among many other applications [3]. Different species containing
diverse tannins have been included as part of patents that aim to exploit their properties
and to create innovative applications (Table 1).

Table 1. Examples of patented tannin applications.

Tannins Properties Patent No.

Punicalin, punicalagin, pedunculagin, Treatment or prevention of cognitive and

tellimagrandin, corilagin, granatine a and b, neurodegenerative disorders, metabolic syndrome, US20190000867A1

terminalin type 2 diabetes, dyslipidemia or obesity.
Functional food and beverage with increased

Punicalagins antioxidant capacity for preventing or treating EP2033526A1
hypercholesterolemia and/or hypertension

Chestnut tannins Antlo?adan.t or ant.l—mlcroblal addljclve, or agent for EP2904910B1
reducmg nitrosamines or mycotoxins

Ellagitannins Treatment of bacterial infections US20110105421A1

GA, EA, isoquercitrin, tellimagrandin I and II, Inhibition or prevention of obesity, lipid storage

pedunculagin, TGGs, PGG and (reducing blood triglyceride levels), hyperlipemia, US7687085B2

di-galloyl-hexahydroxydiphenoyl-D-glucose arteriosclerosis and thrombosis

. . . Regulation of the synthesis and secretion of

Gallotannins and ellagitannins cytokines, including TNF- and IL-1p US20080070850A1
Anti-inflammatory or anti-allergic agent by the
inhibition of histamine release from mast cells.

Ellagitannins Regular oral administration of product can EP0727218A3
ameliorate or prevent rhinitis, atopic dermatitis or
asthma

1,3 4-tri-galloylquinic acid, galloylshikimic acid

derivatives strictinin, corilagin, castalagin, . .

vescalagin, chebulinic acid, chebulagic acid, Inhibition of t.he propagation in human cells of a CA2001898A1

. © . . . : human retrovirus (HIV)

punicalin, punicalagin, punicacortein C,

cannamtannin B2
Inhibition of Gram-positive bacteria (Staphylococcus

Tellimagrandin aureus) growth, anti-inflammation and leukemia US8975234B2

treatment

GA: gallic acid; EA: ellagic acid; PGG: pentagalloylglucose; TGG: trigalloylglucose; AP: aerial parts, F: flowers, L: leaves, P: petals, R: roots,

S: seeds, St: stems. ns: not specified.
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1.2. Circular Economy and Exploitation of By-Products

In this context, the wide variety of biological activities exerted by tannins and
their natural sources are the perfect scenario for the implementation of a valorization
strategy. In recent decades, natural products and ingredients have gained an increasing
demand instead of the use of synthetic additives. Consumers opt for this option as
they are safer, ecofriendly and they show plenty of health benefits, while avoiding side
effects associated with synthetic antimicrobials [21,22]. Additionally, the concept of
a circular economy has been boosted in recent years, whose principal idea relies on
closing loops, creating complete cycles of production [23]. Several studies have suggested
that the food production system could join the circular economy model by adapting its
manufacture model and valorizing by-products of the agri-food industry [24]. Hence,
considering that tannins are widely distributed among vegetation of the terrestrial and
aquatic environments and the disposal of by-products of the agri-food industry such
as leaves, peels or seeds that can be used as tannin-rich sources, valorization of tannin
recovery might be a feasible approach [2,25,26]. Besides, brown algae are also potential
sources of tannins as they are easily harvested, sometimes underutilized and, in other
cases, considered as invasive species and, thus, their elimination from the environment
is advisable [27]. The presence of tannins in agricultural wastes opens the possibility to
obtain them from sustainable and affordable sources. This sustainable approach must
further be supported by the continuous search for and optimization of novel extraction
methods (i.e., solid liquid, ultrasound, microwave, supercritical fluids or high-pressure
extraction) together with the use of green solvents [2,28]. Then, obtaining added-value
products from underutilized by-products contributes to the development of a circular
economy. Altogether, these measures would contribute to lowering the environmental
impact of human activity, generate new and affordable added-value products and reduce
the economic cost of recycling and waste management [29]. Yet, waste derived from
tannin-containing plants can be used to extract these valuable products, with multiple
potential applications [30].

Considering the aforementioned properties of tannins and their availability in na-
ture, this review article is aimed at compiling the main biological activities of tannin-rich
extracts to evaluate their potential use for food, nutraceutical and pharmaceutic applica-
tions, valorizing by-products of the agri-food industry as potential sources to produce
added-value tannin-based products.

2. Biological Activities of Tannin-Rich Extracts

As aforementioned, tannins represent a chemical defense barrier for plants and algae
that improve the response against pathological attacks and adverse abiotic conditions.
The biological activity in plants and algae has prompted their utilization as traditional
remedies to treat numerous diseases or infections. Currently, the biological effects of
purified tannins or tannin-rich extracts (containing additional biomolecules) have been
evaluated in vitro and in vivo using animal models, and more recently by clinical trials
performed on humans [31]. Most of these research works have been focused on the
study of the bioactivities of plants containing high amounts of tannins or, less commonly,
purified tannins, to disclose their potential for developing innovative applications in
the field of medicine, pharmacology, cosmetics, botany and/or veterinary medicine [10].
Among the biological activities of tannins, the most relevant ones are antioxidant, anti-
inflammatory, anti-diabetic, cardioprotective, healing and antimicrobial (antiviral and
antibacterial) [10,32] (Table 2).
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Table 2. Tannin-rich genera with some representatives and their tannin chemical profile, including major compounds and

their reported bioactivities.

Source Species Classification Compounds Bioactivities Ref.
Antioxidant,
A. mearnsii CT Epi-FIS derivatives anti-inflammatory, [33,34]
antimicrobial
Acacia sp. PoGG, EA, GA,
diGA, Antinociceptive,
A. nilotica CT epi/gallocatechin, anti-inflammatory and [35,36]
dicatechin antipyretic
derivatives
Antioxidant,
anti-inflammatory,
antidiabetic,
Castanea sp. C. sativa HT CAST, VES/ EA, cardioprotective, [37-45]
chestanin
antimicrobial,
antifungal,
antidiarrheal (vet.)
Antiplatelet,
. EA, pedunculagin, cardioprotective,
Juglans sp- J. regia HT casuariin antiatherogenic and [46-48]
anti-inflammatory
L. corniculatus CT Heteropolymers PC: Improvement of
Lotus sp. L. pedunculatus CT PD animal performance [49-51]
Picea sp. P abies CT - Antioxidant (food 52]
preservative)
. Punicalagin, Antiviral (herpes
Punica sp. P. granatum HT punicalin, geraniin ~ simplex-2, hepatitis B) [53,54]
Castalin, vescalin, Antioxidant
Quercus sp. Q. robur HT CAST, VES, GA, EA, L. L [65-57]
antidiabetic
PoGG
Antimicrobial,
anti-inflammatory;
. CT GA, QUERG, . ’
Rhus sp. R. coriaria HT CYANG derivatives 1mm.unomod.ulatory, [58,59]
antiapoptotic and
healing
CYANG, GA, Antioxidant,
. malvidin-3- anti-inflammatory;,
Rubus sp R. fruticosus CT galactoside, vanillic antidiabetic and [60,61]
acid gastroprotective
. Eckol, dieckol, ..
S. fusiforme PT fuhalols Antioxidant [62]
Sargassum sp. Antioxidant,
. PG, diphlorethol, bi- antibacterial,
S muticum PT and tri-fuhalol A, B antiproliferative, [63]
anti-inflammatory
FIS-catechin
Antioxidant,
S. lorentzii cT polyrr}ers TGG’ PGG, antimicrobial, [64-67]
HT quinic acid-GA .
. . anthelmintic
Schinopsis sp. esters
Antioxidant,
S. balansae CT ProFIS polymers antimicrobial, [1,64-108]
anthelmintic
Terminalia sp. T. chebula HT Chebl,}héléc acid, Anti-inflammatory [68]
Antioxidant,
Vitis sp. V. vinifera CT Galloylal’ieg PC, PC, anti-inflammatory, [69]
antiobesity

Definitions: CAST: castalagin, CT: condensed tannin, CYANG: cyanidin-3-glucoside, EA: ellagic acid, FIS: fisetinidin, GA: gallic acid,
GT: gallotannin, HT: hydrolysable tannin, PC: procyanidin, PD: prodelphinidin, PG: phloroglucinol; PGG: pentagalloylglucose, PoGG:
polygalloylglucose, PT: phlorotannin, QUERG: quercetin-3-glucoside, TGG: trigalloylglucose, VES: vescalagin.
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2.1. Antioxidant

Tannins, as other polyphenols, present the ability to scavenge diverse free radicals
and inhibit lipid peroxidation. In fact, their content increases under stressful conditions
in cellular pro-oxidant states. This activity is related to the presence of phenolic rings in
the chemical structure of the compound and also the degree of polymerization [2,70].

The application of tannins as antioxidants has been evaluated in living cells. For ex-
ample, tannic acid is commonly utilized as purified tannin. Its antioxidant capacity
has been demonstrated in an in vitro assay based on fibroblasts irradiated with UVB
to create an oxidative environment that led to cellular damage, simulating photoaging.
Tannic acid showed strong antioxidant properties, a broad UV absorption spectrum and
also an inhibitory activity towards collagenase and elastase. Thus, this tannin acid was
demonstrated to prevent photodamage by attenuating the evaluated oxidation levels and
diminished photoaging parameters [71]. The antioxidant activity of many other types of
tannins has been evaluated. In a previous study, the ability to prevent lipid peroxidation
of diverse phenolic compounds, including 25 tannins (both CTs and HTs at 5 ug/L), was
assessed in rat liver mitochondria. The results displayed that HTs, like pedunculagin,
PGG and chebulinic acid, were the most effective inhibitors. This suggest that the pres-
ence of structures such a galloyl, HHDP or dehydro-HHDP are involved in the inhibition
of lipid peroxidation [72]. Similar results were observed when different tannins (CTs:
catechin and epigallocatechin-gallate; HTs: PGG and geraniin) were used to inhibit the
effects of the induced lipid peroxidation in mouse lens [73]. The seed coat from Phaseolus
vulgaris was used to extract and purify tannins and flavonoids and the antioxidant activity
of these compounds was tested using a liposome assay. Delphinidin and petunidin-3-
glucoside were the most active tannins, showing an activity close to the 50% of that of the
synthetic antioxidant butylated hydroxytoluene (BHT) [74]. Another work characterized
a CT form from Diospyros kaki and then analyzed its antioxidant capacity by an ex vivo
tissue system and an in vivo assay. When tested in a mouse liver homogenate, it showed
strong protection against auto-oxidation and HyO,-induced oxidation processes with half
inhibition concentrations of 4.3 and 1.4 ug/mL, respectively. In vivo assays, performed by
the oral administration of 200 or 400 mg of CT per kg of mouse body weight, displayed a
reduction of the activities of the evaluated oxidative biomarkers (serum and liver superox-
ide dismutase (SOD), GSH (reduced glutathione) peroxidase and liver malondialdehyde
(MAD) activities) [75]. The antioxidant properties of tannin-rich extracts obtained from
different vegetal species have been assessed. For instance, a Q. robur tannin-rich extract,
fundamentally composed of roburins, castalagin and vescalagin, has been reported to
ameliorate oxidative stress markers and serum levels of related enzymes such as catalase
(CAT) or SOD in a clinical trial [56]. Another trial with the same extract studied the effect
in vivo and ex vivo, analyzing the plasmatic oxidative profile and genetic expression
of cell cycle-related genes from plasma cell samples and several tissues. Although the
study sample consisted of only three subjects, the results were significant and very similar
in all three subjects, with a significant increase in phenolic concentration in plasma, as
well as the modulation of targeted genes [57]. A study evaluated an extract from A.
mearnsii, which displayed antioxidant properties that reversed the negative effects caused
by acrolein (a compound related to neurodegenerative diseases)-induced cytotoxicity
in a human neuroblastoma cell line (SH-SY5Y). In addition, the extract also inhibited
the action of apoptotic factors [76]. In the same line of experiments, oxidative stress
was induced in the SH-SY5Y cell line after its previous treatment with C. sativa extracts,
which significantly reduced reactive oxygen species (ROS) production. In addition, it was
observed that the previous treatment reduced apoptotic signals caused by the damage
inducers [37].

Although the antioxidant mechanism of tannins has been repeatedly investigated,
deeper studies about the concrete mechanism of action are needed, especially considering
the administration as well as the variability of the tannin metabolic profile associated
with each species. Additionally, it is worth mentioning that the antioxidant capacity is the
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basis for triggering further systematic and beneficial effects, such as anti-inflammatory
responses and wound healing (Figure 2).
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Figure 2. Visual representation of the suggested mechanisms involved in the biological properties of tannins. Lines show
decrease in or inhibition of biomarkers, whereas arrows show an increase in or promotion of reduced glutathione (GSH).
(* = antioxidant activity; MAD: malondialdehyde; IL: interleukin; TNF-o: tumor necrosis factor-o«; CRP: c-reactive protein;
CAS: caspase; NF-«B: nuclear factor-kB; iNOS: nitric oxide synthase; COX: cyclooxygenase; VEGF: vascular endothelial
growth factor; MMP: matrix metalloproteinase; JNK: C-Jun N-terminal kinase; MPO: myeloperoxidase; CAT: catalase;
SOD: superoxide dismutase; ROS: reactive oxygen species; NO: nitric oxide; VCAM: vascular cell adhesion protein; ICAM:
intercellular adhesion molecule; GP IIb Illa: glycoprotein IIb/IlIa).

2.2. Anti-Inflammatory

Recently, numerous works have disclosed the mechanism of action of the anti-inflammatory
effect of several tannins. However, many other works demonstrate the systemic effects of these
natural molecules without presenting the specific cellular mechanism or without identifying
the specific compounds responsible for the effect. We have tried to focus on those providing
the chemical profile and mechanism of action.

An in vivo assay using mice applied an aqueous extract from the bark of A. nilot-
ica by intraperitoneal injection to determine its antinociceptive, anti-inflammatory and
antipyretic activity. The extract results displayed a slight reduction in paw edema. In
addition, Acacia treatment (150 mg/kg body weight) was able to inhibit the formalin-
induced inflammation at values like those of diclofenac sodium. The antipyretic treatment
was maintained for 3 h and showed a slight inhibitory effect on fever after inducing the
pyrexia with yeast [36]. Another study, using in vitro techniques, analyzed different
extracts from leaves of A. mearnsii. The most active one possessed at least (epi)fisetinidol
derivatives (with catechin, gallocatechin, additional molecules of fisetinidol or even robi-
netinidol) quantified at 12.6 mg/g as procyanidin B2 equivalents. This fraction, applied
at non-cytotoxic levels (50 pg/mL) in RAW 264.7 macrophages, previously exposed to
oxidative stress, was able to significantly inhibit ROS production and reduce nitric oxide
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(NO) back to non-stimulated levels. Later, the same cell culture was exposed to an inflam-
matory process through lipopolysaccharide (LPS) stimulation. This assay showed that the
A. mearnsii extract inhibited the expression of cytokines like interleukin-1 or -6 (IL-1f3,
IL-6) and pro-inflammatory enzymes such as cyclooxygenase-2 (COX-2) or inducible
nitric oxide synthase (iNOS) [33]. Similar results were observed in LPS-stimulated RAW
264.7 macrophages treated with a T. chebula extract. Among the identified molecules, two
GTs (chebulinic acid and 2,3,6-tri-O-galloyl-f3-D-glucose) applied at 50 uM could reduce
NO production and decreasing the protein expression of iNOS and COX-2 [68]. The
anti-inflammatory properties of extracts from the spiny burs of C. sativa have also been
tested in vitro using LPS induction in the BV-2 cell line, simulating a microglia model.
The treatment showed cytoprotection of the downregulation of the expression of IL-13,
tumor necrosis factor-oc (TNF-) and nuclear factor-«xB (NF-kB) [38]. Following similar
approaches, an inflammatory process was induced in the HaCaT cell line using tumor
necrosis factor-o (TNF-«). Then, the cells were treated with ethanolic extracts from R.
coriaria obtained by maceration or cold extraction. The induction with TNF-o stimulates
pro-inflammatory signals by the production of interleukins, vascular endothelial growth
factor (VEGF), matrix metallopeptidase 9 (MMP-9) and intercellular adhesion molecule
1 (ICAM-1). This inflammatory cascade was inhibited by both kinds of R. coriaria ex-
tracts, except for VEGF, which was just decreased by the maceration extract [58]. Another
study, performed in vivo, orally administrated R. coriaria extracts to rats to study its
ability to prevent or treat necrotizing enterocolitis. The antioxidant, anti-inflammatory,
immunomodulatory and antiapoptotic abilities of R. coriaria were analyzed through
the quantification of oxidative indicators and histological assays. The application of
the treatment reduced the presence of inflammatory molecules in histological samples,
while biochemical results reported lower amounts of IL-6, TNF-o and lipid hyperoxides.
Besides, the negative effects of induced necrotizing enterocolitis were reversed [59]. In an-
other in vivo study using rats, the ability of procyanidins obtained from grape seeds to
reduce inflammation induced by a hyperlipidic diet was analyzed. The oral administra-
tion of these tannins produced a down-regulation of C-reactive protein (CRP), TNF-ox and
IL-6 in liver and white adipose tissue [77]. However, in a comparative work of extracts
from R. occidentalis and Vitis labrusca seeds, the analysis of the former showed higher
contents of tannins and also stronger antioxidant and anti-inflammatory properties [78].
Indeed, many works have been carried out using, as a basis, species belonging to the
genus Rubus to show their potential bioactivities. For instance, an extract of R. frutico-
sus was evaluated as an antioxidant, anti-inflammatory and gastroprotective agent in
rats. The anti-inflammatory effects reported by the histological exam were attributed to
cyanidin-3-glucoside through the reduction or inhibition of the activity of NF-«B, COX-1
and -2, NO and/or iNOS [60]. In vitro assays using another species of the same genus,
R. idaeus, demonstrated the reductio of inflammation and oxidation in hypertrophied
adipocytes. Extracts from fruits of R. idaeus were able to down-regulate the expression
of IL-1p and -6, TNF-« and leptin but also up-regulate the expression of antioxidant
enzymes, such as SOD and CAT. Apart from these main mechanisms, the application of R.
idaeus extracts reduced lipid accumulation and increased lipid mobilization in hypertro-
phied adipocytes, which may help to prevent the future appearance of further metabolic
disorders [79].

As shown in these previous works, antioxidant and anti-inflammatory activities of
tannins can have positive collateral effects. Therefore, tannins have been tested as natural
ingredients with preventive or treatment purposes in many diseases or infections whose
main bases are oxidative and inflammatory processes such as diabetes, heart infections or
wound healing.

2.3. Antidiabetic

In a recent in vivo experiment performed in rats, the efficacy of R. fruticosus as a
source of natural antidiabetic agents was supported. hydroethanolic extracts of R. fruti-
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cosus were administered by intraperitoneal injection to streptozotocin-induced diabetic
rats. Diabetes, like many other chronic diseases, has been found to trigger oxidative
and inflammatory processes at a cellular level. The intraperitoneal administration of
R. fruticosus was demonstrated to reduce oxidative and inflammatory markers such as
TNEF-o, IL-6 and CRP [61]. Different species recognized as tannin-rich sources have been
also described as potential sources of antidiabetic agents, such as C. sativa. Q. robur, S.
lorentzii or T. chebula. Tannins, especially HTs, have been reported to inhibit «-glucosidase,
an enzyme responsible for the absorption of carbohydrates from the gut. In fact, inhibitors
of a-glucosidase may be used in the treatment of patients with type 2 diabetes mellitus
(DM) or impaired glucose tolerance [39]. Therefore, the administration of tannins for the
prevention or treatment of type 2 DM may have a doubly positive effect, as an antioxidant
and as an «-glucosidase inhibitor. For instance, different extracts from the wood of C.
sativa were tested as potential x-glucosidase inhibitors and as antioxidants. An initial
extract was fractioned into five parts, from which the best one was fractioned into seven
parts. From these seven fractions, the ones with the strongest antioxidant capacity were
mostly composed of the phenolic acid GA, grandinin, valoneic acid dilactone and its
galloyl derivative and trigalloylglucose (TGG) molecules. The extracts with stronger
a-glucosidase inhibition contained valoneic acid dilactone, three TGG isomers and PGG.
The molecule common to these two extracts was the valoneic acid dilactone that has
previously been reported as an «-glucosidase inhibitor [39]. Similarly, from Q. robur,
different fractions were tested for antioxidant and a-glucosidase inhibition activities,
with the molecules involved in the strongest antioxidant role being a monogalloylglucose
(MGG) isomer, an HHDP-glucose isomer, castalin, GA, vescalagin and grandinin/roburin
E isomer. The sub-fraction with the strongest x-glucosidase inhibitory activity contained
castalagin as the major tannin [55]. From S. lorentzii, fractions composed of HTs, esters
of quinic acid with different units of GA (di-, tri-, tetra- and penta-galloylquinic acids)
and oligomeric CTs (dimers, trimers, tetramers or pentamers of catechin or catechin-3-O-
gallate and fisetinidol, or catechin-3-O-gallate) possessed the strongest x-glucosidase and
ax-amylase activity [65]. The tannin associated with the antidiabetic activity in T. chebula
was corilagin [80]. Other components of T. chebula, like chebulanin, chebulagic acid and
chebulinic acid, have been demonstrated to be able to inhibit the activity of maltase, an
enzyme with a high activity rate in diabetic processes [81]. Furthermore, ETs and GTs
isolated from T. bellerica and T. chebula have been described to improve the peroxisome
proliferator-activated receptor-oc and/or -y signaling, which plays an important role in
controlling the expression of genes related to the storage and mobilization of lipids, glu-
cose metabolism, morphogenesis and inflammatory response, which have direct effects in
insulin sensitivity [82].

2.4. Cardioprotection and Blood Circulation Improvement

The potential of polyphenols as natural antiplatelet, anti-inflammatory, and antico-
agulant agents has prompted their analysis from a cardioprotective point of view. In this
sense, numerous studies have demonstrated the beneficial cardiac effects of the walnut
(J. regia). The major phenolic compounds present in J. regia are ETs, including HHDP
derivatives which are capable of releasing EA, a well-known antioxidant related to dif-
ferent health benefits [46]. A work based on human aorta endothelial cells analyzed the
effects of an extract from peeled fruits of J. regia. Initially, inflammatory processes were
induced in the cultured cells by their exposure to TNF-«, which prompted the maximal
expression of vascular cell adhesion protein (VCAM-1) and ICAM-1. The co-treatment of
cells with J. regia extracts or with purified EA, one of their major components, inhibited
both inflammatory biomarkers [47]. Another experiment (in vivo) utilized isoproterenol,
a synthetic catecholamine capable of producing myocardium pathologies, to induce my-
ocardial infarction. This catecholamine was administered individually or in combination
with . regia extracts. The presence of walnut extracts reduced the severity of the myocar-
dial infarction in a dose-dependent manner, quantified through serum creatine kinase
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myocardial band- levels and the activity of lactate dehydrogenase. Additionally, the
administration of J. regia extracts was able to reverse the negative effects of isoproterenol
on oxidative markers, myocardial tissue lipids and at a histopathological level [48]. Thus,
these works, among many others, demonstrated the antiatherogenic and cardioprotective
potential of the consumption of J. regia.

Other plants have also been evaluated in terms of cardioprotective activity. For
instance, extracts obtained from leaves of R. idaeus were evaluated through a blood ADP
assay to determine how they modify blood platelet aggregation. The results showed that
R. idaeus reduced, by more than 20%, the expression of the glycoprotein IIb/Illa, which
is involved in the reception of fibrinogen and the activation of platelets. The activation
of the aggregation was nearly inhibited to 50% by the presence of the extract. When the
antiplatelet activity of the extracts was tested in blood, the inhibition of platelet aggre-
gation was reduced to less than 20% [83]. Ethanolic extracts from seeds of Acacia senegal
were tested as antiatherosclerotic and cardioprotective agents in an in vivo experiment
with rabbits subjected to a hypercholesterolemic diet. The administration of the extract
reduced the levels of the total cholesterol, low- and very low-density lipoprotein (LDL
and VLDL) cholesterol and triglycerides in blood. Besides, Acacia-treated subjects showed
a lower atherogenic index accompanied by a reversion in lipid oxidation markers and
histological damage [84]. Finally, bark extracts from C. sativa were assayed using primary
cultures of neonatal rat cardiomyocytes and cardiac tissues isolated from guinea pigs.
Cardiomyocytes were exposed to HyO; to induce oxidation states, while cardiac tissues
were incubated with carbachol for testing the muscarinic activity, propranolol for the
adrenergic/cholinergic activities and noradrenaline for evaluating aortic muscle behavior.
C. sativa-treated cardiomyocytes showed a dose-dependent reduction of intracellular ROS
production, which directly improved cell viability. The aortic noradrenaline-induced con-
traction was reduced by the C. sativa extract, which also reduced heart rate and produced a
positive inotropic effect in the left atrium/papillary (adrenergic receptor involvement was
demonstrated) and negative chronotropic effect (not mediated by cholinergic receptors).
Thus, the results supported the use of C. sativa extracts as dietary supplements since they
may provide synergic beneficial effects as cardioprotective and antioxidant agents [40].

2.5. Wound Healing

Tannins have been demonstrated to prevent the appearance of ulcers or to accel-
erate wound healing, which may have different further applications. That is the case
of an experiment performed with R. imperialis, whose anti-inflammatory and wound
healing activity was investigated. In vitro assays demonstrated the antioxidant and anti-
inflammatory properties and lack of cytotoxicity of the extracts, while in vivo experiments
focused on their cytoprotective and healing effects, also including anti-inflammatory re-
sponses. The administration of R. imperialis (100 mg/kg) via gavage was shown to block
the migration of neutrophils, which had a positive effect in cutaneous wounds. Besides,
in vitro assays using LPS to simulate inflammation and leukocyte migration showed that
the application of R. imperialis increased fibroblast migration up to 76% when compared
with the control and reduced NO release. Additionally, the topical administration of R.
imperialis was shown to affect collagen proliferation with a better organizational pattern
than the control. In addition, in vitro experiments displayed a very low hemolysis rate
for the extracts and no skin irritation potential [85]. Another approach to the wound
healing strategy was presented in a work where an extract of R. coriaria was studied for
its potential healing, anti-inflammatory and antimicrobial activities. Anti-inflammatory
markers, such as the activity of myeloperoxidase and matrix metalloproteinase-8 (MMP-8)
enzymes, were reduced in animals treated with R. coriaria, while healing indicators, such
as hydroxyproline or collagen deposition, increased and the wound area was reduced,
completing epithelization and scar formation by the 10th day of treatment. Different
in vivo and in vitro experiments supported the antimicrobial activity of the R. coriaria
extract. Indeed, animals with wounds infected with Staphylococcus aureus or Pseudomonas
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aeruginosa showed a slight delay in the healing process, reaching similar markers between
the 10th and 13th day of treatment [86]. Hence, as described in this work, the healing ac-
tivity of tannins exerts not just a cicatrizing effect but also an antimicrobial effect, which is
crucial since wounds often get infected. The antimicrobial capacity of tannins is reviewed
in the next sub-section.

2.6. Antimicrobial

Many works have supported the antibacterial, antifungal and antiviral properties of
tannins [10,31]. For example, walnut leaves have been approved for the topical treatment
of mild skin inflammation, due to their anti-inflammatory and antimicrobial activities.
An ethanolic extract of immature J. regia fruits was able to inhibit methicillin-resistant
S. aureus (MRSA) growth when administrated in a concentration range of 128-512 pg/mL.
At 16 nug/mL, the extract reduced biofilm formation and adherence. Thus, this extract
was suggested to be an efficient treatment for skin and soft tissue infection processes [87].
Similarly, extracts obtained from S. brasiliensis have shown antimicrobial potential against
MRSA [88]. A very recent work performed transcriptome and metabolome data analysis
to find the mechanism of action of tannins from Diospyros kaki against MRSA. The results
suggest that some main mechanisms are related to physical damage of the bacterial cell
membrane [89]. Tannins obtained from A. mearnsii were evaluated as antibacterial agents,
both as free and encapsulated molecules. Free tannins showed antibacterial activity,
especially against S. aureus, with MBC (Minimum Bactericidal Concentration) of 0.32
and 1.25 of mg/mL. They also acted against fungal (Aspergillus niger, MIC (Minimum
Inhibitory Concentration) 0.62 mg/mL) and yeast (Candida sp., MIC 2.5 mg/mL) growth.
The most efficient antimicrobial encapsulated showed 1Zs for S. aureus, Escherichia coli,
A. niger and Candida sp, which were larger of those observed with the free tannins, except
for S. aureus [34].

Several species belonging to genus Rubus were tested in vitro as antibacterial and
antifungal agents. The main tannins involved in these activities were different among
the species and plant parts analyzed. Extracts were tested against two strains of He-
licobacter pylori, with and without the chromosomal insertion cag, whose presence is
associated with an increased inflammatory profile. The whole extract, after 24 and 48 h of
treatment, showed values of 1200 and 134 pg/mL of minimum bactericidal concentration
(MBC) against the cag- H. pylori. Tannins and other phenolic compounds have been sug-
gested to be involved in the antibacterial mechanism by the inhibition of bacterial ionic
pumps [90]. A species from the same genus, R. ulmifolius, has been evaluated in terms
of amoebicidal, antibacterial and antifungal activities. Trophozoites from Acanthamoeba
castellanii showed a dose-dependent sensitivity to the extract, but not comparable with
the positive control. The antibacterial and antifungal capacity of extracts was determined
by inhibition zone (IZ) diameters, minimal inhibitory concentration (MIC) and MBC. R.
ulmifolius extracts presented MIC and MBC for all bacteria and the yeast in the range of
mg/mL. The best results in terms of IZ were achieved for Escherichia coli, Streptococcus
agalactine and Candida albicans, while Gram-positive S. aureus and Enterococcus feacium
were less sensitive [91]. Furthermore, purified methanolic extracts of R. ulmifolius, which
presented a high content of tannins (both HTs and CTs) demonstrated significant anti-
fungal activity against five filamentous fungi: Beauveria sp., Fusarium solani, Microsporum
canis, Phialophora verrucosa and Scopulariopsis brevicaulis [92].

Different parts of C. sativa (leaves, burs, outer and inner shells) were also tested for
antibacterial activity. Leaves contained the highest phenolic composition, with trigalloyl-
HHDP-glucose-like molecules, as major tannin representatives, also present in burs.
Outer shells were rich in GA, while the main compound in the inner shell was syringetin-
hexoside. Extracts from inner shells were able to inhibit the growth of the Gram-positive
bacteria Staphylococcus epidermidis, S. aureus, Enterococcus faecalis and E. faecium, and Gram-
negative Klebsiella pneumoniaea and P. aeruginosa, with MIC values between 25 and 50
mg/mL [41]. Other tannins present in C. sativa, such as vescalagin and castalagin, were
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isolated, purified and demonstrated to have antibacterial activity against E. coli. Apart
from them, commercial crude extracts obtained from quebracho, chestnut and mimosa,
and two classes of tannic acid and one of GA, were analyzed. From the results, it was
observed that tannic acid possesses much better growth inhibitor activity than GA against
E. coli. On the other hand, a crude extract of chestnut had stronger antibacterial properties
than purified vescalagin and castalagin, probably due to the synergy exerted by the
molecules contained in the extract [42]. Finally, C. sativa extracts have been reported to
inhibit E. coli and Clostridium perfringens growth when applied at 1200 pg/mL and 3-150
pg/mL, respectively [43,93].

Tannins extracted from different genera have also been experimentally demonstrated
to act as antiviral agents. For instance, an extract of P. granatum, with punicalagin, GA and
EA as major components, was analyzed against herpes simplex virus 2. The compound
punicalagin showed significant antiviral activity, comparable with the positive control.
However, when used as part of the extract, the required concentration to achieve total
inhibition was higher [54]. Apart from punicalagin, other work analyzed the antiviral
activity of punicalin and geraniin against hepatitis B virus (HBV). When these three
HTs were tested in a human hepatocyte cell line (HepG2.117), they showed a dose-
dependent reduction of supernatant e antigen levels, which indicated that the tannins
were interfering with the synthesis, stability or transcription of the viral DNA [53]. Urtica
dioica and Taraxcum officinale exhibited inhibitory effects in the range of 126-166 pg/mL
against dengue virus serotype 2 when tested in vitro using hamster kidney cells (BHK-21).
Recently, an in silico evaluation of the application of 19 HTs was performed to screen
their potential ability to inhibit the activity of SARS-CoV-2. Specifically, the potential
allosteric ligand of different HTs with 3-chymotrypsin-like cysteine protease enzyme
(described to be involved in virus transcription) was evaluated. Among the tested HTs,
pedunculagin, tercatain and castalin interacted with the catalytic dyad Cys145 and His41
through stronger binding forces. Other HTs, like tellimagradin I, punicalin, chebulagic
acid or 3-pedunculagin, may have secondary roles in the inhibition of the activity of this
catalytic target [94].

2.7. Other Beneficial Applications of Tannins
2.7.1. Human Beings

Nowadays, there is plenty of evidence for the ethnopharmacological use of tannin-
rich plants as antidiarrheal treatments. Yet, some clinical studies employing tannin
extracts have shown promising results regarding the efficacy of their use and their safety.
A study described how the administration of tannins reduced the duration of diarrhea
caused by rotavirus in infants. Similarly, a more recent study reported that children
affected by acute diarrhea presented a significant decrease in the duration of the diar-
rheal symptoms when administered with tannins in comparison with the standardized
rehydration treatment [95,96]. These findings not only support the use of tannins as
effective antidiarrheal treatments, but also provide information on their safety, since the
test subjects were children. In the same way, a recent study with quebracho and chestnut
extracts studied the antioxidant activity and metabolization of these extracted tannins in
in vitro digestion—fermentation assays. The results evidenced the degradation of tannins
by gut microbiota, producing metabolites like quercetin or sinapinic acid, as well as higher
antioxidant capacity on residual solids after fermentation and increased production of
short-chain fatty acids. Short-chain fatty acids are described as prebiotics in the gut [97].
This would infer that tannins also have a prebiotic effect on digestive microbiota.

A clinical trial with patients prone to developing urinary tract infections unveiled
the potential of tannins as a treatment against these infections. In that case, tannins were
extracted from Serenoa repens and orally administered as a food supplement. Although the
results differed in a gender-dependent manner, leukocyte count and urinary microbiota
decreased significantly in the subjects after 9 weeks, which is a relevant result, given that
these patients tend to show higher levels of these markers [98].
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Another uncharted potential application of tannins may be their use as anxiolytics.
A recent study analyzed the performance of T. chebula tannin extracts on anxiety behavior,
the genetic expression of gamma-aminobutyric acid (GABA) receptors and corticosterone
markers, as well as in electroencephalogram assays in mice. The results appear to indicate
that tannin extracts were able to ameliorate the expression of GABA receptors, selected
biochemical markers and improve the oxidative status of cerebral tissue [99].

2.7.2. Veterinarians

A great number of studies have evaluated the potential use of tannins and tannin
supplements in livestock, such as cattle, poultry or sheep. Research has focused on their
use as antimicrobials or growth promoters. Nonetheless, tannins are known antiherbivore
compounds able to reduce the digestibility of proteins in said animals by their aggregation
properties [31].

Legumes have been suggested as an additional ingredient to create pasture forages
since they represent a protein source for livestock, improve the rumen microbiome and
reduce greenhouse gas emissions. Among the range of legumes, Lespedeza procumbens,
Desmodium paniculatum, Leucaena leucocephala, D. ovalifolium and Flemingia macrophylla
possess a relatively high content of CTs. They have been suggested to modify rumen
fermentation in beef cattle, probably due to the presence of tannins, so they may act
similarly in animals by complexing proteins and short-chain fatty acids, which may
provide a prebiotic effect, as stated [100]. Tannins have exhibited similar antidiarrheal
results in cattle as those mentioned in humans. As an example, a blinded study tested
the effect of a proprietary chestnut tannin extract on the duration of neonatal diarrhea in
calves. The results were consistent with other previous data, notably a lowering of the
duration of the diarrheic episodes without affecting the weight of the animals [45]. CTs
from L. pedunculatus and L. corniculatus are reported to avoid protein degradation and to
improve amino acid residue absorption at the intestinal level, which ultimately enhances
animal performance, with an apparent higher ovulation rate and clean wool production
in sheep [51]. Finally, tannins have also been employed to treat gastrointestinal diseases.
The anthelmintic activity of tannins has been addressed, but they are also effective against
protozoan parasites. This is the case of a study where Berberis vulgaris and R. coriaria
extracts were applied against relevant pathogenic protozoans like Theileria equis and
common Babesia species, such as B. bovis, B. bigemina or B. caballi, in a mouse-infected
model. The experiment showed better levels of selected biomarkers in plasma, due to
the synergetic effect of compounds present in the used extracts, of which tannins and
flavonoids were detected as the main chemicals [101].

2.7.3. Botanical

Tannins have been subjected to further research to evaluate their potential use
as antifungal compounds to treat or enhance plant resistance against plant pathogens.
Yet, most studies have been performed in vitro and knowledge gaps on the ecological
role of tannins remain. P. granatum peel extracts have been tested both in vitro and
in vivo against Pseudomonas syringae, a common and hazardous pathogen of tomato. The
results demonstrated that bacterial growth was inhibited for up to 15 days after leaf
inoculation [102]. In vitro antifungal assays carried out with chestnut (C. sativa) bur
extracts, mainly composed of GA and EA moieties, as well as ETs and glycosylated
flavonols, inhibited the growth and spore germination of common plant-infectious fungi
Alternaria alternata, Botrytis cinerea and Fusarium solani [44].

2.7.4. Food Additives

As previously shown, tannins have been demonstrated to be inhibitors of lipid
peroxidation and scavengers of free radicals, which are the main reason for the appearance
of rancid off-flavors/aromas in foods. Therefore, the utilization of tannins as a natural
antioxidant in food applications is drawing attention. Among the purified tannins,
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the most tested is tannic acid, which has been demonstrated to reduce lipid oxidation
induced by ferrous ions in a plant-based emulsion of flaxseed oil droplets. In this assay,
the antioxidant activity of the tannic acid was attributed to the metal binding properties
of tannins [103]. The same molecule was applied to ground chicken breast meat to
determine its ability to reduce lipid and protein oxidation, maintain color and prevent
rancid volatiles. The addition of 5 to 10 ppm of tannic acid improved both cooked and
raw quality parameters, showing low oxidation markers, off-odor volatiles and high color
parameters [104]. Extracts of tannin-rich plants such as quebracho (S. balansae and S.
lorentzii) or conifers (P. abies or Pinus sylvestris L.) have also been tested as natural food
preservatives with antioxidant properties to improve the shelf life of different products.
Quebracho tannins (0.5-1.5%) were applied to beef patties, showing that the lowest
amount was able to improve lipid stability. On the other hand, higher concentrations
reduced the tenderness, softness and juiciness of meat [66]. Another study analyzed
conifer tannins as antioxidants in a liposome model and in meat snacks. The tested
tannins showed a high activity to prevent lipid oxidation without causing organoleptic
interference in meat snacks [52]. Altogether, this research suggests that tannins, as for
other polyphenols, could be added to food matrices as alternative antioxidants.

3. Valorization Approach and Concluding Remarks

As was mentioned before, interest in a circular economy and food or agricultural
waste valorization is increasing. Therefore, biorefinery approaches for recovering bioac-
tive molecules with target biological properties are consequently growing to face the
current challenge: moving towards a circular system production model [24,105]. The
use of by-products from the agri-food industry for the recovery of tannins was proposed
decades ago. In 1990, it had been already suggested that pods, seeds, cake or kernel
residues of some products, such as mango or cocoa, could serve as potential sources of
tannins [106]. Their presence has been assessed in different by-products of the agri-food
industry, such as green tea processing residues and acorn, chestnut and persimmon
hulls and starch, showing antioxidant or antimicrobial properties, among others [107].
More recently, other studies have also addressed the possibility of recovering tannins
from a secondary residue, such as distilled waste by-products remaining after the steam
distillation of the underutilized biomass of specific trees [108]. Additionally, other experi-
ments have been focused on assessing the bioavailability of tannins and the cellular level
where they are located, i.e., they were found inside the cell lumen of parenchymatic cells
and the vessels of chestnut wood [109]. Further applications are focused on obtaining
other products from tannin-based sources. For instance, coffee pulp (rich in tannins) was
submitted to solid state fermentation by Penicillium verrucosum to produce tannase [110].
However, to date, one of the biggest concerns regarding obtaining tannins is their high
diversity, since this is related to their origin, extraction and purification procedures [111].
Hence, conventional and novel extraction techniques have been investigated to optimize
the extraction parameters of tannin recovery from different by-products (Table 3).

Table 3. Examples of tannin extraction techniques from different agri-food by-products.

. . Extraction Experimental ..
Species Tannin By-Product Techniques Conditions Activity Ref.
Et/W (60/40,v/v), ..
W;;riz’” -~ HT Pericarps UAE 30 min, 40 °C, L/S Ar(lglojl‘j;?m [112]
1 p ratio40 mL/g
Cupressus Waste distilled L .
lusitanica and TTC after steam UAE 5 oEr;Sn/Lg) éitéo ;620?' N Ar}i‘]’s";‘;im [108]
Cistus ladanife distillation 1’ rree
Coffee (Coffea Procyanidins W /A extract, 20 min,
arabica) (CT) Pulp UAE RT i (113]
Pomegranate (P. Antioxidant
granatum var. TTC Peels UAE 5252365/ éog% ivivﬁ (DPPH and [114]
Gabsi) e ABTS)
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Table 3. Cont.

. . Extraction Experimental ..
Species Tannin By-Product Techniques Conditions Activity Ref.
Production of
NaOH, Na,COs or environmen- [115]
Red grape CT Pomace HAE NaHCO3) and tallz fr(ﬁlnd‘ly
variety (Vitis NapSO; (2.5% or 5% _ Wood adhesive
vinifera (w/w). S/L ratio 1:8, Silver NPs,
120 min, 100 °C antimicrobial
X [116]
and apoptotic
potential
Chestnut gtt('fr? m)L : E3t;1 \j\?’;;( Antioxidant
estnut TTC Shells Maceration 1mes) o ) (DPPH and [117]
(Castanea sativa) v/v (20 mL x 3 days
. TEAC)
X 3 times)
Pomegranate W, 2% SS and 0.5%
(Punica TTC Peels HAE SB,S/L ratio 1:5, 7 h, - [118]
granatum L.) 80+5°C
Supercritical CO,
. flow rate 8 g/min, ..
Tea (Camellia TTC Leaves SFC-CO, 188 bar, 50 °C, Antioxidant [119]
sinensis L.) (ABTS)
co-solvent flow rate
2.94 g/min
HAE: M (2h, 20 °C
Acacia and 60 °C). MAE (1
mollissima HT and CT Bark HAE and MAE min, 300W or 5 min, - [120]
150W)
o Antioxidant
Myrius TTC Leaves MAE g;iz o (005,50 /V‘;' (DPPH, TEAC  [121]
communis L. ratio 32 mL/g and ORAC)
Antimicrobial,
Endopleura uchi TTC Bark Maceration Et/W 50% cytotoxic and [122]
antioxidant
Norway spruce Hot water 10% solid content, 2%
vay sp CT Bark : SS, 0.5% SC, (75 °C, - [123]
(Picea abies) extraction .
120 min)
Solvent consumption
. 2.5kg COy/kg ..
Spr‘;;feg icea TTC Bark SFC-CO, product and 24.94 kg Ar(‘gi’,’;j‘;gm [124]
Et 70/kg product,
100 bar, 40 °C
1.0M
Eucaluptus [HO5S(CH,)4mim]
lobzil”us EA and GA Leaves BMSHE HSO,, L/S ratio 30 - [125]
8 mL/g. MAE: 20 min,
385 W)

Definitions: TTC: total tannin content, Et: ethanol, W: water, A: acetone, M: methanol, SS: sodium sulfite, SB: sodium bicarbonate, SC:
sodium carbonate, RT: room temperature, DPPH: 2,2-diphenyl-1-picrylhydrazyl, TEAC: trolox equivalent antioxidant capacity, ORAC:
oxygen radical absorbance capacity, ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, UAE: ultrasound-assisted extraction, HAE:
heat-assisted extraction, MAE: microwave-assisted extraction, SFC-CO,: supercritical carbon dioxide extraction, BMSHE: Brensted acidic

ionic liquid-based microwave-assisted simultaneous hydrolysis and extraction.

Taken all together, tannins are phenolic compounds that have been used in traditional
medicine, are widely distributed and have been broadly investigated for their biological
properties. They can be classified according their structure and obtained mainly from veg-

101

etal sources and marine brown algae. Specific tannins of some genera or species, such as



Foods 2021, 10, 137

HTs, castalagin, vescalagin or punicalagin, seem to have relevance for biological activities.
Important specificity differences were also observed for compounds belonging to ETs or
GTs, due to the phenolic acids released after their hydrolysis (EA or GA, respectively).
The most remarkable biological activities of tannins have been recorded as antioxidant,
anti-inflammatory, antidiabetic, cardioprotective, healing and antimicrobial. Nevertheless,
many of the indicated activities act synergically, with the antioxidant capacity being the
main axis of the connection between the different biological properties. Indeed, all these
interactions among biological activities are easily demonstrable, since common molecular
targets are described to be involved in the different biological activities. Therefore, con-
sidering all the biological properties described in tannins obtained from natural sources,
valorization could be an efficient approach to revalorize agri-food by-products. However,
further study is still necessary to completely elucidate the mechanisms of action of the
biological activities and improve the extraction methods and conditions to obtain tannins
in an optimal way.
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Tannins
CoT Complex tannin
CT Condensed tannin
EA Ellagic acid
ET Ellagitannin
GA  Gallic acid
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GT Gallotannin
HHDP Hexahydroxydiphenol
HT Hydrolysable tannin
PC Procyanidin
PD Prodelphinidin
PG Phloroglucinol
PGG Pentagalloylglucose
PoGG Polygalloylglucose
PT Phlorotannin
TGG Trigalloylglucose
Bioactivities and Assays
ADP Adenosine diphosphate
Bcl-2 Apoptosis inhibitor gen
CAS Caspase
CAT Catalase
COX Cyclooxygenase
CRP C-reactive protein
DM Diabetes mellitus
DNA Deoxyribonucleic acid
GABA Gamma-aminobutyric acid
GSH Glutathione (reduced)
HBeAG  E antigen of the hepatitis B virus
HBV Hepatitis B virus
HIV Human immunodeficiency virus
ICAM Intercellular adhesion molecule
1L Interleukin
iNOS Nitric oxide synthase
V4 Inhibition zone
JNK C-Jun N-terminal kinase
LPS Lipopolysaccharide
MAD Malondialdehyde
MBC Minimum bactericidal concentration
MIC Minimal inhibitory concentration
MMP Matrix metalloproteinase

mRNA  Messenger ribonucleic acid

MRSA Methicillin-resistant Staphylococcus aureus
NADPH Nicotinamide adenine dinucleotide (reduced)
NF-«B Nuclear factor-«B

NO Nitric oxide

NSAID Nonsteroidal anti-inflammatory drug
RNA Ribonucleic acid

ROS Reactive oxygen species

SOD Superoxide dismutase

TNF-x Tumor necrosis factor-o

VCAM Vascular cell adhesion protein
VEGF Vascular endothelial growth factor
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Abstract: The aim of this study is to review the innovative techniques based on bioprocessing,
thermal or physical treatments which have been proposed during the last few decades to convert
rice bran into a valuable food ingredient. Rice bran (Oryza sativa) is the main by-product of rice
grain processing. It is produced in large quantities worldwide and it contains a high amount of
valuable nutrients and bioactive compounds with significant health-related properties. Despite
that, its application in food industry is still scarce because of its sensitivity to oxidation processes,
instability and poor technological suitability. Furthermore, the health-related effects of pretreated
rice bran are also presented in this review, considering the up-to-date literature focused on both
in vivo and in vitro studies. Moreover, in relation to this aspect, a brief description of rice bran
arabinoxylans is provided. Finally, the application of rice bran in the food industry and the main
technology aspects are concisely summarized.

Keywords: rice bran; by-products; bioprocessing; bioactive compounds; nutritional value; rice
bran arabinoxylans

1. Introduction

Food processing is a set of operations that permit to transform raw materials into
valuable food ingredients. Cereal crops, for example, are rarely consumed as whole
grains and during their transformation process a large amount of residue is produced.
Rice bran (RB) is a by-product that derives from the milling of rice grain, the third most
consumed cereal overworld [1]. It represents around 12% of the total kernel weight and it
is composed by the external layer of the seed (i.e., pericarp, tegmen, and aleurone layer
(Figure 1)), translatable in almost 68 million tons of unmanageable material per year,
worldwide [2]. Similarly to other cereal species, the kernel surrounding layers are richer
in bioactive compounds, minerals, vitamins, dietary fibers, proteins and lipids than the
core endosperm, which is characterized by simple carbohydrates and starch granules [3,4]
(Table 1). In particular, rice bran has a not-negligible amount of lipids (15-20 g/100 g of
RB), where some of the most important bioactive compounds, such as y-oryzanol, ferulic
acid, tocopherol and polyunsaturated fatty acids could be found; thus, for this reason, RB
has been used for oil extraction [5]. Despite that, RB is highly sensitive to lipid oxidation
due to the rapid activity of lipolytic endogenous enzymes, which means that a thermal
stabilization step usually required [6]. However, the first fate of rice bran is the feed
formulation industry, losing the opportunity for the recovery of its potential.

Therefore, the study of innovative recovery strategies focused on the valorization of
agro-industrial by-products is now an interesting growing sector directed to an improved
sustainability and dietary habits of the whole food system. In this work, the strategies for
the valorization of rice bran, such as fermentation, air classification and high hydrostatic
pressure, were reviewed, with a special focus on their potential modification. Then, its
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recent nutritional evidences, health-promoting properties and utilization as functional
food ingredient will be also summarized.

Hulls

Pericarp
Tegmen Bran
Aleurone Layer

Endosperm

Embryo

Figure 1. Schematic representation of rice grain, highlighting the bran fraction.

2. Research Criteria for Scientific Papers Selection

The review was organized starting with the study of the most modern techniques
used for rice bran treatment. Then, the health-promoting properties related to rice bran
were assessed singularly. Finally, the relevance of rice bran as ingredient in the food indus-
try considering its functional properties were reviewed. In this literature review Google
Scholar, Web of Science and Scopus research engines were consulted. Key search terms
related to rice bran by-products and co-products (i.e., “rice milling by-products”, “rice
bioactive compounds”), were conjointly searched with the followings: “biotechnology”,

/A7 77 V7S

“fermentation”, “emerging technologies”, “thermal treatment”, “physical treatment”,
“nutritional value”, “health-promoting properties”, “safety” and “applications”. No data
filtering (i.e., year) was applied in order to gain as much knowledge on the topic as
possible. The legislation framework information was reported by the European Food
Safety Authority (EFSA). Paper selection was performed after a comprehensive study
of the results and their discussion as reported by the authors. The output of the latter

selection process highlighted 94 original research articles.

3. Composition and Strategies for the Recovery of Rice Bran Potential

The smart recovery of food processing residues is an important aspect for the food
industry, which always is in search of value generation. In this context, a great benefit
may derive from different branches of science, such as biotechnology, chemistry or
physics, applied to the food scenario. There are plenty of innovative techniques applied to
produce a high-value ingredient useful for the production of sustainable products by food
manufacturers. Following the introduction, rice bran general composition is reported
in Table 1. Macro and microelements occurrence depends on several factors including
botanical variety, environmental agronomical conditions and processing.
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Table 1. Mean proximate composition of rice bran and the content of its main bioactive compounds.

Compound mg/100 g References
Carbohydrates 3342
Proteins 11-16
Fats 12-20
Saturated fats 15-20
Unsaturated fats 75-80
Dietary fibres (DF) 15-30
Insoluble DF 13-26 [7-12]
Soluble DF 1-2.25
Ash 8-12
Bioactive Compounds mg/g
Phenolic acids * 800-1243
Tocopherols 0.35-0.77
y-oryzanol 0.56-1.08

* as total ferulic acid, the most abundant phenolic acid found in cereal grains (soluble and insoluble forms).

3.1. Bioprocessing of Rice Bran: Solid-State Fermentation and Enzymatic Treatment

Food bioprocessing is that term used to define an operation which combines living
microorganism cells or their components to a normal procedure to obtain a different
food product. The processes that utilize these technologies are summarized in Table 2.
Nowadays, solid-state fermentation (SSF) and the use of specific enzymes are widely
studied and applied in food industry, with the principal aim to overall improve the
characteristics of the raw materials treated. The most important, from a nutritional
point of view, is the fact that the microorganism metabolism or selective enzymes can
disrupt the vegetable cell matrix releasing those compounds that present a bioactivity,
enhancing their bioavailability in the human organism. Regarding fermentation, both
fungi and bacteria can take part to this process. Obviously, the metabolic characteristics
of each are different, as well as the resulting raw material modifications. For rice bran
fermentation, fungi and yeasts are the mostly used microorganisms. For example, in the
study of Abd Razak et al. [13], Rhizopus oligosporus and Monascus purpureus was used
both alone and in combination, for the fermentation of sterilized rice bran. The study
analyzed the overall antioxidant capacity (AOC) and bioactive compounds enhancement
caused by such treatment. Interestingly, the two microorganisms used in co-culture
resulted in a significantly higher AO and phenolic acids content in respect to the non-
fermented rice bran. Similar outcomes were obtained by Schmidt et al. [14], where rice
bran was fermented with Rhizopus oryzae (CCT 1217) over 120 h. They measured AOC
with different spectrophotometric and widely used methods, phenolic acids content and
the inhibition activity against peroxidase enzyme, which is mainly responsible for the
lipid oxidation. The AOC increased in respect to the non-treated rice bran and phenolic
compounds, such as ferulic and gallic acids, doubled their initial concentration. This fact
can only be attributed to the cell-wall disrupting metabolism of microorganisms, and
not to their direct biosynthesis, since fungi cannot produce such secondary metabolites.
Similar results were found by Shin et al., in which after the fermentation of black rice
bran using Aspergillus awamori and A. oryzae, they measured a higher soluble phenolic
content and radical scavenging activity [15]. Additionally, Oliveira et al. [16] used the
same fungus (but a different strain), although they focused the study aim on the lipid
compounds modification. Interestingly, the total lipid content of fermented rice bran
diminished up to 45% after the fermentation, but the phospholipids increased by 130%,
indicating that the microorganism could metabolize such molecules. Moreover, the
saturated and unsaturated fatty acids content was altered, the former decreased up to
20% and the latter increased by 5%. Probably ascribed to a combined action of oxidation
processes and fungus metabolism. Ryan et al. [17], followed a different but innovative
approach to characterize fermented rice bran from three different rice varieties using
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Saccharomyces boulardii, a yeast. Employing a metabolomic gas chromatography coupled
to mass spectrometry (GC-MS) based technique, they could identify and quantify new
bioactive metabolites (i.e., glucitol and unknown disaccharides). Afterword they assessed
their bioactivity on normal human peripheral blood lymphocytes (PBL) and malignant
human B-cell lymphoma cell lines, resulting in a reduction of the cells growth of the latter
ones. Besides phenolic compounds, rice bran polysaccharides (RBPSs) have gained more
interest due to their multiple biological benefits. In the study carried out by Liu et al. [18],
they fermented a defatted rice bran water extract using the fungus Grifola frondosa, aiming
to evaluate the composition of the oligosaccharides fraction, AOC and inhibition of
nitric oxide (NO) production in macrophages cells. They reported a substantial shift
of the polysaccharides molecular weight, from higher to lower, besides the increased
AOC and the adjustment of the NO production compared to the non-fermented sample.
Furthermore, technologic properties must be considered as equally relevant as nutritional
characteristics, since they can firstly affect the food design process. Therefore, Jia et al. [19]
focused their study on the effect of defatted rice bran fermentation on soluble dietary
fibers, studying their capacity to bind water and oil, which significantly increased after
treatment.

Enzymes with specific activities are widely spread in food industry [20]. Their
capacity to improve functional and sensory features of food products is accompanied by
the fact that their impact on the native composition is very low [21]. Regarding cereal-
related products, enzymes are usually used to modify the principal component of that
food, such proteins, lipids and carbohydrates [22]. In fact, in the study conducted by
Prabhu et al. [23], they treated rice bran with cellulase and xylanase with the aim to
solubilize polyphenols with the corresponding improving of the AOC. Similarly, Vallabha
et al. [24] treated rice bran with alcalase and endoglucanase, resulting in an increased
content of bioactive molecules with no effect on the degradation of B group vitamins after
the enzymatic treatment. They also reported an increment of the short chain fatty acids
(SCFAs) content in respect to the non-treated rice bran. Moreover, enzymatic processes are
usually utilized in combination with other techniques such as fermentation [25], extrusion
cooking [26], high hydrostatic pressure (HHP) [27] or micronization [28], leading to an
increased extractability of the bioactive component, solubilization of dietary fibers and
inhibition of lipid oxidation.

Although these processes might lead to an overall amelioration of the raw material,
their biggest disadvantage is that they need long procedures, under specific and strictly
controlled conditions to be effective and with the desirable yield. This is only achievable
by long term studies performed in tight collaboration between academia and industry. In
fact, there is a study published this year [29] in which the authors deeply analyzed the
parameters that must be taken into account for the valorization of rice milling side streams
under a circular economy view. For example, they reviewed the pre-treatment, the type
of fermentation (submerged, solid and semi solid-state, saccharification) useful for the
bacterial growth and the subsequent production of valuable compounds like biofuels,
lactic acid or biohydrogen.

Considering these treatments, the combined action of enzymes and fermentation can
achieve the best results in terms of technological and functional improvements. However,
the cost of the processing at industrial scale must be accurately determined. For that
reason, the treatment of rice bran using lactic acid bacteria and fungus as fermentation
microorganisms seems to be the best condition for obtaining an ingredient with a pleasant
organoleptic profile, good nutritional properties and excellent functionalities.
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Table 2. Innovative strategies based on bioprocesses applied to rice bran by-product and the novel effects achieved by their
application.

Bioprocessing Effects References

Increased soluble phenolic acids content;
Increased AOC; [13-15]
Increased the inhibition of tyrosinase activity;

° Decreased saturated fatty acids content;
. . e Increased inhibition of peroxidase enzyme; [16]
Solid state fermentation e  Increased phospholipids content;
(SSF)
° Reduction of the polymerization degree of polysaccharides;
° Increased solubilization of soluble dietary fibres;
e  Potential anti-inflammatory properties; [18,19]
e  Higher WHC, OHC, WS and CAC;
. ° Increased total phenolic content and AOC;
Enzymatic treatment e  Higher group B vitamins solubility; [23,24]
(En) e Increased SCFAs (acetic acid and propionic acid) content;
SSF assisted by En ° Increased total phenolic content and AOC. [25]

Abbreviations: SCFA, short chain fatty acids; SSF, solid state fermentation; AOC, antioxidant capacity; WHC, water holding capacity; OHC,
oil holding capacity; WS, water solubility; CAC, cholesterol absorption capacity.

3.2. Thermal and Physical Treatments Applied to Rice Bran

The conscious manipulation of heat has been always used for the transformation
of food products in usually, quality-improved foodstuffs. In current years, several new
technologies have arisen thanks to their offered potential (Table 3). Extrusion, hot air and
far infrared irradiation (FIR) are some of these. For example, Wanyo et al. [30] used hot air
and FIR, alone and in combination to assess the effects on the antioxidant properties and
bioactives content of rice bran and husk. They reported that the use of FIR technology
conferred to rice bran a higher content of bioactive compounds, mainly phenolics, and
AOC in respect to the classic hot air treatment. Unfortunately, no mention of the sensorial
characteristics was present in the latter study. Furthermore, in the experiment carried out
by Dang and Vasanthan [26], they performed a sequential enzyme treatment followed by
extrusion, concluding that an increased total soluble pentosan content compared to the
to individual or simultaneous treatments. Moreover, Fadel et al. [31], Liu et al. [32] and
Dang and Vasanthan [26] applied extrusion techniques at different conditions reporting an
increased extraction of arabinoxylans, improved foaming and emulsifying properties and
increased soluble fiber content of the extruded bran, respectively. In summary, extrusion
is highly studied science field. This is mainly due to the “gold rush” towards meat
analogue manufacturing which has occurred in recent years [33]. However, rice bran, and
especially rice proteins, are scarcely used as a principal ingredient, since its composition
is less suitable to this transformation then other products (i.e., pea protein isolate).

Nevertheless, food science and related disciplines are continuously modernizing
to study innovative techniques which may have minimum impact on both products
and environment. Physical treatments are those operations based on physics principals
applied for many objectives. In the case of cereal products, such rice grain, the properties
of porous and fine material (i.e., flour) are the main aspects that must be taken into
account. Separation, concentration and physical properties modification of specific food
component are the main paths followed by researchers, achieved using dry fractionation,
air classification and particle size reduction technologies. These techniques usually
result in production of two or more fractions of the material treated, differing at least in
granulometry (i.e., fine and coarse fractions). For example, Wang et al. [34], applied pin
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mill fractionation coupled to an electrostatic separation to defatted rice bran. The mainly
outcome authors reported was the dietary fiber enrichment found in coarse fraction of
rice bran, remarking the redistribution effect proportioned by this type of technology.
Moreover, in the study proposed by Spaggiari et al. [35], authors applied micronization,
air-classification and the combination of these techniques in order to obtain different
rice bran fractions (fine and coarse), aiming to deeply analyze the lipid profile, with
special focus on mono- (MAG) and diacylglycerols (DAG). They found that the lipid
content increased significantly in fine fraction, and the MAG, DAG and triacylglycerols
content increased by 1.5-5 times in the former fractions. These molecules are particularly
interesting to the food industry since they have strong emulsifying potential [36], and
find that a “natural source” alternative instead of the additive E-421 (mono- and di-
acylglycerol of fatty acids) would be a greater competitive advantage. Nevertheless, more
studies have to be conducted in order to optimize this type of treatments, considering
the opportunity to combine different fraction with different characteristics, and thus
different functions. Furthermore, Silventoinen et al. [37] studied the biochemical and
techno-functional modification occurred after the air classification of rice bran, obtaining
two different ingredients, a protein-rich ingredient and a fiber-rich Ingredient. These
had different microstructural and functional properties, such as protein solubility and
colloidal stability, suggesting an elevated applicability in food industry. Moreover, using
the HHP technique and different pressures (100, 200 and 500 MPa), Zhu et al. [38] obtained
a rice bran with higher WBC and OBC parameters and improved foaming formation and
stability, although with a lower least gelation concentration, meaning that the capacity to
form a stiff gel requires a lower amount of rice bran. These results stress the importance
of the continuous study of food functional properties in order to achieve a higher quality
and sustainable ingredients.

Table 3. Thermal and physical treatments applied to rice bran by-product and corresponding outcomes.

Treatment Used Outcomes References
e  Higher content of bioactive compounds (tocopherols and phenolic
Hot-air and FIR acids); [30]
e  Higher AOC.
Extrusion Increased arabinoxylans ex.trafction as screw speed inCI"ease; [31,32]
Improvement of the emulsifying and foaming properties.
Extrusion plus enzyme e Improved dietary fibres solubility; [26]
e  Dietary fibres enrichment with modified functional properties;
Particle size reduction (dry e  1.5-5-fold increment of saturated mono- and di-acylglycerols with
fractionation and micronization) potential emulsifying properties in fine RB fraction. [34,35,37]
Increased protein content and solubility;
Increased colloidal stability;
Increased ferulic acid extractability;
High Hydrostatic Pressure Inhibition of linoleic acid oxidation; (27.38]

(HHP)

Higher WBC, OBC, emulsifying stability, improved protein surface
hydrophobicity, foaming creation and stabilization.

Abbreviations: RB, rice bran; FIR, far-infrared radiation; WBC, water binding capacity; OBC, oil binding capacity.

4. Rice Bran Health-Promoting Properties

Our knowledge of the relationship between diet and health is becoming stronger. In
relation to this, the dietary patterns of developed countries are also changing, showing a
growing incidence of many diet-related disorders and diseases (cardiovascular disease
(CVD), high cholesterol, diabetes, bowel inflammation, etc.). Rice bran is a by-product
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- Regulated and normalized secretion
of insulin and glucose;

- Decreased serum glucose.

Hypoglycaemic effects

rich in relevant bioactive compounds which can play an important role to maintain a
healthy status and thus promote a beneficial living style. However, this raw material is
currently discarded notwithstanding its potential as a functional ingredient [39] or its
potential chemo-preventive and immunomodulatory properties [40-43]. On the other
hand, despite the scientifically proven evidence, foods and their constituents should not
be considered as medical replacements but as a complementary part which contributes
toward a healthy living. However, the scientific evidence-based process is at the base of
the applications to specific “health or nutritional claims” [44]. This evaluation procedure
is, nowadays, based on European Food Safety Authority (EFSA) opinions regarding a
specific application. The health-promoting properties ascribed to rice bran or its valuable
compounds are summarized in Figure 2.

Rice bran

Hypolipidemic effects

- Lower blood lipid concentration;
- Lower LDL, VLDL and total plasma cholesterol
levels.

Abnormal to normal blood lipids profile.

Immunomodulatory effects

Increased serum HDL and decreased

cholesterol levels.

- Improved macrophage phagocytosis ;

- Enhanced B and T cells functions

@ﬁo ™~~~  y-Oryzanol

Phenolic acids and Oxidative stress reduction
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Arabinoxylans and o - Phenolic compound-enriched plasma;
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Figure 2. Representation of the health-promoting properties of rice bran, the compounds responsible for that characteristics

and the references of the studies highlighting these capacities. Abbreviations: LDL, low density lipoprotein; HDL, high-

density lipoprotein; VLDL, very low-density lipoprotein.

4.1. Hypolipidemic Properties of Rice Bran

Recently, an increasing number of studies have analyzed the multiple health-related
properties of a rice bran supplemented diet [43]. Besides its high nutrient and bioactive
compounds content, rice bran can be administered in different ways, such as stabilized
RB, fermented RB, enzymatically treated RB and oil. Each of these products differ from
the raw RB, in terms of nutrients and non-nutrients compounds. For this reason, a
previous profiling of the product under study is highly recommended in order to define
the chemical compounds or mixture of compounds which deliver the desired effects of a
previously determined diet.

Health conditions that determine an increased concentration of lipid molecules and
cholesterol in blood are a branch of a disease known as hyperlipidemia. These can raise
from both genetic conditions and bad dietary habits, which could finally lead to an
increased risk of CVD. For this reason, nutrition is the most important variable that must
be taken under control for the treatment of such ailment. From this perspective, rice bran
and its oil are rich in components which can contrast the accumulation of lipids in blood
stream, such as phytosterols, unsaturated fatty acids (FAs) and tocotrienols [41,45]. In
fact, the oil recovered from rice bran include glycolipids, phospholipids, free fatty acid
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and triglycerides with healthy profile, since oleic, linoleic (mono- and polyunsaturated)
and palmitic acids (saturated) are the most abundant FAs. In a recent study, Perez-Ternero
et al. [46] evaluated the lipid-lowering properties of rice bran enzymatic extract (RBEE)
diet supplementation in apolipoprotein E-knockout (ApoE—/—) mice. They reported a
higher high-density lipoprotein (HDL) serum value and an increased cholesterol excretion.
The same authors reported also other protective properties of RBEE, such as a restored
endothelial function, hyperlipidemia prevention, oxidative stress, inflammation and
apoptosis reduction in the aorta of ApoE—/— mice [47,48]. Revilla et al. [49] also used
RBEE as diet supplementation in male Wistar rats, which resulted in an increased HDL
and lower blood cholesterol concentrations in plasma. Besides, Wilson et al. [50] settled
up a comparative study in which they evaluated the potential of trans-ferulic acid, y-
oryzanol and rice bran oil supplementation to lower the cholesterol concentration in
primates. Among the groups studied, the one fed with y-oryzanol showed the lower
levels of low and very low-density lipoprotein (LDL and VLDL) and plasma cholesterol.
Similar outcomes were reported by Ausman et al. [51] and Ha et al., [52], where they
fed hypercholesterolemic hamsters and Male Sprague-Dawley rats, respectively, with
different amount of rice bran oil. Moreover, Accinni et al. [53] studied the effects of various
dietary supplementation, including y-oryzanol, on the lipid profile of dyslipidemic
subjects. Interestingly, results reported by the latter study indicate that the subjects which
followed a supplementation diet with y-oryzanol and niacin recovered a normal lipid
blood pattern, better than the other food supplementation studied.

4.2. Hypoglycaemic Properties of Rice Bran

The presence of high level of glucose in blood system is a disturb that, nowadays,
is extremely widespread in developed country populations, which is mainly associated
with bad diet habits and thus could lead to a harmful health status, such as diabetes
and hyperglycemia. In this way, vegetable origin food products, such as rice bran, that
contain low free sugar and high dietary fiber content can contribute to maintain a lower
glycemic index and help to the illness prevention. For example, Son et al. [54] studied
the regulation effects of y-oryzanol on the insulin secretion and glucose concentration
in plasma, supplemented to male C57BL/6N mice. The same results were reported in
the study of Somsuvra and Ghatak [55], in which adult Wistar rats with a y-oryzanol
supplemented diet had the lower serum glucose content. Moreover, Qureshi et al. [56]
expanded the study to humans’ volunteers with Type I and II diabetes mellitus. Rice bran
was administered as stabilized and as water extract, leading to an increased insulin serum
level, decreased glucose and glycosylated hemoglobin concentration.

4.3. Rice Bran Arabinoxylans: Immunomodulatory Properties

Recently, the saccharide component of foods has been receiving more attention. The
main reason of this is the fact that carbohydrates have never been studied in depth, due to
major analytical issues [57]. Despite this, many biological activities have been attributed
to molecules including arabinoxylans which have low and high molecular weight. As
is widely known, carbohydrates are major components of cereals; in fact, they have
the primary function of seed energy storage. In detail, arabinoxylans are composed by
xylan backbone ($3-(1,4)-D-xylopyranose) linked to «-L-arabinofuranosyl substitutions,
which differs among cereal species, conferring different arrangements and thus different
functions [58]. In this context, it is crucial to accurately study the chemical composition
and potential functionality correlated to arabinoxylans [59]. In fact, a huge effort in
terms of research is being made to study the rice bran arabinoxylans-immunomodulatory
relationship, which is capable of enhancing the activity of the innate and adaptative
responses. These mechanisms are responsible for activating the B-lymphocytes produc-
tion, our first line of defence from foreign molecules [60,61]. In this way, rice bran is
usually enzymatically treated, in order to break high molecular weight arabinoxylans
into smaller pieces, in the range of 30-50 Da, producing a product commercially called
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BioBran or MGN-3 [62]. These fraction appear to act as an enhancer of natural killer
cell, macrophage phagocytosis, B and T cells functions [39]. Ghoneum et al. studied
these effects in depth [63-69]. Furthermore, Choi et al. [70] reported similar outcomes
after supplementation of the soluble arabinoxylans fraction of wheat bran in mice diet.
A proposed theory of the mechanism of action has been proposed [71], stating that the
complexity of the structure of the heteropolysaccharides such as galactan, arabinan and
[3-1,3:1,4- glucan is the basis of the immunomodulatory actions of rice bran arabinoxylans.
Other properties (Figure 2) of rice bran arabinoxylans were reported by Salama et al. [72],
where the MGN-3 supplementation in patient with chronic hepatitis C virus suppressed
the level of viremia. Otherwise, Zheng et al. [73,74] reported protective effects against
acute liver injury. In addition, Wang et al. [75] showed an improved anticomplementary
activity of DRB under in vitro conditions. Numerous original articles have been published
recently which mention the MGN-3 commercial product, although its discussion is not
the main focus of these reviews.

4.4. Other Health-Promoting Properties of Rice Bran

Since a wide range of bioactive molecules are present in rice bran, the effects on the
oxidative stress are also currently object of study. Justo et al. [76] reported a reduction in
microvascular inflammation status in obese Zucker rats which follow a diet supplemented
with RBEE. Moreover, Perez-Ternero et al. [77] also studied the supplementation of
RBEE in Wistar rats” diet, showing an inactivated superoxide production caused by
an increased content of phenolic compounds in blood. Other research has been made
focusing on the multiple effects of rice bran supplemented under various forms. For
example, fermented brown rice bran using Aspergillus oryzae, which induced apoptosis
in human acute lymphoblastic leukemia cells [78], or the anti-stress and antifatigue
effects delivered by Saccharomyces cerevisiae fermented rice bran [79], or otherwise, the
improvement of the health condition of mice fed with a high-fat diet including rice bran
extract [80]. Moreover, a dietary fibre-rich diet is known to be able to modulate the
metabolites produced by human colon microbiota. As reported by Zhang et al. [81], after
in vitro gastrointestinal digestion of isolated rice bran dietary fibre, a great probiotic effect
on colonic microorganism associated with diabetes was found.

5. Rice Bran Application in Food Industry

The most important step for the recovery of food by-product is the incorporation of
such raw material in a classic or novel food product formulation. The primary objective
is to add value to the final product, both enhancing nutritional properties or sensorial
characteristics, such as color, taste, smell and texture. The latter functions are also impor-
tant, forming the labelling point of view, since the lack of additives, which are replaced
by the recovered material, can lead to the so-called “clean label” status. Rice bran has also
another advantage, represented by its suitability for gluten-free product manufacturing.
These products usually are poor in term of sensorial quality, but have a high value in
market. Moreover, functional properties are another important aspect to be considered
for the inclusion of these by-products in a food formulation. These characteristics are
reported and summarized in Table 4. RB is a plant material; hence, dietary fibers are the
predominant substances composing this product. The latter molecules can contribute to
the overall functionality of rice bran, considering its water (WBC) and oil binding (OBC)
capacities. Additionally, the protein fraction present in RB (12-16%, [2]) offers potential
jellifying, emulsifying and foaming stabilization activities. As stated by Capellini et al.,
the techno-functional properties of rice bran are interesting for the food industry and they
can be improved using specific alcoholic solvents [82]. Moreover, Shi-Wen. et al. [83],
reported relevant results regarding the functional properties of rice bran stabilized using
different treatments such as microwave and dry heating, with the latter slightly better
than the former in relation to the WBC, OBC, emulsifying properties and long-term
stability.
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Table 4. Functional properties of rice bran reported by scientific original papers.

Functional Property Outcome References
Water absorption capacity e  Relevant water retention (>3 g water/g);
Oil binding capacity e  High oil retention due to insoluble dietary fibres (>3 g oil/g);
Jellification e Jellying of hot water solution at 10-18% RB concentration;
e  Formation (41-57%) and stabilization of oil in water emulsion [19,37,38,83,84]

Emulsion stability (39-74%);

e  Low foam formation, but conjointly to other foaming agents is a

Foami ilizati s
oaming stabilization good stabilizer;

Protein solubility ° High solubility (around 50%) at acidic (3) and basic (8) pH.

In fact, it is highly recommendable to stabilize rice bran [85] or to extract the oil
before its use as an ingredient, considering its sensibility to oxidation and the subsequent
off-flavor formation. This can be easily achieved through the application of thermal and
non-thermal techniques, as reported in Section 3.2. Sairam et al. [86] analyzed the addition
of different concentration of defatted rice bran (DRB) in bread, aiming to improve the
nutritional profile of bread. Total dietary fibres, AOC and the shelf life of bread increased
with no repercussions on the sensorial properties. In relation to this, Al-Okbi et al. [87]
formulated corn flakes and tortilla chips adding different amounts of rice bran to the
original recipe, noticing an organoleptic and rheological amelioration of the final product
when the protein content decreased. Premakumari et al. [88] also tried to develop high
fiber content ready mixes by replacing the classical cereal flours with a different amount
of previously stabilized RB, evaluating their overall acceptability through 20 semi-trained
panel members. The main outcome showed that a replacement of at least 25% did not
affect the quality of the standard recipe. Moreover, Younas et al. [89] developed cookies
using both heat and acid-stabilized RB, optimizing the recipe with a 10% RB substitution.
Since RB oil is considered a high added value product (Figure 3), the RB solid exhaust can
still be used as a low-fat content ingredient. For example, Charunuch et al. [90] utilized
DRB at a different rate for the preparation of extruded breakfast cereal. Meanwhile Alfaro
et al. [91] attempted to produce an oil-in-water emulsion using purple and brown rice
bran oils, achieving acceptable stability and oxidative protection. However, the use of
pretreated rice bran by means of bioprocessing, thermal and physical treatments in food
preparation is still scarce, possibly due to the lack of industrial-scale or pilot-scale studies.
Moreover, the protein present in rice can be isolated in order to produce ingredients with
high protein content, and thus with high functionalities. Regarding this, Zang et al., [92]
attempted to improve the emulsification properties of enzymatically-treated rice bran
protein, obtaining a more stable emulsion. Nowadays, the topic of plant protein is one
which is gaining increasing interest. Therefore, the easy accessibility of rice bran protein
represents a relevant resource for the food industry. The proteins recovered from rice bran
have specific functionalities, bearing in mind that they are considered hypoallergenic.
For this reason, this field is an open door for the food industry, considering that these
substances can offer functional and bioactive properties at the same time [93].
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Figure 3. Rice bran production, the treatments applied for its improvement and the nutritional evidences for the formulation
of novel or functional food ingredients.

Rice Bran as a Commercial Ingredient

Cereals and their correlated products have always been strong cultural drivers and
incubators. Besides, they provide nutrients and energy, constituting the main part of
the human diet. Rice grains are typically widespread in Asian and Eastern countries
in general, where they are capable of fully exploiting this product. For example, in
Japan, there is a special preparation made of fermented rice bran and called “Nukazuke”
(Figure 4). Different vegetables are left in this fermented biomass in order to transfer
several aromas, tastes and flavors created by the microorganism consortium developed
in the rice bran bed [94]; it is a simple pickling. On the contrary, rice in occidental
culture is used in different ways, and rice bran has been mostly utilized as a dietary
fiber enhancer in industrial food preparations. For example, in baked products such as
biscuit [2], leavened pan bread [26] or cakes, the addition of 10 to 20% of stabilized rice
bran delivers technological functionality, better nutritional profile and a pleasant texture,
without affecting the organoleptic properties compared to the classic recipe. These aspects
are extremely important since they can attract the attention of the food industry for the
development of new business driven by innovative technologies. In addition, as already
mentioned, the oil extracted from rice bran has a high value, although this process might
produce “by-by-products”, contrasting the idea of thee circular economy and side streams
exploitation. However, rice bran oil contains different bioactive compound pro-vitamins,
lower saturated fatty acids and polyunsaturated fatty acids, which can be considered
as a good nutritional profile. Moreover, the organoleptic characteristics are mild and,
if stabilized well, it is a very stable fat [43,52]. The legislation framework is another
important aspect when a food product or ingredient comes onto the market. In this case,
rice bran is considered as a non-novel food, which is significant for this product. In fact,
companies which produce rice bran and other food ingredients are already present and
active in the European market (https://www.ricebrantech.com/specialty-ingredients/).
They can integrate the entire rice food chain for the recovery of all rice processing side
streams.
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Figure 4. Representation of the products already present in the market or produced from rice bran by-product.

6. Conclusions and Future Perspective

Rice bran represents a massive industrial by-product with a relevant “hide” potential
value. Its compositions, in terms of nutritional features, comprehend a wide range of
bioactive compounds which have been studied in recent years. Furthermore, with the
aid of the most advanced food-related technologies, the quality parameters of RB can
be highly improved, making it a valuable and sustainable resource for healthy diet
promotion. In fact, considerable efforts have been made to include this ingredient in
widely consumed food products, mainly baked goods. Then, several health-promoting
properties suggested the importance of including RB, in its various forms, in the diet.
However, the mechanism of action underlying its positive effects should be studied more
in depth. In this way, it is important to stress the fact that foods and their components
must not be intended as the main instruments with which to struggle with illness. Finally,
different types of innovative food products can also be studied, such as novel beverages
or dairy products with high nutritional and sensory qualities, helping to achieve a more
sustainable food system.
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Abstract: The agroindustry generates a large amount of waste. In postharvest, food losses can reach up
to 50%. This waste represents a source of contamination of soil, air, and bodies of water. This represents
a problem for the environment as well as for public health. However, this waste is an important
source of bioactive compounds, such as phenolic compounds, terpenes, and [3-glucans, among others.
Several biological activities have been attributed to these compounds; for example, antioxidant,
antimicrobial, gut microbiota, and immune system modulators. These properties have been associated
with improvements in health. Recently, the approach of using these bioactive compounds as food
additives for aquaculture have been addressed, where it is sought that organisms, in addition to
growing, preserve their health and become disease resistant. The exploitation of agro-industrial
waste as a source of bioactive compounds for aquaculture has a triple objective—to provide added
value to production chains, reduce pollution, and improve the well-being of organisms through
nutrition. However, to make use of the waste, it is necessary to revalue them, mainly by determining
their biological effects in aquaculture organisms. The composition of bioactive compounds of
agro-industrial wastes, their biological properties, and their application in aquaculture will be
addressed here.

Keywords: food by-products; biological activities; phenolic compounds; antioxidant; immunostimulants;
prebiotics; fish

1. Introduction

Population growth and urbanization have increased the demand for processed foods. This has
led to the development of food industries to meet the needs of consumers. In particular, agricultural
industries generate a large amount of waste during the collection, storage, transport, and processing of
raw materials [1]. This represents an environmental pollution problem due to the waste being mainly
made up of organic matter. Organic matter represents a source of bioactive compounds. A bioactive
compound is a substance that has a biological activity. In a broader sense, it is a substance that has
an effect or can trigger a physiological response on a living organism. The effect may be negative or
positive depending of the chemical structure, the dose, and the bioavailability of the substance [2].
However, bioactive compounds are widely recognized for promoting health benefits [3].

In Mexico, the processing industries of fruits (lemon, pears, tomato, apples, papaya, pineapple,
banana, and oranges), cereals (corn), and vegetables (beans, cabbage, carrots, lettuce, and potatoes)
generate around 76 million tons annually of waste [4]. The husks, bark, seeds, and pomace represent
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the largest amount of waste, which are made up of a wide variety of bioactive compounds with multiple
biological properties such as antioxidant, immunostimulant, antimicrobial, anticancer and prebiotic.

The exploitation of waste for the development of food products with added value could make
possible the generation of additional profits. The agricultural industry, in collaboration with the
scientific community, has directed efforts toward the design of appropriate methods for the extraction
and purification of bioactive compounds from waste for the development of functional food. It is
currently known that the cost of technologies for the purification of bioactive compounds exceed
reprocessing costs, so the full use of waste with functional properties as additives could lead the food
industry to reduce residues and increase its profitability [5].

Currently, the aquaculture sector is in need to find low-cost natural compounds as food additives, which
might promote well-being and preserve the nutritional quality of farming organisms, without compromising
the environment and the health of consumers. Therefore, the use of plant residues as additives represents a
promising alternative. However, these residues require appropriate characterization, since some studies
report that the use of phytochemicals might exert anti-nutritional effects [6,7].

2. Bioactive Compounds from Agro-Industrial Waste

There is a wide variety of bioactive compounds found in residues derived from the cultivation and
processing of agricultural products. Any part of plants, such as husk, seeds, leaves, roots, and stems,
can be considered as a source of bioactive compounds [8]. Some of the most important bioactive groups
are briefly described next.

2.1. Phenolic Compounds

Phenolic compounds (PCs) are secondary metabolites of plants that are usually esterified or
glycosylated [9] and are mainly composed of an aromatic ring (hydrophobic domain) and one or more
hydroxyl groups (hydrophilic domain) attached to it. Within this group of compounds are phenolic
acids (hydroxycinnamic and hydroxybenzoic), flavonoids, coumarins, xanthones, chalcones, stilbenes,
lignins, and lignans (Figure 1a) [10].

(a)

Phenolic Compounds

Phenolic acids Xanthones Flavonoids Coumarins Stilbenes Lignins and Lignans

(b) ©

Terpenes p-glucans

o, o A
e & ", T & o
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o o o E ]
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Figure 1. Chemical structure of (a) phenolic compounds, (b) terpenes, and (c) 3-glucans.

Phenolic compounds are known for having several biological properties, such as antioxidants [11],
immunostimulants [12], and microbiota modulators [13]. Besides, they are also recognized for
their antibacterial [14], antiparasitic [15], antiviral [16], anti-inflammatory [17], anticancer [18],
and antihypertensives [19] effects. The biological properties of PCs, especially the antioxidant, are related
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to their chemical-structural characteristics. The number and position of hydroxyl groups, the presence of
double bonds, and the ability to delocalize electrons determine the ability of PCs to scavenge free radicals
and donate hydrogen atoms [20]. Other mechanisms by which PCs can exert their biological activity
is by interacting with components of the cell membrane, enzymes, and transcription factors, as well as
receptors [21]. For example, PCs provide antioxidant protection to membrane through the interaction of
their hydrophilic and hydrophobic domains with the polar head and non-polar chain of lipids bilayer [21].
Flavonoids exert antiallergenic and anticarcinogenic activities by interacting with membrane raft-associated
proteins [22] and decrease superoxide anion production in vascular cells through the inhibition of the
translocation of p47P"°% nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunit in the
endothelial cell membrane [19]. Moreover, PCs exert indirect antioxidant and anti-inflammatory activities
by activation of Nrf2 and inhibition of NF-«B translocation into the nucleus, respectively [23].

2.2. Terpenes

Terpenes are compounds formed by isoprene units (CsHg). These compounds are classified
according to the number of isoprene units condensed [24]. Within the group of terpenes are essential
oils and carotenoids, which are characterized by their antioxidant activity. Also, essential oils are
known to exert microbicidal effects [25,26].

Terpenes biological activities are related to their chemical structure (Figure 1b). For instance,
the antioxidant activity of essential oils is mainly due to the presence of phenolic type components,
such as thymol and carvacrol; therefore, the antioxidant action mechanisms of these terpenes are
similar to those previously mentioned for PCs [27]. On the other hand, the antimicrobial effect of
essential oils is related to their hydrophobicity. This property allows essential oils to cross the cell wall
and cytoplasmic membrane and disorganize the structure of its components. Besides, essential oils are
capable of inhibiting enzymes of energy regulation and synthesis of structural components [28].

2.3. Dietary Fiber (B-glucans)

Dietary fiber is composed of polymers of three or more carbohydrate units that are resistant to the
activity of endogenous digestive enzymes, and therefore cannot be hydrolyzed or absorbed by the
small intestine [29]. Fiber is classified as insoluble and soluble fiber. Soluble fibers, such as 3-glucans,
fructooligosaccharides, galactooligosaccharides, and some pectins, are fermented by the intestinal
microbiota and give rise to short-chain fatty acids (acetate, propionate, and butyrate) [30].

Particularly in aquaculture, 3-glucans (Figure 1c) are recognized for their immunostimulatory
activity [31]. These compounds are polysaccharides made up of glucose units linked by glycosidic bonds.
These are found as components of the cell wall of plants and yeasts mainly, but also in some species of
algae and fungi. The most relevant 3-glucans are 3-1,3 and (3-1,6 [32,33]. The immunostimulatory
activity of 3-glucans depends on their recognition and binding to membrane receptors (for example,
dectin-1, and CR3). Besides, the degree of polymerization, the degree and type of branching, and the
structural conformation of 3-glucans affect their interaction with receptors [34].

2.4. Glucosinolates

The glucosinolates are glycosides formed by a [-D-glucopyranose residue linked to
a (Z)-N-hydroximinosulfate ester by sulfur bridges, and an amino acid derivative radical.
These compounds are found in all species belonging to the Brassica family, such as canola, broccoli,
arugula, and mustard [35]. Glucosinolates can be classified based on their amino acid precursor into
aliphatic, aromatic, and indole [36,37].

Glucosinolates and the products derived from their degradation (isothiocyanates) show
antioxidant, anticancer and antibacterial activity. These compounds act as indirect antioxidants
because they are capable of modulating the activity of xenobiotic-metabolizing enzymes (Phase I and
Phase II), which triggers the long-lasting antioxidant reactions [38]. On the other hand, the bactericidal
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activity of the products of the metabolism of glucosinolates has been related to the inhibition of
intracellular enzymes responsible for ATP synthesis in pathogenic bacteria [39,40].

2.5. Saponins

Saponins are amphipathic molecules composed of sugar residues linked to a system of polycyclic
rings (sterols and triterpenes) through glycosidic bonds [41]. These compounds are present in plant
products, such as agave or legumes [42,43].

Saponins have immunostimulatory effects [44]. The structural characteristic associated with
this activity is the presence of an aldehyde group at position C19 and C4 of the aglycone [45].
Besides, saponins exert microbiota modulating effect, which is related to their antimicrobial activity.
Furthermore, saponins can dissociate the cell membrane, and therefore, the flow of extracellular
and intracellular components is enabled [46]. The effectiveness of saponins is enhanced against
Gram-positive bacteria, while Gram-negative bacteria are more resistant, possibly due to the presence
of the double lipid membrane in the latter [47].

Despite the beneficial properties attributed to bioactive compounds, they might possess
anti-nutritional effects due to inhibition of the digestive protease activity and formation of complexes with
proteins [48,49]. Since bioactive compounds might exert beneficial effects on organisms of importance for
aquaculture, their use as food additives has been explored. Nevertheless, the effect of these compounds
on the metabolism and growth of species is still to be understood.

3. Biological Properties and Mode of Action of Bioactive Compounds

3.1. Antioxidant Activity

Free radicals are atoms or molecules that have a missing electron in the last orbital, which
gives them instability and high reactivity. Free radicals reach balance by receiving electrons from
other molecules, such as carbohydrates, proteins, lipids, and nucleic acids [50]. These reactive
molecules are produced during normal cellular metabolism, some examples are superoxide anion
(O?7), hydroxyl radical (OH~) and hydroperoxyl radical (HO?") [51]. An excess in the levels of
free radicals can start harmful effects on important macromolecules, like lipids, proteins and nucleic
acids [52]. The lipid peroxidation is caused by free radicals. This process increases the production
of free radicals and leads to the formation of aldehydes such as malondyaldehyde (MDA) and
4-hydroxy-2-nonenal (HNE) (Figure 2a), which are characterized by their cytotoxic and mutagenic
effects [52,53]. Lipid peroxidation and other cell damages can be prevented with antioxidants.

Antioxidants are substances capable of neutralizing or reducing the deterioration caused by free
radicals [54]. The antioxidant activity can be exerted by directly donating electrons to free radicals to
stabilize them or regulating the activity of transcription factors, such as the nuclear factor enhancing the
kappa light chains of activated B cells (NF-«kB) and the nuclear factor derived from erythroid 2 (Nrf2).
These factors participate in the regulation of gene expression of detoxifying and antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) (Figure 2b) [55,56].

Bioactive compounds act as both direct and indirect antioxidants due to the presence of OH groups,
double bond, carbonyl groups, and aromatic rings in their structures. These compounds can regulate
the Nrf2 activation by Keap-1-dependent and Keap-1-independent pathways [57]. Keap-1-dependent
requires strong electrophiles disrupting the Keap1-Nrf2 complex. Keapl-independent involves the
phosphorylation of Nrf2 by protein kinases (ERK, JNK, PKC, p38 MAPK, and Akt) [57]. Both pathways
promote the Nrf2 translocation to nucleus and the binding of this factor to sMaf protein and the antioxidant
response element (ARE). This initiates the transcription of antioxidant enzymes (Figure 2c), such as SOD,
CAT and GPx. Gallic and caffeic acids activate Nrf2 by induction of the post-translational phosphorylation
of ERK [22,57], while 3-glucans do it via p38 MAPK signaling [58]. Electron rich flavonoids such as
epigallocatechin gallate, quercetin, and morin have the ability to form stabilized electrophiles and act as
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Michael reaction acceptors and, thus, can modify cysteine residues of Keap1 [59]. Carotenoids such as
lycopene and adonixanthin can also activate Nrf2, although the activation pathway is still unknown [60].
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Figure 2. Graphical representation of the mechanism of action of bioactive compounds on the antioxidant
and immune response. (a) Lipid peroxidation chain reaction, (b) antioxidant enzymes reaction, (c) Nrf2
pathway associated to the antioxidant response, and (d) NF-kB pathway associated to the immune
response. Abbreviations: ARE—antioxidant response element; BCs—bioactive compounds; CAT—catalase;
GPx—glutathione peroxidase; GR—glutathione reductase; GSH-—glutathione; GSSG—oxidized
glutathione; GST—glutathione transferase; HNE—4-hydroxynonenal; HOCl—hypochlorous acid;
IFN-y—interferon-gamma; IkB—inhibitor protein of nuclear factor kappa-light chain-enhancer of
activated B cells; IKK—kinase complex; IL—interleukin; Keapl—Kelch-like ECH-associated protein
1; LOO*—lipid hydroperoxyl radical; Maf—musculoaponeurotic fibrosarcoma; MDA—malondialdehyde;
MPO—myeloperoxidase; NADP+—nicotinamide adenine dinucleotide phosphate; NADPH—reduced
form of NADP; NF-kB—nuclear factor kappa-light chain-enhancer of activated B cells; NOS—nitric
oxide synthase; Nrf2—NF-E2-related factor 2; PUFAs—polyunsaturated fatty acids; ROO*—peroxyl
radical; SOD—superoxide dismutase; TGF-f—transforming growth factor-beta; TNF-o—tumor
necrosis factor-alpha.

The NF-«B activation occurs by phosphorylation of protein kinases (PI3K, PKC, JNK, and ERK),
which induce phosphorylation of IKK«/f and leads to IkBx phosphorylation. Afterward, the NF-«B
is translocated to the nucleus for the transcriptional regulation of antioxidant genes (Figure 2d) [61].
The high electrophilicity of Michael acceptors of PCs also allows to modify IKK cysteine residues and
hence, the nuclear translocation of NF-«kB [61,62]. However, PCs also can act as anti-inflammatory
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agents and avoid the NF-«kB activation by inhibition of the phosphorylation of IkB-o, ERK, JNK, p38,
and MAPK [62]. In this sense, lycopene also can inactivate the NF-«B translocation [63].

The gene expression and activity of antioxidants enzymes (SOD, CAT, GPx) and the levels of lipid
peroxidation mediators—namely, malonaldehyde (MDA) are used as markers to determine if a food
additive can exert a stimulating action on the antioxidant system and reduce oxidative stress in the
organisms [64,65].

3.2. Immunostimulant Activity

Immunostimulants, also known as adjuvants or immunomodulators, are compounds or substances
that promote the response of the immune system, which might generate resistance of the organisms
to the presence of pathogens [66]. Immunostimulants can be obtained from animal, vegetable,
and bacterial sources, as wells as from algae, nutritional factors and hormones, or cytokines [67].
Generally evaluated biomarkers used to define the immunostimulant effect of a substance are:

(1) The increase in the enzymatic activity of lysozyme and myeloperoxidase (MPO). Lysozyme
exerts its microbicidal action by lysis of peptidoglycans, components of the cell wall of
Gram-positive bacteria [68], while MPO catalyzes the formation of hypochlorous, hypobromous
and hypothiocyanite acids [69].

(2) Increase in respiratory burst. When phagocytic cells, such as neutrophils and macrophages,
respond to the presence of a pathogen, they trigger the action of NADPH oxidase. This generates
superoxide anion (O?7). The measurement of this radical by the nitroblue tetrazolium (NBT)
reduction method has been considered as an indicator of the phagocytic capacity of the cells of
the immune system [70].

(3) Increase in the number of red and white cells. The cell count is a measure used to evaluate the
effect of some possible immunostimulants on the health of organisms. A reduction in the count
of red cells (erythrocytes) implies that the substance is exerting collateral damage (anemia) in the
body. An increase in the number of white cells (leukocytes) indicates a greater response of the
immune system to a possible infectious agent. Other blood cell indicators are neutrophils count,
hematocrit, level of hemoglobin, etc. [66].

(4) Other immunological parameters evaluated are complement components, such as soluble
proteins, enzymes, and receptors that act in signaling processes, opsonization of pathogenic
microbes, phagocytosis and microbial destruction [71]. The concentration of immunoglobulins
(Ig) and the level of protein are also frequently evaluated as immunological parameters [66].
Melanomacrophage centers (MMCs), pigmented phagocytic cells (melanin) that act as a rapid
response to the presence of an infection, and cytokine levels, such as interleukin-1 (IL-1), IL-6,
and interferon-gamma (IFN-y) are also considered markers of the immune response in fish [72].

The NF-«B factor plays an extremely important role in the immune response of organisms. It is
responsible for the expression of inflammatory genes, namely cytokines and enzymes (nitric oxide
synthase, NOS). Furthermore, NF-kB is activated under stress conditions, such as oxidative agents or
pathogens presence (Figure 2d). These stressors provoke the phosphorylation of IkB accompanied by
the ubiquitination and degradation of the protein. The IkB degradation releases the NF-«B and allows
it to enter the nucleus and activate the expression of immune-related genes [73]. Therefore, the NF-kB
modulation is a key factor to evaluate the immunomodulatory effect of bioactive compounds.

It has been proposed that PCs, such as flavonoids, could exert anti-inflammatory effects by
inhibiting the action of the NF-«B factor. For instance, the -OH groups attached to the C3’ and C4’
in B ring present in (—)-epicatechin may interact with the nuclear fractions p50 and Rel A of NF-«B,
which prevents the binding of the factor with the specific DNA-kB sites, hence blocking the expression of
cytokine-related genes. [21]. In contrast, it has been demonstrated that quercetin, a flavonoid, increases
IFN-vy secretion while reduces IL-4 levels in blood mononuclear cells [74]. An up-regulation of IFN-y
has been associated to a better adaptive immune response in fish [75]. Due to these inconsistencies,
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more research is needed on bioactive compounds to obtain conclusive data. Monoterpenes, such as
limonene, have been reported to inhibit the phosphorylation of IkB and therefore block the translocation
of the factor NF-«B to the nucleus [76]. On the other hand, 3-glucans exert their immunomodulatory
effect by promoting the activation of NF-«B via recognition and binding by the receptors dectin-1 and
CR3, among others. Dectin-1 recognizes glucans with both 3-(1-3) and 3-(1-6) bonds, therefore the
linking strength depends on the size of the molecule and branching degree. Through this recognition,
the NF-kB is activated to induce cytokine and chemokine synthesis [34]. In fish, a member of the C-type
lectin receptor, different from dectin-1, might be responsible of the 3-glucan recognition. Two C-type
lectin domain-encoding genes, named clec4c and sclra, were identified in primary macrophages of
common carp (Cyprinus carpio L.) [77].

3.3. Intestinal Microbiota Modulation

The modulation of the intestinal microbiota or the induction of changes in the composition of the
host’s microbiota is achieved through the use of probiotics, prebiotics, and synbiotics [78]. A prebiotic is
defined as a non-digestible compound that, through its metabolism by microorganisms, modulates the
composition or activity of the intestinal microbiota, and confers a beneficial physiological effect on
the host [79]. Generally, the modulation of the microbiota is carried out for the benefit of the host to
increase the abundance of beneficial bacteria and inhibit the growth of pathogenic bacteria. The latter
can be achieved by selecting additives and/or functional ingredients, that once incorporated into the
food might exert the activity.

The immune modulatory effect of 3-glucans is strongly related to their chemical structure
and depends on the type of branching, the degree of ramifications, solubility, molecular weight,
tertiary structure, polymer charge, and solution conformation (triple or single helix or random
coil) [80]. For instance, soluble 3-glucans are fermented by the gut microbiota in the large intestine,
such as populations of bifidobacteria and lactobacilli, which produce cell-associated glycosidases.
After fermentation, 3-glucans are metabolized to produce short-chain fatty acids, such as acetic,
propionic and butyric acids [81]. These short-chain fatty acids have been reported to possess biological
activity, such as reducing cholesterol levels in humans [82]. The exact molecular mechanism by which
[-glucans affect gut microbiota is still not clear [83]; therefore, more research is needed in this topic.

Dietary fibers are the plant bioactive compounds more studied due to their ability to modify the
intestinal microbiota (prebiotic effect) [79]. Some PCs that are not absorbed in the intestine might be
metabolized by intestinal bacteria, acting as modulators of the microbiota [84]. The precise mechanism
by which PCs exert their microbiota modulation effect still remains to be elucidated. Nevertheless,
there are reports that show that gut microbiota transforms PCs that are linked to glycosides [85]. This
transformation occurs through a series of reactions of hydroxylation, methylation, dehydrogenation,
isomerization, glycosylation, etc. [13]. For instance, epigallocatechin gallate, from tea, was converted to its
derivates gallic acid and epigallocatechin after 36 h of anaerobic fermentation in vitro inoculated with
fecal slurry from healthy women. Furthermore, PCs from green tea, oolong tea, and black tea significantly
increased population of bacteria belonging to genera Bifidobacterium and Lactobacillus-Enterococcus spp.
and suppressed the growth of Bacteroides-Prevotella and Clostridium histolyticum [86].

The modulatory effect of bacteria by terpenes has been widely associated to the antibacterial
properties of these bioactive compounds. Terpenes can pass through the cell membrane of bacteria and
cellular organelles due to their hydrophobic properties and therefore disarrange the structure of the
phospholipidic bilayer and increase permeability. This causes the leakage of relevant molecules and
ions in the bacteria [26]. Furthermore, by destabilizing the membrane structure of cellular organelles,
such as mitochondria and endoplasmic reticulum, terpenes inhibit enzymatic reactions responsible
of the energy metabolism, as well as the synthesis of structural macromolecules. Besides, it is
proposed that terpenes, namely essential oils, exert a higher antibacterial effect on Gram-positive
than in Gram-negative bacteria. This might be due to the fact that Gram-negative bacteria possess an
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additional structure (cell wall) that shows hydrophilic properties, which might block the pass of the
hydrophobic structure of the terpenes [87].

4. Use of Bioactive Compounds from Agro-Industrial Waste in Aquaculture

Aquaculture is an economic sector that shows a broad growth. According to data from the Food
and Agriculture Organization of the United Nations [88], aquaculture contributes around half of
the production of fish destined for human consumption. Due to the accelerated growth and high
demand for aquaculture products, farming has intensified; that is, a greater number of organisms are
produced in smaller spaces. Furthermore, other farming factors, such as poor diet, poor water quality,
and changes in temperature and pH, might cause stress, suppress the immune system of organisms,
and negatively affect their health condition. These conditions might increase the apparition and rapid
spread of infectious diseases, which are a major problem for the aquaculture industry due to the
economic losses. Traditionally, antibiotics are used to mitigate this problem; however, their unselective
use has turned out to be a dangerous solution, due to the appearance of antibiotic-resistant bacteria,
as well as the use of these chemicals is undesirable for the final consumer.

Therefore, there is a need to seek alternative options to reduce the problems of disease occurrences
by increasing the antioxidant and immune responses in organisms. Recently, there has been a special
interest in bioactive compounds, since they have been shown to have multiple properties, such as
to promote growth and improve the health of aquatic organisms by reducing oxidative stress and
stimulating the immune system, which provides resistance to diseases (Figure 3).
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Reduce use of antibiotics resistance in organisms

Reduction in organism mortality

Figure 3. Biological properties demonstrated for bioactive compounds used as food additives for

aquatic organisms.
4.1. Bioactive Compounds as Antioxidants in Aquaculture

In aquaculture, there is enough information on the use of bioactive compounds from medicinal
plants, as food additives, to increase the antioxidant response and counteract the effects of oxidative
stress (lipid oxidation and loss of nutritional quality). In this regard, bioactive compounds from plant
residues have been poorly explored.

Corn, rice, wheat, and sorghum are among the most consumed cereals in the world. From the
cereal processing a significant amount of residue is generated. This waste could be used for the
development of functional foods with antioxidant activity. In this context, some studies have been
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carried out to evaluate the efficacy of corn and sorghum residues as antioxidant additives in fish feed.
Catap et al. [89] reported that the dietary administration of corn silk extract (Zea mays) lowered the
level of lipid peroxidation in the liver of Nile tilapia (Oreochromis niloticus) under paracetamol-induced
oxidative stress. Corn silk is an important source of flavonoids such as luteolin, formononetin, maizine,
and apigenin [90]. In general, these compounds are recognized for neutralizing reactive oxygen species
(ROS) and modulating antioxidant enzyme activities [91]. Therefore, this study might suggest that
flavonoids improve the antioxidant response in Nile tilapia liver under induced stress. On the other
hand, Lee et al. [92] indicated that the dietary inclusion of residues from the distillation of sorghum
(200 g/kg), increases the antioxidant activity and delays the oxidation process of low-density lipoproteins
in the plasma of the Lysa (Mugil cephalus). Among the main bioactive compounds present in sorghum
are phenolic acids (caffeic, ferulic and chlorogenic acids) and flavonoids (apigeninidin, luteolinidin,
and naringenin), which have been directly related to its antioxidant activity [93]. Therefore, the efficacy
of sorghum to increase antioxidant activity and delay the oxidation of low-density lipoproteins in the
plasma of M. cephalus is attributed to the ability of PCs to neutralize free radicals.

Waste from fruit processing has received little attention in the aquaculture area, even though
it is known to be one of the main sources of bioactive compounds. There are currently few studies
related to the use of fruit residues. For example, Giri et al. [94] evaluated the effect of the dietary
inclusion of banana peel (Musa acuminata) (10, 30, 50 and 70 g/kg) at different feeding times (30 and
60 days) on the formation of MDA and the activity of SOD, GPx, and CAT in rohu (Labeo rohita) liver,
infected with Aeromonas hydrophila. Fish feed including banana peel (50 g/kg and 70 g/kg) showed
a significant decrease in MDA levels in both feeding times. Superoxide dismutase and CAT activity
increased in fish fed 50 g/kg of banana peel during 60 days of feeding, while GPx activity showed an
increase after 30 days of feeding fish the banana peel (30, 50, and 70 g/kg). The authors suggested that
the diversity of bioactive compounds identified in the banana peel, such as phenolic acids, flavonoids,
and carotenoids, is responsible for improving the hepatic antioxidant response in rohu. Furthermore,
Vicente et al. [95] evaluated the effect of orange peel fragment (OPF), as a food additive, on the
antioxidant enzyme activity of Nile tilapia subjected to heat/dissolved oxygen-induced stress. In the
study, fish were fed diets with different inclusion of OPF (0, 0.2, 0.4, 0.6, and 0.8%) for 70 days. At the
end of the feeding trial, fish were subjected to stress conditions (32 °C/2.3 mg/L dissolved oxygen)
for three days. Before stress, SOD, CAT, and GPx activities were higher in the non-supplemented
group. Nevertheless, after stress, OPF supplementation increased SOD, CAT, and GPx activities.
The increase in the antioxidant enzyme activities in Nile tilapia liver could be associated with the
presence of hesperidin, a flavonoid, in the orange peel fragments [96]. This flavonoid upregulates the
Nrf2 gene expression which improves antioxidant enzyme activity, therefore minimizing oxidative
stress [97]. Additionally, Lizarraga-Velazquez et al. [98] reported that supplemented diets with 50 mg
and 100 mg of PCs from mango peel extract (MPE) per kg feed decreased MDA levels as a measure of
the lipid peroxidation in zebrafish (Danio rerio) muscle. Moreover, the authors indicated that the dietary
administration of 150 mg and 200 mg PCs from MPE per kg feed increased the hepatic CAT activity
without affecting the growth and feed utilization of zebrafish. Antioxidant effects were attributed to
the presence of gallic, 2-hydroxycinnamic and protocatechuic acids, mangiferin, quercetin, methyl
gallate, and ethyl gallate in the MPE. These latest studies merit further investigation to validate the use
of phenolic compounds as feed supplements.

Beta-glucans from mushroom (Pleurotus pulmonarius) stalk waste (MSW) have also been explored as
antioxidants in aquaculture. For instance, Ahmed et al. [99] evaluated the use of hot water extracts (HWE)
from MSW as an additive in fish feed and determined the effect on growth performance and the in vivo
antioxidant status of Nile tilapia. When the HWE from MSW, rich in 3-glucan content (20.05 + 0.44%), was
added to the diet (10 g/kg), SOD and CAT activities in the liver and kidney were enhanced. The authors
mentioned that the effect of 3-glucan on SOD and CAT activity might help to prevent the deleterious
effects of ROS on organisms. Furthermore, the protection of 3-glucans present in HWE of MSW against
oxidative stress caused by pH fluctuations in Nile tilapia was also evaluated [100]. Administration of 5
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g/kg and 10 g/kg under pre-stress conditions increased SOD and CAT activities in the liver and kidney
respectively. Nevertheless, the activity of these enzymes was reduced in liver and kidney samples due to
pH changes (5.5 and 10.5). The authors concluded that the supplementation of 3-glucans from MSW in
the diet for tilapia, enhanced the antioxidant enzyme activities in vivo, which led fish to reduce stress for
pH fluctuations and therefore show a normal growth.

4.2. Bioactive Compounds as Modulators of the Immune System and Resistance to Infections

The use of immunostimulants to control aquaculture diseases emerges as an alternative to the use
of antibiotics. This topic is gaining particular interest in the scientific community and different sources
of obtaining these bioactive have been proposed, such as medicinal plants [101]. However, the use of
agro-industrial waste has been less explored, and therefore, the literature in this regard is scarce.

Phenolic compounds are a group of phytochemicals that have been studied in aquaculture as food
additives because of their potential as immunostimulants. Particular interest has been taken in PCs from
grape seed, a material that is discarded from wine processing. In this regard, Magrone, Fontana, Laforgia,
Dragone, Jirillo and Passantino [75] evaluated the effect of grape seed extracts (Canosina Nero di Troia
Vitis vinifera) on the immune response of juveniles of Dicentrarchus labrax L. In this study, the’authors
demonstrated that the incorporation of 0.1 and 0.2 g/kg of phenolic extract in feed for D. labrax, reduces
the levels of IL-13 and IL-6 in the intestine, while the concentration of IFN-y in the spleen increased. The
effect of PCs on the levels of cytokines could be due to the modulation that they exert on the NF-«B factor,
which regulates the expression of several cytokines [102]. In addition, the number of MMCs increased.
These results show that the diet with polyphenols reduces intestinal inflammation by reducing the levels
of proinflammatory cytokines, while the increase in interferon expresses a more robust adaptive immune
response. Another aspect is that the increase in the number of MMCs, which contain melanin, is associated
with protective functions against pathogens [72]. Furthermore, Arciuli et al. [103] evaluated the effect of
PCs extracted from grape seeds on the activity of MMCs, dopa-oxidase, and peroxidase in commercial
size fish of D. labrax. The administration of 0.2 g/kg in the diet of D. labrax increased the activity of
dopa-oxidase and peroxidase. These enzymes participate in the synthesis of melanin. The presence of the
latter in fish is associated with protective functions against pathological or stress conditions [72]. From
these studies, it can be concluded that the addition of PCs from grape seeds increases melanin levels in
fish. As previously mentioned, the presence of this pigment is associated with the resistance of organisms
against pathogens. Hence PCs could be an option to improve the health status of fish. However, more
research is required to validate this effect through a challenge of organisms fed bioactive compounds in
the presence of pathogens of interest.

Hoseinifar et al. [104] indicated that the dietary administration of olive waste cake (OWC) (0.5, 2.5,
and 5.0 g/kg of feed), increased weight gain (WG) and specific growth rate (SGR), and decreased the
feed conversion ratio (FCR) in rainbow trout (Oncorhynchus mykiss). The authors also reported that
the dietary inclusion of 2.5 g/kg and 5.0 g/kg OWC feed increased total Ig concentration and mucosal
lysozyme activity, also up-regulated relative expression of gut IL-8 gene. While, the supplementation
of 2.5 g/kg OWC increased the serum lysozyme activity. The immunomodulatory effects of OWC are
related to the presence of PCs (hydroxytyrosol, tyrosol, caffeic, p-coumaric and vanillic acids, and
lutein and lignans) and vitamin E previously identified in olive [105].

Phenolic compounds extracted from olive oil processing waste have also been used in combination
with other plant extracts rich in PCs—for instance, chestnut. In this regard, Hoseinifar et al. [106]
evaluated the effect of dietary supplementation of a mixture of PCs extracted from olive mill wastewater
(OMWW) and chestnut wood (CW) (9:1, OMWW:CW) in concentrations of 0.5, 1.0, and 2.0 g/kg
of feed, on the innate immune response of convict cichlid (Amatitlania nigrofasciata). The authors
reported that mucus total protein levels and lysozyme activities increased in fish fed OMWW:CW.
Besides, they indicated that the supplementation of 2.0 g/kg of OMWW:CW increased serum total
protein and total Ig levels, as well as peroxidase and radical scavenging activities. The effect of PCs
extracted from OMWW:CW (0.5, 0.1, and 2.0 g/kg) on growth performance and innate immune response
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also have been evaluated in common carp (C. carpio L.) [107]. In this study authors reported that
supplementation with OMWW:CW increased skin mucus total proteins and Ig levels and lysozyme,
peroxidase, and radical scavenging activities in this species. Serum total Ig levels increased in fish
fed 0.1y 0.2 g/kg of OMWW:CW. Besides, PCs from OMWW:CW improved growth (WG and SGR)
and feed utilization (FCR) in common carp. In the study, the improve in the immune response in
convict cichlid was attributed to PCs such as hydroxytyrosol, tyrosol, and oleuropein, which have been
reported in olive, and to tannins identified in CW [108]. However, the mechanism of action by which
PCs exert their immunomodulatory effects is still unknown, so efforts should be directed towards that
study area. Further studies are necessary with challenges with infectious bacterial or viral diseases to
assess the potential of olive waste and CW byproducts as functional feed additives for the aquaculture.

Terpenes, mainly essential oils, have also been studied for their promoter effect of the immune
response. Recently it has been reported that the use of essential oils to enhance the immune system
response in aquaculture species is a potential alternative to the use of antibiotics [109]. Peels obtained
from citrus processing are a good option as a source of essential oil to use them as additives in aquaculture
foods [110]. In this context, Acar et al. [111] evaluated the dietary effect of essential oils obtained
from orange peel (Citrus sinensis) on the growth of Mozambique tilapia (Oreochromis mossambicus) and
its resistance against the pathogen Streptococcus iniae. The fish were fed a control diet, which does
not contain essential oils, and three experimental diets (1, 3, and 5 g/kg) for 12 weeks, after which
time the fish were challenged by infection with S. inige. Fish fed essential oils, increased lysozyme,
and MPO activities. Besides, the addition of essential oils in 1, 3, and 5 g/kg increased fish survival by
48.33%, 46.67%, and 58.33%, respectively. Limonene, a phenolic monoterpene present in the orange
peel essential oil, has antibacterial properties and could be responsible for these effects. In general,
the results of this study demonstrated that the inclusion of essential oils in diets for tilapia improves the
immune response of the fish and therefore may have the potential to be used as antibiotic substitutes.
Furthermore, Baba et al. [112] evaluated the effect of essential oils obtained from the lemon peel
(Citrus limon) on the immune system and resistance against Edwardsiella tard in Mozambique tilapia.
Fish fed 5 g/kg and 7.5 g/kg of lemon peel essential oil increased the levels of the immuno-hematological
parameters, such as the NBT, the number of white cells, hematocrit, and the activity of lysozyme and
MPO. After the feeding trial the organisms were subjected to infection by E. tard. Fish fed the control
diet showed 80% of mortality percentage, while those fed 5, 7.5, and 10 g/kg of essential oils reduced
this percentage to 36.6%, 51.6%, and 58.3%, respectively. All the parameters evaluated in this study are
important to determine the immune response of the fish. Particularly, lysozyme and MPO have an
important role in the elimination of pathogenic microorganisms. Limonene is the main component of
the essential oils of lemon peel (54.4%). This compound exerts antimicrobial activity due to its ability to
destabilize the bacterial cell membrane [113]. The authors suggest that the addition of 5 g/kg of essential
oil of lemon peels into the diet, exerts an immunostimulatory effect, and increases the resistance of
Mozambique tilapia against pathogenic bacteria. From these results it can be concluded that citrus
peel essential oils are a natural and safe alternative for the formulation of food for aquaculture species.

-glucans have been widely studied as immunostimulants for organisms of interest in aquaculture,
such as shrimp and Nile tilapia [114,115]. B-glucans evaluated are usually obtained from fungi or
yeasts [31]. Nevertheless, Chirapongsatonkul et al. [116] recently evaluated the potential of 3-glucans
obtained from split gill mushroom (Schizophyllum commune) cultivation waste as immunostimulant. The
authors obtained a crude glucan extract from mycelium containing spent mushroom substrate (SMS) of
the S. commune to stimulate immune system of Nile tilapia. Fish were injected with 100 pg/mL of glucan
extract and after six hours they were challenged with Aeromonas veronii. Fish treated with the crude glucan
extract showed an increase in immune parameters (Ig, lysozyme) and up-regulation in the expression of
cytokine genes (TNF-«, IL-13, and NF-«B) related to the immune response. Glucan extract treatment
also increased the survival rate of Nile tilapia infected with A. veronii. These results demonstrate the
possibility of use of crude glucan extracts from mushroom cultivation waste to improve the immune
response in tilapia.
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Cereals, such as oats, barley, and wheat are a rich source of (3-glucans [117] and might be
used as additives in diets for fish. For instance, Udayangani et al. [118] evaluated the effect of
B-glucans from the endosperm of oat grains on the immune response of zebrafish larvae against
E. tard. Once the larvae hatched, they were kept in solution for three days with two concentrations
of 3-glucan (100 and 500 pg/mL). Afterward, the larvae were exposed to the pathogen E. tard and
the expression of cytokines, lysozyme, and survival percentage were determined. Treatment with
500 pg/mL of B-glucan significantly increased the up-regulation of the expression of lysozyme and
cytokine genes (TNF-c, IL-1f3, IL-10, and IL-12) related to the immune response, as well as the survival
rate. Therefore, 3-glucans have potential in the aquaculture industry as promoters of the immune
system for larval stages of fish. However, waste from cereal processing has not yet been exploited to
obtain 3-glucans for the development of aquaculture feeds with immunostimulant effects.

4.3. Bioactive Compounds as Modulators of the Intestinal Microbiota

The modulation of the intestinal microbiota through the use of prebiotics (inulin, galactooligosaccharides,
and xylooligosaccharides) has received significant attention due to the growing need to (i) replace probiotics
due to their high purchasing value, (ii) reduce the incidence of infectious diseases, (iii) improve the health
status of aquaculture organisms, and (iv) increase crop production and profitability [78,119].

Inulin is the most widely used prebiotic in aquaculture [78]. The use of this prebiotic increases
the lactic acid bacteria population in the gut of surubies (Pseudoplatystoma sp.) and beluga sturgeon
(Spindle spindle) and decreases Vibrio spp. in turbot (Psseta maxima). These effects are related to inulin
inclusion doses [120-122], so further research is still required in this context.

Although there are few studies on the use of prebiotics obtained from agro-industrial wastes,
some research has been conducted on prebiotics extracted from cereals, such as wheat. In this regard,
Geraylou et al. [123] evaluated the effect of dietary inclusion of wheat bran arabinoxylans (20 g/kg and
40 g/kg), on the composition of the intestinal microbiota of Siberian sturgeon (Acipenser baerii). The
authors reported that fish fed 20 g/kg and 40 g/kg of arabinoxylans showed an increase in the relative
abundance of Eubacteriaceae, Clostridiaceae, Streptococcaceae, and Lactobacillaceae and in Bacillaceae,
respectively. Besides, dietary inclusion of wheat bran arabinoxylan oligosaccharides (20 g/kg) modulated
the growth of Lactococcus sp., Lactobacillus sp., E. budayi, and several species of the genus Clostridium.
Furthermore, it has been reported that arabinoxylan oligosaccharides form wheat bran suppress the
growth of Aeromonas sp., Citrobacter freundii, and Escherichia coli and increase the content of short-chain
fatty acids (acetate and butyrate) in the intestine of Siberian sturgeon [124]. In both studies, the increase
in the abundance of the mentioned bacteria is because they possess enzymes (endo-1,4-3-xylanases,
a-L-arabinofuranosidases, (3-xylosidases, x-glucuronidases, and feruloyl esterases) with capacity to
ferment the prebiotics evaluated [125]. It is concluded that wheat bran prebiotics have an impact on the
composition of the intestinal microbiota and that the increase in the abundance of lactic acid bacteria and
short-chain fatty acids could provide health benefits of Siberian sturgeon.

On the other hand, the use of PCs as prebiotics is of recent interest, so aquaculture studies are
scarce. In this context, the effect of PCs of the OMWW on the gut microbiota of narrow clawed crayfish
(Astacus leptodactylus) was evaluated [126]. Supplementation of 0.5 and 5 g/kg significantly reduced
the total intestinal microbiota, with the exclusion of anaerobes and yeasts. This might be because some
bacterial groups use PCs as susbtrate, such as lactobacilli. Several PCs present in OMWW, such as,
hydroxytyrosol and tyrosol exert antimicrobial properties against bacteria responsible for intestinal
infections [127]. The lack of information on the use of PCs extracted from plant residues is a field
worth exploring, especially since it is currently known that PCs provide beneficial effects on human
health through the increase of bacterial populations beneficial and short-chain fatty acid content [79].

A summary of recent studies in which bioactive compounds obtained from agro-industrial
waste were used as feed additives or vaccines, as well as their in vivo effect on antioxidant status,
immune system, and microbiota is shown in Table 1.
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5. Conclusions

There is little research aimed to the valorization of agro-industrial waste and its use as a source
of bioactive compounds to incorporate them into aquaculture food. Above all, to characterize these
wastes in their nutritional aspects, as well as in the quantity and type of bioactive that they present, it is
of utmost importance. The activity of bioactive compounds, such as phenolic compounds, terpenes and
-glucans, depends on their chemical structure, the source, the doses, and if it is isolated or in presence
of other compounds, as well as the species used as study model. Therefore, these compounds are
required to be evaluated in different aquatic organisms of commercial interest, such as shrimp, tilapia,
white snook, and snapper, among others, to determine their biological effect, whether antioxidant,
immunostimulant, or microbiota modulator. The above reveals the great window of opportunity that
exists to explore this topic.
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