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Abstract: The aim of this study, focused on the nutritional value of wild berries, was to determine
the contents of macronutrients, profiles of fatty (FAs) and amino acids (AAs), and the contents of
selected elements in red arils (RA) of Taxus baccata L., grown in diverse locations in Poland. Protein
(1.79–3.80 g/100 g) and carbohydrate (18.43–19.30 g/100 g) contents of RAs were higher than in
many cultivated berries. RAs proved to be a source of lipids (1.39–3.55 g/100 g). Ten out of 18 AAs
detected in RAs, mostly branched-chain AAs, were essential AAs (EAAs). The EAAs/total AAs
ratio approximating were found in animal foods. Lipids of RA contained seven PUFAs, including
those from n-3 family (19.20–28.20 g/100 g FA). Polymethylene-interrupted FAs (PMI-FAs), pinolenic
18:3∆5,9,12; sciadonic 20:3∆5,11,14, and juniperonic 20:4∆5,11,14,17, known as unique for seeds
of gymnosperms, were found in RAs. RAs may represent a novel dietary source of valuable n-
3 PUFAs and the unique PMI-FAs. The established composition of RAs suggests it to become a
new source of functional foods, dietary supplements, and valuable ingredients. Because of the
tendency to accumulate toxic metals, RAs may be regarded as a valuable indicator of environmental
contamination. Thus, the levels of toxic trace elements (Al, Ni, Cd) have to be determined before
collecting fruits from natural habitats.

Keywords: Taxus baccata L. red arils; polymethylene-interrupted fatty acids; α-linolenic acid; nutri-
tional value; amino acids; elements

1. Introduction

Ample studies have shown fruits to be good sources of phytochemicals and to play a
remarkable role in the maintenance of human health as they influence various metabolic
processes [1,2]. The composition and quality of fruits derived from natural habitats depend
on their genotype, but can also be modified by diverse environmental factors, such as
temperature, light, water, soil quality, and altitude [3–5]. For example, temperature and
light substantially determine the accumulation of soluble carbohydrates in citrus [5]. Cloud-
berries grown in open habitats differed significantly in their chemical composition from
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those grown in shaded sites [4]. Apart from cultivated fruits, the wild and underutilized
ones also offer some nutritional value, being a rich source of carbohydrates, proteins, fibers,
minerals, and vitamins [3,4,6–9].

European yew (Taxus baccata L.) is a non-resinous gymnosperm evergreen conifer
tree or shrub up to 15 m in height, common almost all over Europe. It grows naturally at
latitudes of up to 63ºN in Norway and Sweden. Large populations of yew grow in Baltic
countries, Ukraine, Poland, Romania, Hungary, and Carpathians and Caucasus mountains,
and also in Southwest Asia and northwest Africa [10,11]. Unlike many other conifers,
the common yew does not actually bear its seeds in a cone. Instead, female yews have
red fleshy, berry-like structure around the seeds, known as red arils (RAs), and are open
at the tip, which is equivalent to the fruit pulp of many deciduous trees. In Poland, the
European yew is under species protection and is listed in the Red Book as a plant at risk of
extinction [12].

The genus Taxus has generated considerable interest due to its content of diterpene
alkaloids known as taxines [13]. Taxine B, which is detected in all parts of yew plants except
RAs, is the major compound of the alkaloid fraction (approximately 30%) responsible for
their toxicity. Another taxane compound, paclitaxel (taxol A), which is less polar than
taxines and has cytotoxic and anticancer activities, is used in cancer therapy (lung, ovarian
neoplasia, breast, metastatic carcinoma) and in the second-line treatment of AIDS-related
Kaposi’s sarcoma [14,15]. In addition, 10-deactetylbaccatin III, a non-alkaloidal diterpene,
contains the fundamental piece of paclitaxel structure (the core taxine ring), thus inducing
apoptotic cell death of cancer cells [16].

In different parts of various Taxus species, other active compounds such as phenolic
constituents (3,5-dimethoxyphenol, myricetin, bilobetin), 50 lignans including neolignas,
were identified [15]. These compounds show antibacterial, antifungal, antioxidant, and
antiulcerogenic activities [17]. Strong proapoptotic activity of methanolic extract of leaves
was confirmed in studies on human cell lines (colon cancer HCT, 116) [11].

It should be pointed out that in the Taxus species, only the seedless red fleshy part
of berries, RAs, are free of toxic compounds [11,13,15]. Moreover, Siegle and Pietsch [18]
revealed in the RAs of yew berries the presence of anticancer and antioxidative taxoid
compounds (terpenes and phenolic compounds), with major, however trace share, of 10-
deactetylbaccatin III. RAs are an enticing delicacy for many animal species, being a little
expressive, slightly sweet, having a bland taste and aroma, and rich in mucous compounds.
Besides, they contain a substantial amount of dietary fiber (7.7–10.6 g/100 g) [19]. However,
to the best of our knowledge, published data about macro- and micro-nutrient composition
of RAs is lacking.

Earlier studies on lipids of seeds of Conifer species, also of those from Taxacea fam-
ily, showed that lipid fraction of seeds was distinguished by a substantial presence of
polymethylene-interrupted fatty acids (PMI-FAs), also called ∆5-olefinic acids [20–22].
Fatty acids (FAs) from that group frequently bear the first double bond on C5, separated by
five methylene units from the next double bond [23]. The chemical structure of PMI-FAs is
“uncommon” as compared with polyunsaturated FAs (PUFAs) with a regular position of
double bonds, e.g., linoleic and α-linolenic acids in plants [23]. However, they are typical
for Taxus gymnosperm PMI-FAs [23]. Several pharmacological effects, e.g., modulation
of immune response, suppression of hypertension, hyperlipidemia and enhancement of
memory acquisition in the central nervous system, were reported for oils derived from
conifer seeds containing PMI-FAs [24]. Recent studies on animal models and cell lines
showed that the juniperonic acid (20:4∆5,11,14,17) exerted anti-inflammatory effects [25].
Chen et al. [26] demonstrated that pinolenic acid (18:3∆5,9,12) could act as a potential anti-
cancer agent, reducing the risk of breast cancer by effectively antagonizing prostaglandin
E2 and cyclooxygenase expression.

Generally, fruits are not a good source of lipid fraction. However, some wild berries
revealed to be a good source of lipids and beneficial FAs. For example, Zantoxylum fruits
and wild sea buckthorn (Hippophae rhamnoides), contain substantial amounts of 16:1, Rhus
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triparrtium fruits having 3.8 to 6.4% lipids with substantial presence of PUFA from n-6 and
n-3 families, such as Arbutus unedo L. berries [27–30]. Red berries of Taxus baccata may thus
be regarded as a good source of a range of unsaturated FAs, e.g., PMI-FAs and other.

Thus, as a part of the ongoing interest in the nutritional value of wild fruits, the aim
of this study was to determine the contents of macronutrients, profiles of fatty acids and
amino acids, and the contents of selected elements in red arils of Taxus baccata L., grown in
diverse locations in Poland.

2. Results and Discussion

2.1. Taxus Compounds

Five Taxus compounds were detected in RAs samples. Their contents significantly var-
ied between collection sites (Table 1). Two of those compounds dominated: 10-deacetylbacc-
atin III and baccatin III, with the highest shares being found in samples from Zielona Gora
sites, as compared with other three sites. This could have been due to the higher annual
temperature and exposure to UV radiation at Zielona Góra site as compared with other
locations (Table 2, Figure 1). The effects of light intensity and temperature on taxane
concentrations in needles and twigs was reported [31]. Previous studies also revealed
seasonal differentiation in taxane content, e.g., 10-deacetylbaccatin III, baccatin III and
cephalomannine in seeds [14,18,32]. These non-alkaloid diterpenoid compounds are ap-
preciated because of their proved cytotoxicity to cancer cells [13,16,33]. These results were
comparable with those reported for RAs by Siegle nad Pietsch [18]. Much higher contents
of 10-deacetylbaccatin III, baccatin III were detected in leaves of Taxus baccata L. and of other
Taxus species (6 to 10-fold more) and in twigs of other Taxus species (25-fold more) [14,34].

Table 1. Taxus compounds of red arils (µg/g of dry weight, n = 9).

Compound
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

10-Deacetylbaccatin III 19.80 ± 0.64 c 3.90 ± 0.13 a 7.40 ± 0.29 b 4.10 ± 0.18 a

Baccatin III 6.30 ± 0.13 c 2.00 ± 0.07 a 2.30 ± 0.03 a,b 2.40 ± 0.06 b

Cephalomannine 0.05 ± 0.00 b 0.18 ± 0.01 c 0.12 ± 0.01 a 0.12 ± 0.00 a

Taxinine M 0.13 ± 0.01 d 0.05 ± 0.00 c 0.03 ± 0.00 b 0.02 ± 0.00 a

Taxol A 0.02 ± 0.00 b 0.10 ± 0.00 a 0.05 ± 0.00 c 0.05 ± 0.00 c

a, b c, d—values baring the same superscripts in rows do not differ significantly (p < 0.05) from each other.
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Figure 1. Annual changes in selected climate conditions in diverse locations in Poland: (A) average temperature (◦C), (B)
total precipitation (mm).
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Table 2. Characteristics of growth locations of red arils.

Growth Site Characteristics

Exposition West Central North South

Location of natural habitats Zielona Góra Warsaw Koszalin Cracow

Latitude/longitude 51◦56′N
15◦30′E

52◦13′N
21◦01′E

54◦11′N
16◦11′E

50◦05′N
19◦58′E

Altitude above sea level 140 m 90 m 40 m 240 m
Soil Parameters

Type of soil brown earths
soil podsolic soil acidic brown

soil alluvial soil

Soil pH >5.6 5.26–5.5 <4.5 5–5.25
Mineral nitrogen (mg/kg) 75.1–113.2 <10 20.1–35 20.1–35

Phosphorus availability (mg P2O5/100 g) 15–20 10–15 >25 10–15
Potassium availability (mg K2O/100 g) 15–20 <15 <15 15–20
Magnesium availability (mg Mg/100 g) 6–7 <5 5–6 >10

Weather Conditions
Average annual temperature (◦C) 8.8 7.7 7.9 8.2

Average temperature (◦C) from flowering to sampling * 13 12.1 11.7 12.6
Total annual precipitation (mm) 572 501 683 678

Average precipitation (mm) from flowering to sampling * 416 385 490 536
Cloudiness (okta) 5.6 5.7 5.9 5.3

Exposure to solar radiation (h) 1700–1800 1700–1800 1700–1800 1600–1700
Intensity of light (W/m2) 120–140 120–140 110–130 110–130

◦ ,*—from flowering (March–April) until the end of red arils maturation (September–October).

Other three compounds, especially taxol A (paclitaxel) were detected only in trace
amounts in RAs samples (0.02–1 µ/g) in contrast with other parts of Taxus baccata plant,
e.g., leaves, which contained 12.8 to 33.7 µ/g of paclitaxel, depending on the month of
collection [14]. In leaves and twigs of other Taxus species, the range of amounts of paclitaxel
amounted to 23.8–150 µ/g. It is worth mentioning that in the studied RAs samples, no
traces of taxine alkaloids responsible for toxicity (taxines A and B) were detected. We thus
consider recommending analyzing the nutritional composition of RAs as a fruit of potential
value in human nutrition.

2.2. Proximate Composition

The results (Table 3) revealed a significant (p < 0.05) variation in the nutrient contents
of RAs collected from different sites. As pointed out by Hegazy et al. [9], the moisture
content affects many physical properties of fruits, such as viscosity, weight, and density,
and is a helpful indicator during fruit harvesting, storage, and processing. RA samples had
a higher moisture content (75.8%, on average) than wild berries from the Mediterranean
region: strawberry-tree berries, blackthorn, and rose (48.7–60.9%), but lower than cultivated
fruits: cherries and red raspberries (86.4–92.7%) [6,35]. As shown in Table 3, significant
differences (p < 0.05) were noted in the fruit moisture from different locations, most likely
due to different environmental conditions, such as water availability, sunlight, and wind
exposition [36].

The protein content of RA (1.79–3.80%) was higher than in cultivated fruits (0.48–1%;
cherry, blueberry, strawberry, red raspberry) [35]. In addition, RAs exceeded some species
of wild fruits, e.g., mulberries, in protein content, but was about twice lower than in Rhus
tripartitum fruits derived from two different locations in Tunisia [2,27].

Site differentiation in protein content of RAs was confirmed in previous papers on
berry fruits and strawberry-tree fruits; it was suggested that protein content of fruits can
vary with soil and climatic conditions [27,36].
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Table 3. Proximate composition of red arils (means ± SE, n = 9).

Component
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

Macronutrients (g/100 g of fresh weight)
Proteins 1.79 ± 0.02 a 3.80 ± 0.20 c 3.03 ± 0.10 b 1.95 ± 0.17 a

Lipids 1.39 ± 0.12 b 0.79 ± 0.04 a 3.55 ± 1.24 c 3.54 ± 1.11 c

Carbohydrates 18.49 ± 0.13 a 19.06 ± 0.16 a 19.30 ± 0.22 a 18.43 ± 0.10 a

Glucose 2.73 ± 0.09 b 3.03 ± 0.12 c 2.23 ± 0.12 a 2.22 ± 0.02 a

Fructose 5.78 ± 0.19 a,b 6.43 ± 0.27 b 5.55 ± 0.33 b 5.36 ± 0.04 a

Sucrose 2.28 ± 0.07 c 1.65 ± 0.05 b 0.92 ± 0.03 a 2.65 ± 0.09 d

Moisture (%) * 77.90 ± 0.09 c 75.89 ± 0.0.07 b 73.63 ± 0.08 a 75.71 ± 0.11 b

Dry matter (%) * 22.10 ± 0.06 a 24.11 ± 0.17 b 26.37 ± 0.05 c 24.29 ± 0.03 b

Ash (%) * 0.43 ± 0.01 b 0.46 ± 0.01 b,c 0.49 ± 0.01 c 0.37 ± 0.02 a

Energy value (kcal) 93.63 ± 0.15 a 98.55 ± 0.21b 121.27 ± 0.24 d 113.38 ± 0.12 c

a, b c, d—values baring the same superscripts in rows do not differ significantly (p < 0.05) from each other. *—from
flowering (March–April) until the end of red arils maturation (September–October).

Carbohydrates were the main macronutrient in RAs, accounting for 18.43 to 19.30 g/
100 g, i.e., much more than in cultivated berries, such as strawberries, red raspberries,
and blueberries (6.30–11.54 g/100 g), and in mulberries [2,35]. In turn, a higher content of
carbohydrates than in RAs was assayed in wild berries [6]. The chromatographic analysis
revealed the predominant share of fructose (5.36–6.43 g/100 g) followed by glucose and
sucrose, irrespective of collection site (Table 4). Similar quantitative shares of sugars were
confirmed in different wild berries (strawberry-tree, blackthorn, rose fruits) [6]. The sucrose
content of RAs was significantly (p < 0.05) differentiated between all locations. The lowest
content of sucrose (0.92 g/100 g), together with highest amount of fiber (10.6 g/100 g),
was found in RAs collected at the Koszalin site [19]. Samples from the other three sites
contained higher amounts of sucrose (1.65–2.65 g/100 g), most likely because of differ-
ences in temperature during ripening (Table 2). Our results contrasted with the data of
Zheng et al. [5] about the contents of soluble sugars in Lycium barbarum berries; they found
that genetic factors and the degree of maturity had a larger effect on sugar contents than
environmental factors.

Table 4. Amino acids composition (mg/100 g of fresh weight) of red arils (means ± SE, n = 9).

Amino Acids
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

Essential amino acids
Histidine 80.0 ± 0.0 c 90.0 ± 0.0 d 43.3 ± 3.3 a 50.0 ± 0.0 b

Threonine 80.0 ± 0.0 b 110.0 ± 0.0 c 80.0 ± 0.0 b 73.3 ± 3.3 a

Tyrosine 40.0 ± 0.0 b 53.3 ± 3.3 c 30.0 ± 0.0 a 30.0 ± 0.0 a

Valine 130.0 ± 0.0 c 166.7 ± 3.3 d 106.7 ± 3.3 b 90.0 ± 0.0 a

Methionine and cysteine 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Lysine 110.0 ± 0.0 a 170.0 ± 0.0 c 143.3 ± 3.3 b 110.0 ± 0.0 a

Isoleucine 100.0 ± 0.0 c 120.0 ± 0.0 d 73.3 ± 3.3 b 63.3 ± 3.3 a

Leucine 183.3 ± 3.3 c 220.0 ± 0.0 d 133.3 ± 3.3 b 123.3 ± 3.3 a

Phenylalanine 173.3 ± 3.3 c 176.7 ± 3.3 c 70.0 ± 0.0 a 80.00 ± 0.0 b

Total 996.6 ± 0.7 c 1206.7 ± 1.0 d 779.9 ± 1.7 b 719.9 ± 1.0 a

Non-essential amino acids
Aspartic acid 90.0 ± 0.0 a 143.0 ± 3.3 c 147.0 ± 3.3 c 113.0 ± 3.3 b

Serine 170.0 ± 0.0 b 236.7 ± 3.3 c 153.3 ± 3.3 a 153.3 ± 3.3 a

Glutamic acid 200.0 ± 0.0 a 510.0 ± 5.7 d 316.7 ± 6.7 c 283.3 ± 3.3 b

Glycine 126.7 ± 3.3 c 146.7 ± 3.3 d 80.0 ± 0.0 a 90.0 ± 0.0 b

Arginine 70.0 ± 0.0 a 100.0 ± 0.0 c 90.0 ± 0.0 b 90.0 ± 0.0 b

Alanine 110.0 ± 0.0 a 226.7 ± 3.3 c 236.7 ± 6.7 c 203.3 ± 3.3 b

Proline 150.0 ± 0.0 a 220.0 ± 0.0 b 210.0 ± 5.8 b 153.3 ± 3.3 a

Total 916.7 ± 0.5 a 1583.1 ± 2.7 d 1233.7 ± 3.7 c 1086.2 ± 2.4 b

a, b c, d—values baring the same superscripts in rows do not differ significantly (p < 0.05) from each other.
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Generally, RAs contained a substantial amount of lipids, reaching 1.39 to 3.55 g/100 g
(except those from Warsaw site). Our results opposed the view that fruits were generally a
poor lipid source, such as Rosa rugosa pericarp (0.67–0.88%), mulberry species (0.14–0.40%),
blackberries, red raspberries, and strawberries (0.25–0.42%) [2,35,37]. However, berries of
some species: Goji berries, wild fruits from Saudi Arabia, are rich in lipids (2.23–5.5%) [9,38].
Total carbohydrates, simple sugars, and proteins are the vital nutrients in many fruits, as
they are the main source of energy [9]. Our results also proved RAs to be an important
source of lipids.

The marked differentiation in lipid contents in RAs samples derived from different
sites is in agreement with previously reported data concerning other berries, namely wild
Arbutus unedo (0.72–1.66%), mulberries (0.14–0.40%) [2,30]. That discrepancy may be due
to different environmental conditions [30].

On the basis of the proximate analysis, a portion of 100 g of RAs provides, on average,
106 kcal. It is about 3.5-fold lower than the energy value of other wild berries (strawberry-
tree, blackthorn, rose), most likely because of its low sugar content [6]. Hence, RAs can be
recommended as a low-calorie snack.

The ash content of RAs, reaching 0.44 g/100 g (Table 3), was about twice higher than
that in cultivated fruits (blackberries, red raspberries, and strawberries) and similar to that
of Prunus avium L. [35,39]. The contents of both dry matter and ash in plants are usually
affected by the climate and soil conditions [3].

2.3. Amino Acid Profile

Eighteen AAs were detected in RAs samples. Ten of them were essential AAs (EAAs),
and seven non-essential AAs (non-EAAs). The contents of AAs varied significantly
(p < 0.05) depending on the growth site (Table 4). For example, the differences in to-
tal EAAs were remarkable, ranging from 720 mg/100 g to 1207 mg/100 g (Cracow and
Warsaw sites, respectively). A similar range of total EAAs (TAAs) was found in berries of
Rosa roxburghii and Rosa sterilis and Rhoodomyrtus tomentosa (sim fruits) [8,40]. Environ-
mental variation in AAs was also found in goji berries in China. The authors stated that
alkaline soil and large day/night temperature difference were optimal for wolfberry fruit
production [7].

The EAAs/TAAs ratio in RA amounted to 43%, on average. According to FAO and
WHO, foods with EAAs/TAAs ratio above 40% are an ideal protein source. Generally,
foods of animal origin, such as eggs, milk, and fish, have EAAs/TAAs ratios of 41 to 46%
and are sources of high-quality protein [2]. The EAAs/TAAs ratio of RA approximates
that found in animal foods, suggesting that the RAs could be also used as a source of
high-quality protein in human diet.

Leucine was the major component of EAAs, followed by lysine and valine. Predom-
inating shares of lysine and leucine were also found in wild fruits collected from Saudi
Arabia [9]. The contents of leucine in RA (123–220 mg/100 g) were 2.5 to 3-fold higher than
in Rosa roxburghii and Rosa sterilis berries [8]. The content of lysine, which is especially
important for growing organisms, was similar to that found in rose hips [8]. The content of
branched-chain AAs (BCAAs: leucine, isoleucine, and valine) in food is especially impor-
tant, as these are closely related to human health. Apart from being the building blocks
of proteins, they control the protein and energy metabolism, and serve as amino-group
donors to synthesize glutamate in brain [41]. The share of BCCAs in total AAs of RAs was
impressive, reaching 18.4% on average, and was similar to that found in animal proteins
(about 20%) [41]. Hence, we suppose that RA can serve as a BCCAs-rich new ingredient
in diet.

Glutamic acid was the major component of the non-EAAs, with 1.5 to 2.5-fold higher
content in RAs from Warsaw site (510 mg/100 g) compared with samples from the other
three sites (200–317 mg/100 g). The prevailing share of glutamic acid in AAs of wild fruits
was also confirmed by Guo et al. [7]. The major AAs from the non-EAAs group in RA
included serine (153–237 mg/100 g) and proline (150–220 g/100 g).
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2.4. Fatty Acid Composition

The application of high-resolution GC enabled detecting 25 fatty acids (FAs) in lipid
fraction extracted from RAs. The contents of many of them differed significantly (p < 0.05)
depending on the fruit collection site (Table 5). Saturated FAs (SFAs) were represented
mainly by palmitic (20.43–24.37 g/100 g FA) and myristic (6.76–10.76 g/100 g FA) acids. The
total content of other six SFAs was low and did not exceed 3 g/100 g FA. A similar content
of C16:0 was found in Rosa rugosa, but a much higher one in sea buckthorn pericarps [42].
The presence of palmitic and myristic acids in Taxaceae species (seeds) was confirmed in a
previous study; however, their contents were much lower than in RA from our study [22].

Table 5. Fatty acid composition (g/100 g of FA) of lipids of red arils (means ± SE, n = 9).

Fatty Acid
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

SFAs 33.33 ± 0.14 a 38.39 ± 0.15 b 33.12 ± 0.31 a 38.51 ± 0.04 b

10:0 0.05 ± 0.00 a 0.12 ± 0.01 b 0.07 ± 0.00 a 0.13 ± 0.00 c

12:0 0.50 ± 0.01 b 1.13 ± 0.01 c 0.30 ± 0.02 a 0.51 ± 0.02 b

14:0 9.84 ± 0.06 b 10.76 ± 0.05 d 6.76 ± 0.04 a 10.39 ± 0.07 c

16:0 20.43 ± 0.10 a 22.66 ± 0.29 b 22.37 ± 0.31 b 24.37 ± 0.10 c

17:0 0.14 ± 0.01 c 0.12 ± 0.01 b 0.13 ± 0.00 b,c 0.08 ± 0.00 a

18:0 1.88 ± 0.02 a 2.62 ± 0.07 c 3.37 ± 0.03 d 2.19 ± 0.03 b

22:0 0.16 ± 0.00 a 0.18 ± 0.00 d 0.11 ± 0.01 c 0.24 ± 0.01 b

24:0 0.32 ± 0.02 b 0.81 ± 0.03 d 0.00 ± 0.00 a 0.59 ± 0.01 c

MUFAs 10.71 ± 0.07 c 8.71 ± 0.08 b 13.04 ± 0.04 d 7.69 ± 0.06 a

14:1 0.13 ± 0.00 a 0.16 ± 0.02 c 0.15 ± 0.00 b 0.26 ± 0.01 d

16:1∆7 0.12 ± 0.01 a 0.27 ± 0.00 b 0.12 ± 0.00 a 0.35 ± 0.01 c

16:1∆9 0.20 ± 0.01 b 0.29 ± 0.00 d 0.26 ± 0.00 c 0.16 ± 0.00 a

17:1 0.11 ± 0.01 a 0.85 ± 0.03 c 0.14 ± 0.01 a 0.28 ± 0.02 b

18:1∆9 9.52 ± 0.06 b 6.65 ± 0.08 a 12.35 ± 0.06 c 6.59 ± 0.10 a

18:1∆11 0.39 ± 0.02 c 0.37 ± 0.03 c 0.00 ± 0.00 a 0.07 ± 0.00 b

20:1∆9 0.24 ± 0.01 d 0.11 ± 0.00 c 0.04 ± 0.00 b 0.00 ± 0.00 a

n-3-PUFAs 19.19 ± 0.17 a 25.85 ± 0.11 c 24.18 ± 0.20 b 28.19 ± 0.17 d

18:3∆9,12,15 18.53 ± 0.18 a 25.18 ± 0.14 c 23.43 ± 0.23 b 26.50 ± 0.19 d

20:3∆11,14,17 0.67 ± 0.03 a 0.67 ± 0.01 a 0.76 ± 0.02 b 1.69 ± 0.02 c

n-6-PUFAs 33.81 ± 0.16 c 24.24 ± 0.20 b 25.19 ± 0.16 b 21.00 ± 0.13 a

18:2∆9,12 30.92 ± 0.12 c 20.99 ± 0.22 b 21.33 ± 0.11 b 19.40 ± 0.11 a

18:3∆6,9,12 0.63 ± 0.03 b 0.71 ± 0.01 c 0.80 ± 0.02 d 0.50 ± 0.02 a

20:2∆11,14 0.16 ± 0.01 a 0.14 ± 0.00 a 0.16 ± 0.00 a 0.62 ± 0.02 b

22:2∆13,16 1.62 ± 0.03 b 1.96 ± 0.01 c 2.33 ± 0.04 d 0.07 ± 0.00 a

20:4∆8,11,14,17 0.48 ± 0.02 b 0.44 ± 0.01 a,b 0.57 ± 0.02 c 0.41 ± 0.01 a

PMI-FAs 1.41 ± 0.01 b 1.32 ± 0.01 b 1.08 ± 0.00 a 0.98 ± 0.01 a

18:3∆5, 9,12 0.09 ± 0.01 a 0.14 ± 0.00 b 0.08 ± 0.00 a 0.23 ± 0.01 c

20:3∆5,11,14 1.25 ± 0.03 d 0.94 ± 0.02 c 0.82 ± 0.02 b 0.62 ± 0.02 a

20:4∆5,11,14,17 0.06 ± 0.00 b 0.24 ± 0.00 b 0.17 ± 0.00 a 0.12 ± 0.00 c

PUFAs 54.41 ± 0.23 c 51.40 ± 0.12 b 50.45 ± 0.16 a 50.16 ± 0.08 a

NI 1.55 ± 0.32 a 1.50 ± 0.21 a 3.38 ± 0.45 b 3.63 ± 0.15 b

a, b c, d—values bearing the same superscripts in rows do not differ significantly (p < 0.05) from each other.
Abbreviations: PMI-FAs—polymethylene-interrupted FAs; 18:3∆5,9,12—pinolenic acid; 20:3∆5,11,14—sciadonic
acid; 20:4∆5,11,14,17—juniperonic acid; NI—not identified.

The total content of MUFAs RAs lipids varied from 7.69 to 13.04 g/100 g FA. The
same trend was reported in the content of the major MUFA—oleic acid. In contrast to
the lipid composition of other berry fruits, MUFAs were the least significant FAs in the
RAs [38,42,43]. Lipid fraction of RAs from Koszalin site had about twice higher content
of oleic acid compared, with samples from Cracow and Warsaw sites (Table 2). It is in
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accordance with the study of Issaoui et al. [44], who found that Tunisian olive oils from
the north locations showed greater content of oleic acid comparing with samples from
the south.

The lipid fraction of RAs was extremely rich in PUFAs (10 compounds). Among them,
five compounds belonged to the n-6 family, and two to the n-3 family. The major PUFA was
linoleic acid (30.92 g/100 g FA); it was the most abundant in the lipid fraction of Zielona
Góra-site samples. The α-linolenic was the second important PUFA, especially in samples
from the other three locations (23.43–26.50 g/100 g FA in average; Table 5). It should be
noted that similar to Rosa rugosa fruits, the RAs may be perceived as a valuable source of
α-linolenic acid belonging to the n-3 family [37]. Lipids of RAs also contained a long-chain
PUFA (LC-PUFA) trienoic acid (20:3∆11,14,17) from the n-3 family (Table 5), the necessary
precursor of juniperonic acid [23]. That compound is rather unusual for vegetable oils.

Among other PUFAs, three PMI-FAs (18:3∆5,9,12; C20:3∆5,11,14 and 20:4∆5,11,14,17),
unique for the gymnosperm plants, were identified [20–23]. Even though pinolenic acid
does not belong to essential FAs, it forms biologically active metabolites in the presence of
cyclooxygenase or lipoxygenase, and these metabolites can partially relieve some of the
symptoms of essential FAs deficiency [45]. Focusing on PMI-FAs, sciadonic dominated
quantitatively, its content in RAs lipids from Zielona Góra site being higher compared with
other sites. The highest content of pinolenic acid was found in lipids of RA derived from
Cracow site (0.23 g/100g FA). Those results are in accordance with previously reported
in lipids of Taxus baccata seeds [20,22]. However, our study did not confirm the presence
of taxoleic acid (18:2∆5,9), a typical FA for lipids of Taxus baccata seeds (Table S1) [20–22].
Substantial differences between the FAs profile of pericarp and seeds of fruits confirmed a
previous study on Garcinia fruits [46]

There are several factors that can affect FAs composition including plant origin, en-
vironmental conditions and temperature, throughout the time between flowering and
ripening [47]. For example, low temperature promotes the synthesis of PUFAs in plants,
especially the LC-PUFA ones [29]. This was noted in lipids of RAs from Koszalin site,
having the highest share of four LC-PUFA among studied samples (Table 5).

Contrary to expectations, lipids of RAs samples derived from Zielona Góra site, which
had better climatic conditions (temperature) than other locations, contained a significantly
higher amount of total PUFA (54.4 g/100 g FA), as compared with samples of the other
three sites (50.7 g/100 g FA on average; Table 5), most likely due to better parameters of
the brown soil there (Table 2). An impressive amount of α-linolenic acid in RAs from the
Cracow sample could be attributed to favorable soil conditions and high precipitation,
appropriate for the demanding Taxus baccata trees [48].

For nutritional reasons, it is essential to search for sustainable vegetable sources of
PUFAs, especially for α-linolenic acid from the n-3 family. The primary biological role
of α-linolenic may consist of it being a substrate for long chain PUFAs in EPA and DHA
synthesis [49,50]. Baker et al. [49] pointed out in their review that epidemiological studies
in Europe, USA, and Japan indicated a decreased risk of CVD and inflammation with
increasing consumption of long-chained n-3 PUFAs. The lack of α-linolenic provision
in the diet decreases the availability of DHA for incorporation into neural and retinal
membranes and may explain the impact of α-linolenic deficiency on vision [50]. From the
consumer’s point of view and for nutritional reasons, the contents of PUFA were computed
per 100 g of RAs (Table 6). The differences in PUFAs contents were related mainly to lipid
content (Table 3), thus the portion of 100 g RAs from Koszalin and Cracow sites differed by
a 2.5 to 4-fold higher content of PUFA compared with samples from the other two sites. In
addition, RA from Koszalin and Cracow sites had high amounts of unique PMIs, especially
sciadonic (on average, 25.5 mg/100 g RAs; Table 6).
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Table 6. The content of important fatty acids of red arils (mg/100 g of fresh weight; means ± SE,
n = 9).

Fatty Acid
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

n-3-PUFAs 267.79 ± 1.73 b 204.19 ± 0.85 a 858.51 ± 6.77 c 997.81 ± 5.12 d

18:3∆9,12,15 257.52 ± 2.05 b 198.90 ± 0.91 a 831.65 ± 6.62 c 937.98 ± 5.43 d

20:3∆11,14,17 9.27 ± 0.33 b 5.29 ± 0.06 a 26.86 ± 0.54 c 59.83 ± 0.60 d

n-6-PUFAs 469.96 ± 1.35 b 191.47 ± 1.46 a 894.36 ± 3.86 d 743.40 ± 3.74 c

18:2∆9,12 429.74 ± 1.31 b 165.82 ± 1.44 a 757.33 ± 3.28 d 686.64 ± 3.08 c

18:3∆6,9,12 8.76 ± 0.36 b 5.61 ± 0.04 a 28.40 ± 0.60 d 17.70 ± 0.44 c

20:2∆11,14 2.27 ± 0.08 b 1.08 ± 0.02 a 5.80 ± 0.10 c 21.83 ± 0.59 d

22:2∆13,16 22.56 ± 0.36 c 15.51 ± 0.04 b 82.72 ± 1.10 d 2.60 ± 0.10 a

n-6/n-3 1:1.7 d 1:1 b 1:1 b 1:0.8 a

PMI-Fas * 19.55 ± 0.46 b 10.43 ± 0.10 a 38.22 ± 0.59 d 34.57 ± 0.42 c

18:3∆5,9,12 1.25 ± 0.07 a 1.13 ± 0.02 a 2.96 ± 0.10 b 8.14 ± 0.33 c

20:3∆5,11,14 17.42 ± 0.36 b 7.43 ± 0.13 a 29.23 ± 0.42 d 22.07 ± 0.42 c

20:4∆5,11,14,17 0.88 ± 0.04 a 1.87 ± 0.06 b 6.04 ± 0.17 d 4.37 ± 0.10 c

Total PUFAs 756.30 ± 3.26 b 406.09 ± 0.94 a 1791.09 ± 5.78 c 1775.78 ± 2.84 c

a, b c, d—values bearing the same superscripts in rows do not differ significantly (p < 0.05) from each other.
Abbreviations: PMI-FAs—polymethylene-interrupted FAs, 18:3∆5,9,12—pinolenic acid, 20:3∆5,11,14—sciadonic
acid and 20:4∆5,11,14,17—juniperonic acid. *—from flowering (March–April) until the end of red arils maturation
(September–October).

Except Warsaw location, RAs proved to be a substantial source of linoleic (n-6 PUFA;
429–757 mg/100 g RA). High blood levels of n-6 acids were considered an increased risk of
inflammatory and allergic conditions in epidemiological studies [48]. An increased intake
of α-linolenic from the diet has the potential to limit the production of n-6 derived proin-
flammatory mediators and to enhance the biological efficacy of long chain n-3 PUFA [50].
As shown in Table 6, samples of RAs from two sites were an especially valuable source
α-linolenic FA; 100 g of fruits may provide 832 to 938 mg of 18:3∆9,12,15 acid. It should also
be pointed out that the beneficial ratio of n-6/n-3 PUFAs in RAs is 1:0.8–1:1.7, as shown
in Table 6. This ratio was much lower compared with the current ratio n-6/n-3 PUFAs of
Western diet, from 15:1 to 16.7:1 [49].

Based on these results, RAs may represent a novel vegetable dietary source of valuable
PUFAs belonging to n-3 family, including the long-chain ones and also unique PMI-FAs.

2.5. Elemental Characteristic

The contents of macroelements (K, P, S, Ca, Mg, Na), microelements (Zn, Fe, B, Cu,
Mn, Cr, Mo, Co), and metals (Al, Ni, Bi, Ba, In, Ti, Li, Ag, Cd, Ga), are presented in Table 7.
Most of them were significantly (p < 0.05) dependent on the site of RA collection.

Potassium (K) was the most abundant element in RA (772–878 mg/100 g), followed
by P, S, Ca, and Mg. It was about 2 to 3-fold higher than reported for five species of wild
fruits in Saudia Arabia and mulberries in China [2,9]. A much higher amount of potassium
than in RAs was found in goji berries (2100 mg/100 g) [43]. RAs had potassium content
comparable to that of bananas, regarded as a typical potassium source in the diet [51].
Potassium is an essential mineral, important to maintain body water and to participate in
transmitting nerve impulses to muscles [51]. An adult human being needs approximately
4700 mg K per day, thus, RAs consumption can meet the daily required amount [52].

RAs contained, on average, about 100 mg/100 g phosphorus (P), which does not meet
the recommended daily allowance (RDA) for adults [52]. In addition, the content of sodium
(Na) was low (0.86 to 4.90 mg/100 g). However, it should be emphasized that P and Na
consumption in developed countries exceeds RDA mainly due to the nearly ubiquitous
distribution of phosphorus-based food additives [53].
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Table 7. Elements composition of red arils (mean ± SE, n = 9).

Element
Fruit Collection Site

Zielona Góra Warsaw Koszalin Cracow

Macroelements (mg/100 g of fresh weight)
K 772.29 ± 26.27 a 878.38 ± 5.14 b 838.18 ± 41.19 a 789.62 ± 50.86 a

P 95.96 ± 1.76 a 109.35 ± 6.14 a 101.03 ± 6.24 a 97.89 ± 7.08 a

S 29.13 ± 1.38 a,b 30.99 ± 2.31 b 27.78 ± 1.07 a,b 24.97 ± 0.52 a

Ca 20.75 ± 0.49 a 21.05 ± 0.53 a 23.69 ± 0.09 b 19.88 ± 0.33 a

Mg 19.53 ± 0.28 a 25.71 ± 0.58 c 22.88 ± 0.47 b 24.63 ± 0.34 c

Na 1.12 ± 0.20 a 4.90 ± 1.26 c 2.81 ± 0.20 b 0.86 ± 0.39 a

Microelements (µg/100 g of fresh weight)
Zn 1506.54 ± 16.98 b 947.72 ± 32.46 a 1146.59 ± 89.23 a 1080.24 ± 56.71 a

Fe 1111.39 ± 28.67 a 1447.57 ± 80.42 b 2537.13 ± 142.95 c 976.19 ± 68.97 a

B 619.40 ± 2.61 b 1152.07 ± 11.10 c 463.87 ± 63.22 a 652.87 ± 50.63 b

Cu 240.53 ± 1.24 b 251.23 ± 24.40 a 206.10 ± 19.21 a 201.84 ± 16.15 a

Mn 103.87 ± 1.93 b 76.45 ± 2.62 a 521.09 ± 5.35 c 721.55 ± 13.56 d

Cr 15.42 ± 0.64 b,c 16.36 ± 1.60 c 13.57 ± 1.16 b,c 11.18 ± 0.53 a

Mo 11.06 ± 0.43 a 17.68 ± 0.28 b 11.43 ± 0.03 a 17.85 ± 0.48 b

Co 7.34 ± 0.21 b 0.13 ± 0.03 a 7.53 ± 0.09 b 6.03 ± 0.17 b

Metals (µg/100 g of fresh weight)
Al 466.48 ± 24.80 b 616.56 ± 17.23 c 1855.06 ± 148.40 d 306.63 ± 7.16 a

Ni 129.52 ± 1.68 a 98.93 ± 8.02 a 409.77 ± 4.23 c 217.53 ± 4.87 b

Bi 62.65 ± 0.29 b,c 54.15 ± 14.44 b 46.02 ± 21.56 b 22.17 ± 17.43 a

Ba 37.21 ± 1.23 b 34.18 ± 1.79 b 77.64 ± 12.40 c 24.63 ± 0.41 a

In 33.40 ± 2.48 b 23.92 ± 3.18 a 19.24 ± 2.84 a 22.52 ± 2.79 a

Ti 32.55 ± 3.35 b 47.67 ± 1.03 c 71.12 ± 3.81 d 17.03 ± 2.26 a

Li 13.40 ± 0.53 c 22.02 ± 0.46 d 10.42 ± 0.58 b 3.16 ± 0.29 a

Ag 14.32 ± 1.50 a 12.85 ± 0.93 a 11.80 ± 0.65 a 12.17 ± 0.54 a

Cd 7.41 ± 2.46 b 9.21 ± 1.09 b 4.78 ± 0.52 a 24.66 ± 3.48 c

Ga 7.29 ± 0.34 b 11.62 ± 0.90 c 16.21 ± 1.14 d 2.40 ± 0.61 a

a, b c, d—values bearing the same superscripts in rows do not differ significantly (p < 0.05) from each other.

The content of calcium (Ca) in RAs (about 20 mg/100g) was much higher than in
blackberries, red raspberries, strawberries, and cherries [35]. However, mulberries and
goji berries have more reach in calcium than RAs (71–124 g/100 g and 126–149 mg/100 g,
respectively) [2,43].

Despite the physiologic role of magnesium (Mg) and its proven or potential benefits,
its dietary intake is known to be inadequate in many populations [54]. The abundance
of magnesium in RAs (23 mg Mg/100 g, on average) allows meeting only 7% of its RDA
for a healthy adult, as in the case of mulberries [2], while the consumption of goji berries
contributed to 15% of RDA of magnesium [43].

With regard to microelements, irrespectively of the collection site, RAs had a sub-
stantial amount of zinc (Zn; 948–1507 µg/100g), similar to the wild bilberries from the
Eastern Italian Alps, but much more than many cultivated berries [3,34,43]. Zinc is neces-
sary for many enzymatic reactions and for the absorption of B-group vitamins. It allows
maintaining healthy skin, self-immunity, and good functioning of the prostate gland [54].
Consumption of a 100 g portion of RAs allows meeting from 11 to 15% of the RDA of Zn
for adults, depending on sex.

Samples of RAs differed significantly (p < 0.05) in iron (Fe) content (976–2537 µ/100 g)
depending on the collection site (Table 2). Iron, as the constituent of hemoglobin, myo-
globin, and of many enzymes, is an essential nutrient. Its adequate supply is especially
important for females aged 14 to 50 years. Consumption of a 100 g portion of RAs allows
meeting from 9 to 15% of the RDA for adults. However, according to literature, 100 g
serving of other berries (blueberry, blackberry and goji berry) cover a higher contribution
of RDA of iron (21 to 90%) than in the case of RAs [35,43].
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Manganese (Mn) is required for macronutrient metabolism. No formal RDA for Mn
was established, but the US NRC set an estimated safe and adequate dietary intake of 2
two 5 mg/day for adults [55]. RAs differed (p < 0.05) in Mn content between collection
sites: much higher levels were noted in samples from Koszalin and Cracow sites (521–
722 µ/100 g) than from Warsaw and Zielona Góra sites (76.5–103.9 µ/100 g). Generally,
as compared with literature data about Mn content in other fruits (wild strawberry-tree
fruits), RAs may be regarded as a good source of Mn [36]. However, as compared with RA,
much higher Mn content was found in wild bilberries, most likely because of the specific
composition of soil in the natural habitat of the Eastern Italian Alps [3]. In addition, goji
berries, organically grown using organic fertilizers, were rich in Mn (980 g/100 g) [43].

The content of copper in RAs (225 µg/100 g, on average) was about twice higher than
in mulberries, but much lower than in goji berries and Rosa sterilis fruits [2,8,43].

Boron (B) was the third quantitatively important element in RAs (464–1152 µg/100 g)
and proved to be a rich source of boron, similar to many popular nuts (Brazil, pistachio,
cashew) [56]. Boron plays an important role in osteogenesis, its deficiency was shown
to adversely impact bone development and regeneration, and to support the effects of
estrogen, testosterone, and vitamin D. It was suggested that humans need at least 0.2 mg/d
of boron, and that the diet should provide approximately 1 to 2 mg B/d [56].

The presented results are thought to reflect soil types and properties of natural sam-
pling sites, as some elements (Fe, Mn, Cu) are abundant in podsols and brown acid
soils [3,8]. Micronutrients may vary largely depending on environmental conditions, such
as precipitation, humidity and soil composition, as they could induce responses to physio-
logical stress, when the minerals could act as cofactors regulating the metabolic pathways
of the plant [36].

The contents of chromium (Cr), molybdenum (Mo), and cobalt (Co) were relatively
low (Table 7). The minimum RDA for Cr amounts to 24 µg/day for most adults [57].
Consumption of a 100 g portion of RAs meets 30 to 50% of its RDA. Shim fruits (R. tomentosa)
grown in Vietnam is a better source of Cr than RAs [40]. Cobalt is included in vitamin
B12-cobalamine and plays a very important role in the synthesis of AAs and some proteins
in nerve cells, and in producing neurotransmitters. The RDA of Co is 5 µg/day. The
content of Co in a 100 g portion of RAs exceeded the RDA, except for the samples from
Koszalin site (Table 7).

Regarding the presence of metals, the content of aluminum (Al) dominated among
the detected metals in RAs (Table 7). Anthropogenic sources of many metals in soils are
natural processes (e.g., weathering of rocks), mining and smelting activities, use of sewage
sludge and phosphate fertilizers, which may contain heavy metals as impurities. It should
be pointed out that the accumulation of trace metals is a normal and essential process for
the growth and nurturing of plants [57]. Thus, RAs grown at the Koszalin site on brown
acid soil contained 3- to 6-fold more aluminum (Al) than RAs from other sites (Table 7) [3].
The Al content in e.g., bilberries, lingonberries, and rosehips in Finland was higher than in
RAs [58]. Since Al is toxic, the EFSA established a Tolerable Weekly Intake (TWI) of 1 mg
Al per kg of body weight [59].

RAs from the Koszalin site contained a 2- to 4-fold higher amount of nickel (Ni)
compared with samples from other sites, most likely due to environment contamination [57].
Contents of Ni in RAs collected from other sites were similar to that found in many
fruits [40,57,58].

Cadmium (Cd) is a heavy metal, especially toxic for kidneys, but may also induce
bone demineralization, and was classified as carcinogenic to humans. Cereals and cereal
products, vegetables, nuts and pulses, starchy roots and potatoes as well as meat and meat
products, contribute most to human exposure. The EFSA has set TWI for cadmium at
2.5 µg Cd per kg of body weight (µg/kg BW) [60]. Given the health effects of cadmium on
humans, its maximum level in fruits and vegetables was set at 0.05 mg/kg, accordingly EC
1881/2006 [61]. Depending on the site of fruit collection, RAs contained 4.78 to 24.66 µg
Cd/100 g. The samples from Cracow site exceeded the acceptable Cd level almost five times
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(Table 7), whereas in the samples from Koszalin site, its content was below the acceptable
level, similar to freeze-dried strawberries in China [1]. In addition, it is noteworthy that
the contents of other trace metals (Bi, Ba, In, Ti, Li, Ag, Ga) were below 80 µg/100 g, i.e.,
under their maximum permissible limits [3,62]. No Pb was detected in the RAs samples.

The presence of trace metals in fruits may be attributed not only to the natural back-
ground of heavy metal content in the soil geochemistry but also derived from the envi-
ronmental pollution [40,57]. Thus, the growing environment and in particular the soil
aluminum, cadmium and nickel concentration should therefore be taken into account when
choosing harvest region [40].

3. Material and Methods

3.1. Sample Collection

Red berries of Taxus baccata L. were collected from plants growing in natural habitats
in four different sites of Poland (West, Central, North and South), in the neighborhood of
cities: Zielona Góra, Warsaw, Koszalin, and Cracow, respectively (Figure 2). In each site, red
berries were harvested thrice (throughout September to October, 2018), from 10 trees each
(from different parts of crown), growing in three places (n = 9). The plants were identified
as Taxus baccata L. by morphologic comparisons of leaves, flowers, buds, bark of trees and
berries, according to Seneta [63] and Krüssmann [64]. Soil and climate conditions at fruit
collection sites are presented in Table 2 and Figure 1. Fruits were manually separated from
the seeds to obtain RAs for analyses.
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Figure 2. Location of collection of Taxus baccata red berries in natural habitats in Poland.

3.2. Analysis of Taxus Compounds

Sample preparation: aril samples (250 mg each) were dried for 24 h at 60 ◦C, mixed
with 600 µL ammonium buffer (pH = 9), atropine-D3 (Sigma-Aldrich, Steinheim, Germany)
as the internal standard, and 1.2 mL of dichloromethane, followed by vortexing for 2 min
and centrifuged for 5 min. Next, the organic phase was separated and evaporated to
dryness under a stream of nitrogen. The residues were then redissolved in mobile phase
(water/acetonitrile, 90:10 v/v), and 20 µL of the eluate was injected into a HPLC column.

The separation was performed using a Luna Pentafluorophenyl (2) 100 A column
(150 × 2 mm, 5 µm; Phenomenex, Aschaffenburg, Germany). LC-MS/MS analysis was con-
ducted on an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, USA)
coupled to a 3200 QTrap (AB Sciex, Darmstadt, Germany) equipped with an electrospray
ionization (ESI) source. The separation was carried out with water/ammonium format
(2 mM)/formic acid (0.2%) mixture (solvent A) and an acetonitrile/ammonium format
(2 mM)/formic acid (0.2%) mixture (solvent B). The initial solvent ratio was 90:10 (A:B)
and was gradually decreased to 10:90 (A:B) within 10 min, the flow rate being 0.5 mL/min.
This was held for 5 min and a flowrate of 1 mL/min was applied. Then, the gradient went
from 10:90 (A:B) at 15 min back to 90:10 (A:B) at 15.5 min using a flow rate of 1.5 mL/min;
the temperature was 20 ◦C.
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The MS source temperature was set to 630 ◦C, curtain gas to 35 psi, ion source gas 1 to
45, ion source gas 2 to 90 psi, collision gas (CAD) to medium and ion spray voltage to 5500 V.
Individual compounds were detected in ESI+ mode and identified by multiple-reaction
monitoring (MRM) mode following two mass transitions per analyte [18].

To mimic the red arils matrix, a calibration curve with redcurrant (Ribes rubrum) berries
was used for quantification; 250 mg of redcurrant berries (dried for 24 h at 60 ◦C) were
spiked with a mix of the five standards (Taxol A, 10-DAB III, BAC III, Cephalomannine
and Taxinine M; Sigma Aldrich, Steinheim, Germany) in concentrations ranging from 0.002
to 40 µg taxanes per g, extracted and analyzed as described above.

3.3. Analysis of Proximate Composition

Dry matter, ash, and protein contents were determined according to AOAC pro-
cedures [65]. Ash content was determined by sample incineration in a muffle furnace
(Nabertherm, Germany) at 550 ◦C. The extraction and determination of lipids from RAs
were carried out using the Folch’s method with chloroform-methanol mixture (2:1, v/v).
The total energy content was computed as follows:

Energy (kcal) = 4 × (g protein + g carbohydrate) + 9 × (g lipid). (1)

3.4. Analysis of Sugars

The RAs were homogenized for one minute (13,500 rpm) in 80% aqueous ethanol,
using a DI 25 homogenizer (Ika Warke, Dusseldorf, Germany), and then centrifuged at
2490× g for 20 min in an MPW-260R device (Warsaw, Poland).

An HPLC analysis of sugars (glucose, fructose, sucrose) was performed using a Dionex
Ultimate 3000 instrument (Thermo Scientific, Germany) equipped with a refractive index
detector (RefractoMax 521). Separation of sugars was conducted on a LiChrospher 100-
10 NH2 (5 µ) column (250 × 4 mm). The isocratic elution mobile phase was provided using
acetonitrile/water (87:13 v/v) at a flow rate of 1.3 mL/min. The identification of sugars was
made by comparing the relative retention times of sample peaks with standards (Sigma
Aldrich, Poland). Quantification of sugars was made using four-point calibration curves
(in a concentration range of 0.1 to 1 mg/mL, for each compound). The contents of sugars
were expressed as g/100g of fresh weight of RAs.

3.5. Analysis of Amino Acid Profile

Amino acids were quantified by HPLC after an acidic hydrolysis according to Dhillon,
Kumar, and Gujar [66] and using an AccQ-Tag reagent kit from Waters (Milford, MA, USA)
for derivatization of amino acids.

Each RAs sample (ca. 30 mg) was hydrolyzed with 4 mL of HCl and 15 µL of phenol
at 110 ◦C for 24 h, and then entrapped in N2 atmosphere. The hydrolyzate was filtered
through syringe filters (0.45 µm), and then dried with N2. Next, 10 µL of the sample
was mixed with 70 µL of borate buffer (pH 8.2–9.0), then 20 µL of 6-aminoquinolyl-N-
hydroxysuccinimidylcarbamate acetonitrile solution (3 mg/mL) were added to the mixture
(AccQ-Tag reagent kit, Waters, Milford, USA). Analogous procedures were used in the case
of standards.

The amino acid profile (AAs) was identified on a Dionex Ultimate 3000 HPLC instru-
ment (Thermo Scientific, Germering, Germany). Separation was provided on a reverse-
phase Nova-Pak C18 column (4 µm, 150 × 3.9 mm) (Waters, Milford, MA, USA) at 37 ◦C.
Elution was run in a two-component gradient at 1 mL/min; eluent A: acetic-phosphate
buffer, eluent B: acetonitrile-water (60:40). The detector (VWD-3400RS) was set at 240 nm
wavelength. The AAs peaks were computed from AAs standards (Sigma-Aldrich, Poznan,
Poland) run at five concentrations. Individual AA values were expressed as mg/100 g of
fresh weight of RAs.
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3.6. Analysis of Fatty Acid Composition

Lipid fraction extracted from each RAs sample was used for derivatization of triacylo-
glycerols into methyl esters of fatty acids (FAMEs) for gas chromatography analysis (GC).
Lipids were saponified by boiling in 0.5 mol/L NaOH solution for 10 min. The FAMEs
were prepared by transmethylation using a catalyst (95% H2SO4). Briefly, the samples were
heated in a water bath at 100 ◦C for 40 min in a mixture of sulfuric acid and methanol,
followed by the addition of n-hexane. After cooling, saturated NaCl solution was added
and mixed thoroughly. Finally, 1 µL of the upper phase containing FAMEs was injected
into the chromatograph (GC) injection port.

The FAMEs were analyzed by GC using an Agilent 6890N (HP Agilent, Santa Clara,
CA, USA) instrument equipped with a flame ionization detector, a capillary column with
the stationary phase of high polarity (100 m, 0.25 mm I.D., film thickness 0.1 µm; Rtx 2330
Restek). The analyses involved a programmed run with temperature ramps. The initial
oven temperature was 120 ºC for 40 min, and was then ramped to 155 ◦C at 1.5 ◦C/min
and held for 50 min. The temperature was then ramped again at 2 ◦C/min to 210 ◦C and
held for 35 min. Injector and detector temperatures were maintained at 250 ºC; hydrogen
was used as the carrier gas at the flow rate of 0.9 mL/min. The peaks were identified by
comparison with Supelco 37 No. 47885-U standards and PUFA standards (Sigma Aldrich,
Poznan, Poland). Identification of peaks of polymethylene-interrupted FAs was achieved
by using chromatograms FAMEs of lipid extracted from Taxus baccata seeds (presented in
Figure S1) and accordingly published chromatogram [20]. The contents of individual FAs
were expressed in g/100 g FAs.

3.7. Elemental Analysis

The lyophilized samples of RAs were ground (Fritsch Pulverisette 14, Germany) and
microwave-mineralized in a CEM MARS-5 Xpress mineralizer (CEM World Headquarters,
Matthews, NC, USA) in HNO3 (65%). The contents of macroelements, microelements, and
trace metals were determined by the inductively coupled plasma optical emission spec-
troscopy (ICP-OES) according to Pasławski and Migaszewski [67], using a high-dispersion
ICP-OES (Prodigy Teledyne, Leeman Labs, New Hampshire, MA, USA).

3.8. Statistical Analysis

All analyses were performed in triplicate. The results were expressed as means
and standard errors (SE) and subjected to one-way ANOVA followed by Tukey’s test.
Differences between mean values were considered significant at p < 0.05. Analyses were
performed with Statistica 3.1 software (Statsoft, Inc.,Tulsa, OK, USA).

4. Conclusions

Red arils of Taxus baccata L. could be used as a vegetable source of high-quality protein
with predominating shares of lysine and leucine and can serve as a branched-chain amino
acid-rich new ingredient of human diet. Because of the low content of simple sugars,
red arils can also be recommend as a low-calorie snack. In vegetarian diet, red arils may
be regarded as a source of iron and zinc, providing 9 to 15% of the recommended daily
allowance. Red arils of Taxus baccata may represent a novel dietary source of valuable
PUFAs belonging to the n-3 family, and the unique polymethylene-interrupted FAs, such
as pinolenic, sciadonic and juniperonic. In addition, the beneficial ratio of PUFAs n-6/n-3
(from 1:0.8 to 1:1.7), much lower than that in the Western die, t is to be noted. Depending
on the location, the consumption of 100 g of red arils would provide 204 to 998 mg PUFAs
of the n-3 family. It may thus be worth applying for the GRAS (Generally Recognized as
Safe) status of red arils as a safe food additive.

Site differentiation in the contents of macronutrients, fatty acids, amino acids, and
macro- and micro-elements in red arils resulted from different environmental conditions
such as water availability (sum of precipitation), sunlight intensity, and soil parameters
and composition.
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Because of the tendency to accumulate toxic metals (Al, Ni, and Cd), red arils may
be regarded as a valuable indicator of environmental contamination/pollution. Thus, the
levels of toxic trace elements (Al, Ni, Cd) have to be determined before collecting fruits
from natural habitats. Although the samples of red arils were free from taxine alkaloids,
we recommend monitoring taxus compounds to ensure safety of consumers.

Full understanding of the nutraceutical potential of red arils requires a further sys-
tematic analysis of other fractions, e.g., of phenolic compounds and carotenoids, which is
expected to be reported soon.

Supplementary Materials: Table S1: Comparison of fatty acid composition (g/100 g of FA) of red
arils and seeds from the Koszalin site (mean ± SE). Figure S1: Gas chromatograms of fatty acid
methyl esters prepared from lipid of seeds (A) and red arils (B) of Taxus baccata.
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Abstract: Like their owners, dogs and cats are more and more affected by overweight and obesity-
related problems and interest in functional pet foods is growing sharply. Through numerous studies,
fish protein hydrolysates have proved their worth to prevent and manage obesity-related comorbidi-
ties like diabetes. In this work, a human in vitro static simulated gastrointestinal digestion model
was adapted to the dog which allowed us to demonstrate the promising effects of a tilapia byproduct
hydrolysate on the regulation of food intake and glucose metabolism. Promising effects on intestinal
hormones secretion and dipeptidyl peptidase IV (DPP-IV) inhibitory activity were evidenced. We
identify new bioactive peptides able to stimulate cholecystokinin (CCK) and glucagon-like peptide 1
(GLP-1) secretions, and to inhibit the DPP-IV activity after a transport study through a Caco-2 cell
monolayer.

Keywords: bioactive peptides; in vitro gastrointestinal digestion; fish byproduct hydrolysate; chole-
cystokinin; glucagon-like peptide 1; DPP-IV inhibitory peptides

1. Introduction

The world population is projected to rise by 2 billion in the next 30 years, reaching
9.7 billion in 2050 [1]. This growth implies in an increase in food consumption, and the
protein demand will significantly grow as a result of socio-economic changes, increased
urbanization, rising incomes and the recognition of the role of protein in healthy diets.
Dietary protein production exerts a high environmental impact, particularly for animal-
derived protein, which causes high greenhouse gas emissions, land-use changes linked
to an important terrestrial biodiversity loss and a high-water demand [2]. In this context,
there is an important need to valorize and to better characterize dietary protein derived-
byproducts to optimize their use and to answer the worldwide growing protein demand.
For instance, in 2018, about 25% of the 178 million tons of global fish and shellfish pro-
duction were lost or wasted [3]. The valorization processes of fish high-quality protein
byproducts will partially address these issues by offering a renewable alternative, whilst
creating added value in numerous domains such as in functional food or the pet food
industry. The global pet food market was valued at USD 103.5 billion in 2016 in which
the segment of healthcare and nutritional supplements shared 5%. In parallel, overweight
and obesity and their associated chronic diseases such as type 2 diabetes mellitus (T2DM)
are growing at a worrying rate around the globe. In 2016, 650 million adults were obese,
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amongst 1.9 billion overweight persons. In 2019, the prevalence of T2DM was estimated at
417 million and the projection for 2045 is about 630 million [4].

Like humans, companion dogs and cats are affected by overweight and obesity co-
morbidities such as diabetes and cancers, leading to impaired health and reduced life span.
Depending on breeds and the methodology used to evaluate health status, overweight
and obesity prevalence was estimated between 19.7% and 59.3% in dogs and between
7% to 63% in cats. This situation is mainly due to excessive food offer and related calorie
intake, as pet owners do not follow nutritional guidance, and to a loss of physical exercise
leading to the overweight-derived problems mentioned above but also to skin disorders,
respiratory and locomotor diseases [5,6].

Dietary protein digestion produces the release of peptides and free amino acids,
which regulate short term food intake. Protein-digested products stimulate the secretion
of satiety signals via the “intestinal sensing” phenomenon, a nutrient recognition on the
apical side of the enteroendocrine cells (EECs) [7,8]. Nevertheless, mechanisms that lead to
gut hormones secretion by EECs after peptide and amino acid intestinal sensing remain
unclear [9]. The two well-known intestinal anorexigenic hormones, cholecystokinin (CCK)
and glucagon-like peptide-1 (GLP-1), exert their satiating effect via different pathways.
GLP-1 also plays a significant role in glucose metabolism by regulating blood glucose via its
incretin action [10]. After its secretion by EECs following a meal, circulating level of GLP-1
increases but has a short half-life because it is inactivated by the dipeptidyl peptidase
4 enzyme (DPP-IV) which is a serine protease present in a soluble form (plasma, urine,
amniotic fluid) as well as in a membranous form in a wide type of cells and organs like
the intestine, kidney or liver [11]. Hence, GLP-1 agonists and DPP-IV inhibitors have been
targeted to treat insulin resistance occurring in T2DM [12]. These past few years, numerous
dietary protein-derived peptides have been identified as DPP-IV inhibitors. Albeit they
are less potent than drugs, they have shown a rising interest as a natural alternative to
chemical DPP-IV inhibitors which harbor important side effects [13].

Fish protein- and hydrolysate-derived bioactive peptides have been identified to exert
many in vitro and in vivo bioactivities, suggesting promising health benefits via several
pathways involved in hypertension, obesity, inflammation, or in the regulation of glucose
homeostasis in metabolic disorders [14]. Indeed, numerous studies have shown, in vitro as
well as in vivo, the beneficial effects of fish hydrolysates on food intake regulation by the
stimulation of the gut hormones secretion, in particular CCK and GLP-1 [15–18]. Moreover,
fish hydrolysates could improve glucose homeostasis by increasing plasma GLP-1, gastric
inhibitory peptide, also known as glucose-dependent insulinotropic polypeptide (GIP)
increasing insulin secretion and lowering blood glucose [19,20] but also by reducing DPP-IV
activity in vitro and in vivo [21–23].

The Nile tilapia (Oreochromis niloticus) is the third most produced species in the world
for which the production was more than 4500 thousand tons representing 8.3% of the
world aquaculture production in 2018. These days the development of fish processing has
resulted in growing quantities of byproducts which can represent more than 70 percent of
the processed fish [3].

In this work, we investigated whether a tilapia fish byproduct protein hydrolysate
(FBPH) compared to its raw material (FBP), both submitted to an in vitro simulated gas-
trointestinal digestion (SGID), could stimulate gut hormones secretion in EECs and inhibit
intestinal DPP-IV activity. This work aimed to future pet applications, so the consensual
human SGID INFOGEST protocol was adapted to the dog digestion [24].

2. Results

2.1. Peptide Profile Modifications during SGID

To characterize and compare the impact of SGID on elution profiles and peptide
apparent molecular weight (MW) distributions, FBPH and FBP, gastric and intestinal
digests were submitted to SEC-FPLC. The oral digest both for FBPH and FBP serves as a
referent peptide elution profile. The gastric and intestinal SGID phases did not extensively
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modify the shape of the peptide elution profiles of FBPH. In contrast, for FBP, significant
modifications occurred during the SGID, as illustrated by the curve shift towards lower
MW between the oral and the intestinal phases (Figure 1A). Besides, the MW distribution
showed that the impact of the SGID was less significant for FBPH than for FBP. Thus,
the proportions of high MW peptides (above 3 kDa) in oral, gastric and intestinal digests
represented 72.8%, 66.6% and 48.1% for FBP and 52.4%, 50.9%, 45.4% for FBPH, respectively
(Figure 1B). Moreover, in the intestinal phase, high MW peptides (above 6 kDa) disappeared
entirely for both FBP and FBPH digests. The same phenomenon was observed for small
MW peptides (below 1 kDa) for which the proportion increased during the SGID in a
less extent manner for FBPH than for FBP. Indeed, their proportions in oral, gastric and
intestinal digests were 27.5%, 27.5%, and 32.0% for FBPH and 19.0%, 19.0% and 32.9% for
FBP, respectively. Despite slight differences, at the end of the SGID, the MW distribution
profiles of FBP and FBPH were similar.

Figure 1. Peptide profiles and peptide molecular weight (MW) distributions. (A) Peptide profiles
were obtained by size exclusion chromatography-fast protein liquid chromatography (SEC-FPLC):
FBPH (blue curves), FBP (green curves); oral (light colored curves), gastric (colored curves) and
intestinal (dark colored curves) digests. (B) The MW distribution of peptides in the different SGID
compartments, expressed in percentage of total area under the curve (AUC), was calculated from
the linear regression relationship which correlates the Log of known MW standard peptides and the
elution volume.

2.2. CCK and GLP-1 Secretion Induced by FBPH and FBP Digests

The STC-1 cells exposure to increasing concentrations (2, 5 and 10 mg mL−1 w/v)
of oral and gastric digests of FBP and FBPH induced a dose-dependent increase in CCK
release (Figure 2A). At the higher concentration tested (10 mg mL−1 w/v), the FBPH contact
led to a better stimulating effect with 7.2 ± 0.6 and 7.8 ± 0.2-fold of control (FOC) while the
amounts of CCK obtained after FBP contact were 4.2 ± 0.4 and 5.7 ± 0.3 FOC for oral and
gastric samples, respectively. Conversely, the intestinal digest of FBP highly stimulated
the secretion of CCK (7.9 ± 0.7 FOC). The digestive process enhanced the ability of FBP to
stimulate CCK secretion. Conversely, for FBPH, sole the intestinal phase of the SGID led to
a slight diminution in CCK secretion in STC-1 cells at 10 mg mL (w/v).

The effects of oral and gastric digests of FBP and FBPH on GLP-1 secretion stimulation
were equivalent (Figure 2B). Thus, only the gastric 10 mg mL (w/v) dose induced a
significant increase of GLP-1 secretion with 14.6 ± 1.4 and 10.2 ± 2.3 FOC for FBP and
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FBPH, respectively. After the intestinal phase, the stimulating effect of FBPH digest on
GLP-1 secretion was highly enhanced and led to 20.6 ± 2.1, 43.3 ± 2.7 and 45 ± 3.0 FOC
for 2, 5 and 10 mg mL (w/v) concentrations, respectively. The effect of the SGID intestinal
phase on the ability of FBP to enhance the stimulation of GLP-1 secretion was weaker.
Indeed, the results were significant only for 5 and 10 mg mL (w/v) doses with recovered
GLP-1 secretions of 9.3 ± 1.3 and 29.4 ± 6.0 FOC, respectively.

Figure 2. FBPH and FBP induction of intestinal hormones release during simulated GI digestion. The
amounts of intestinal hormones released in STC-1 cells in the supernatants after 2 h of contact with
the FBP and FBPH digests (2; 5 and 10 mg mL−1 w/v) were determined by radioimmunoassay for
CCK (A) and active GLP-1 (B). Values are means ± SD and are expressed in fold of control (buffer).
Means without a common letter within the same graph are significantly different (p < 0.05) using
one-way ANOVA following by Tukey post-hoc test for pairwise comparisons.

2.3. Intestinal DPP-IV Inhibition Activity of FBPH and FBP Digests

The Caco-2 cells exposure to increasing concentrations (from 0.5 to 1.98 mg mL−1, w/v)
of oral, gastric and intestinal digests of FBP and FBPH induced a dose-dependent inhibition
of the Caco-2 DPP-IV activity. The DPP-IV inhibitory activity potential of FBP increased
through the different phases of the SGID. Indeed, the DPP-IV inhibitory activity observed
with FBP digests assayed at 1.98 mg mL−1 (w/v) was 1.9-fold higher for intestinal digest than
for oral sample. Moreover, the calculated IC50 for the intestinal digest (IC50 = 3.70 mg mL−1)
is about 23-fold lower than for the oral sample (IC50 = 86.08 mg mL−1) (Figure 3). For FBPH,
the percentage of DPP-IV inhibitory activity of the samples collected in the three SGID
compartments reached approximately 80% at 1.98 mg mL−1 (w/v). The calculated IC50 was
very closed for the oral, gastric and intestinal digests (insert of Figure 3). This highlights
the small effect of the SGID on the DPP-IV inhibitory activity of FBPH. Results also showed
that the intestinal digest of FBPH was much more potent than the FBP one. Thus, at a
concentration of 1.98 mg mL−1 (w/v), the DPP-IV activity inhibition was about 2.3-fold
higher for FBPH than for FBP with a 5.5-fold lower calculated IC50 (Figure 3).
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Figure 3. FBPH and FBP effects on the Caco-2 DPP-IV activity inhibition during SGID. The Caco-2
DPP-IV activity inhibition (%) obtained with FBP and FBPH digests assayed at increasing concen-
trations (0.5; 0.99 and 1.98 g L−1, w/v). Means without a common letter within the same graph
are significantly different (p < 0.05) using one-way ANOVA followed by Tukey post-hoc test for
pairwise comparisons. Inset: IC50 were determined by linear regression correlating the DPP-IV
activity inhibition percentage and the Ln of the concentration.

2.4. CCK and GLP-1 Secretion-Stimulating Peptides Identification

2.4.1. SEC and RP-HPLC Fractionation of FBPH Intestinal Digest

To identify active peptides able to stimulate the secretion of intestinal hormones,
we first performed the SEC fractionation of the FBPH intestinal digest (Figure 4A). Four
fractions were recovered and put in contact with STC-1 cells at 5 mg mL−1 (w/v) for 2 h.
Results obtained showed that all of them were able to stimulate CCK secretion with the F2
and F4 fractions that displayed the higher potential with 3.5- and 4.5-fold of the control
CCK secretion level, respectively (Figure 4B). Regarding GLP-1, the F2, F3 and F4 fractions
were able to stimulate its secretion in STC-1 cells. The F2 fraction exerted a broadly higher
potential than other fractions with 37 FOC and 2.6-fold of the FBPH digest (Figure 4C).

The F2 fraction was thus selected to be fractionated by RP-HPLC on a C18-column
and 7 subfractions were designed (Figure 5A). The subfraction FE presented the higher
potential to stimulate both CCK (Figure 5B) and GLP-1 (Figure 5C) secretion in STC-1
cells compared with other subfractions. Indeed, the CCK secretion stimulation by the FE
subfraction was 31.9-, 8.4- and 7.2-fold higher than those obtained with the buffer, the F2
fraction and the FBPH intestinal digest, respectively. In the same way, the GLP-1 secretion
stimulation by the FE subfraction was 32.0-, 2.5- and 17-fold higher than those obtained
with the buffer, the F2 fraction and the FBPH intestinal digest, respectively.
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Figure 4. FBPH intestinal digest SEC fractionation effects on gut hormones release in STC-1 cells.
The SEC fractionation of the FBPH intestinal digest was performed using a HiLoad 16/600 Superdex
prepgrade column with an isocratic gradient of 30% acetonitrile 0.1% TFA (A). The amounts of
intestinal hormones in the supernatants, after 2 h of contact with the fractions and or the FBPH digest
(0.5% w/v), were determined by radioimmunoassay for CCK (B) and active GLP-1 (C). Values are
the means of three repeated measurements and are expressed in fold of control (buffer) ± SD. Means
without a common letter within the same graph are significantly different (p < 0.05) using one-way
ANOVA followed by a Tukey post-hoc test for pairwise comparisons.

Figure 5. SEC-F2 RP-HPLC fractionation effect on gut hormones release in STC-1 cells. The RP-
HPLC fractionation of the FBPH intestinal digest’s SEC-F2 fraction was performed using a C18
Gemini column (150 × 10 mm, particles of 5 µm, 110 Å, Phenomenex) with an ACN gradient
represented in red (A). The amounts of intestinal hormones released in the supernatants, after 2
h of contact, with the subfractions, the SEC-F2 fraction and the FBPH digest (0.5% w/v), were
determined by radioimmunoassay for CCK (B) and active GLP-1 (C). Values are means of three
repeated measurements and are expressed in fold of control (buffer) ± SD. Means without a common
letter within the same graph are significantly different (p < 0.05) using one-way ANOVA following
by Tukey post-hoc test for pairwise comparisons.
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2.4.2. RP-HPLC-MS/MS Peptides Identification in the FE Subfraction

The FE subfraction was then subjected to RP-HPLC-MS/MS analysis to identify
peptides present in this fraction. The Figure 6 showed the mass signal 3D-map obtained.

A total of 1739 peptide sequences were identified (database + de novo with ALC > 80%,
data not shown). Among all the identified peptides, 20 of them were selected on the basis
of (i) their presence in the most intense peaks of the UV chromatogram (λ = 214 nm), (ii)
their ion intensity and (iii) their ion fragmentation quality (Table 1). Those peptides were
then chemically synthesized and their ability to stimulate CCK and GLP-1 secretion in
STC-1 cells was further assayed.

Figure 6. Mass signal 3D-map of the FE subfraction issued from the RP-HPLC separation of the FBPH
intestinal digest’s SEC-F2 fraction. Peptide map showing the repartition of all peptides detected by
RP-UPLC-MS/MS analysis according to their retention time during chromatography, their mass to
charge ratio (m/z) and their intensity. Grey signals represent all ions detected, blue squares represent
identified peptides by database confrontation (false discovery rate (FDR) < 1%) and orange squares
represent peptides sequenced by de novo mode (ALC score > 80%).

Table 1. List of the 20 peptides selected for chemical synthesis, following their identification by
database confrontation or de novo sequencing. Peptides were listed according to their RP-UPLC-
MS/MS characteristics (retention time (RT), mass to charge ratio (m/z) and their identification score
displayed (i) by the average local confidence (ALC) score for the de novo sequencing, (ii) by the
−10logP score for database confrontation with the mass error (in ppm) for both identification modes
(ID). nd: when the identification of the parent protein was not possible.

ID Mode Sequence RT m/z 10−logP ppm Identification

Database

SAGPQGPIGPR 27.11 518.78 46.51 0.6 Collagen type I
DVSGGYDE 20.69 841.33 41.49 6.2 Collagen type I
HIHVNGA 16.85 747.39 38.12 −1.5 Collagen type 10
VAPEEHPT 17.03 879.42 36.41 3.5 Alpha-actin

AGPQGPIGPR 24.51 475.26 35.37 0.0 Collagen type I

GATGPAGAV 23.75 700.36 32.09 0.2 Collagen type I
Alpha-actin

EAPLNPK 17.44 768.42 31 −4.6 Alpha-actin
PEEHPT 16.74 709.32 27.74 8.3 Alpha-actin
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Table 1. Cont.

ID Mode Sequence RT m/z ALC ppm

De novo

LGVDE 21.54 532.26 98 2.6 nd
VVEP 19.09 443.24 96 −10.4 nd
LTDY 20.97 511.25 96 15.1 nd

PSLVH 17.43 552.30 96 −33.1 nd
ELLK 16.65 502.31 95 −31.5 nd
LGME 21.28 449.21 95 6.9 nd

DLVDK 17.39 589.32 95 10.6 nd
EVLSQ 21.84 575.29 95 −23.8 nd
LKPT 20.48 235.67 92 −9.1 nd

DSKPGSL 17.48 703.37 92 6.1 nd
LLMMK 17.19 318.18 90 −26.9 nd

LEL 18.83 374.23 80 −1.6 nd

2.4.3. CCK and GLP-1 Secretion Stimulation Induced by Synthetic Peptides from FBPH
Intestinal Digest

The synthetized peptides were put in contact with STC-1 cells for 2 h at a final concen-
tration of 1 mM and the amounts of secreted CCK and GLP-1 were further determined by
radioimmunoassay. As shown in Figure 7A, among the 20 peptides assayed almost two of
them, DLVDK and PSLVH, were able to significantly stimulate CCK secretion (p < 0.0001).
Regarding GLP-1, only the LKPT peptide was able to significantly stimulate active-GLP-1
release (p < 0.001) (Figure 7B).

Figure 7. Synthetic peptide effects on intestinal hormones release in STC-1 cells. The amounts of
intestinal hormones released in the supernatants, after 2 h of contact with the peptides (1 mM), were
determined by radioimmunoassay for CCK (A) and active GLP-1 (B). Values are means of three
repeated measurements and are expressed in fold of control (buffer) ± SD. Means were compared
to control mean using one-way ANOVA following by a Dunnett post-hoc test, **** p < 0.0001;
*** p < 0.001.

26



Molecules 2021, 26, 136

2.5. Identification of Peptides in the Basolateral Side of the Intestinal Barrier Able to Inhibit
In Vitro and In Situ the DPP-IV Activity

After 2 h of contact of the FBPH intestinal digest with the Caco-2 cell monolayer
in vitro IB model (apical side), 17 peptide sequences were identified by RP-UPLC-MS/MS
in the basolateral side. Among these peptides, based on their presence in the most intense
peaks of the UV chromatogram monitored at a wavelength of 214 nm, 13 were chemically
synthesized, and their DPP-IV inhibitory activity assayed in vitro and in situ (Table 2).
Results showed that five peptides (GPFPLLV, VAPEEHPT, VADTMEVV, DPLV and FAMD)
were able to inhibit the DPP-IV activity in vitro, with IC50 values ranging from 263 to
775 µM. Seven peptides (GPFPLLV, MDLP, DLDL, FAMD, VADTMEVV, CSSGGY and
VAPEEHPT) were able to inhibit the in situ DPP-IV activity with IC50 values ranging from
456 to 2268 µM. Four peptides (GPFPLLV, VAPEEHPT, VADTMEVV and FAMD) were able
to both in vitro and in situ inhibit the DPP-IV activity.

Table 2. In vitro and in situ DPP-IV inhibitory activity of the 13selected-chemically synthesized peptides following their
identification by database confrontation or de novo sequencing (ID mode). Peptides were listed according to their RP-
UPLC-MS/MS characteristics (retention time (RT) and mass to charge ratio (m/z) and their identification score displayed (i)
by the average local confidence (ALC) score for the de novo sequencing, (ii) by the −10logP score for database confrontation
with the mass error (in ppm) for both identification modes. Values of the in vitro and in situ DPP-IV inhibitory activity
(IC50) were determined by linear regression correlating the DPP-IV activity inhibition percentage and the Ln of the peptide
concentration. nd: when the identification of the parent protein was not possible and when the IC50 value was above 2500
µM or undeterminable.

ID Mode Sequence RT m/z ALC 10−logP In Vitro
IC50 (µM)

In Situ
IC50 (µM)

Identification

Database VAPEEHPT 15.47 440.21 28.54 −3.9 409 2268 Alpha-actin
De novo DLDL 26.88 475.24 98 −6.4 nd 763 nd
De novo PDLV 20.77 443.24 89 −12.7 nd nd nd
De novo MDLP 26.87 475.24 87 31 nd 605 nd
De novo VDAGAP 16.52 529.26 84 0.7 nd nd nd
De novo EDYT 27.16 264.10 84 −13.5 nd nd nd
De novo VADTMEVV 16.06 440.21 82 4.3 603 1130 nd
De novo DPLV 22.33 443.25 81 −8.9 698 nd nd
De novo EDTY 27.63 264.10 81 −14.2 nd nd nd
De novo CSSGK 27.77 481.21 80 6.2 nd nd nd
De novo FAMD 13.51 483.19 80 −1.4 775 862 nd
De novo CSSGGY 29.88 573.20 80 6.4 nd 2160 nd
De novo GPFPLLV 42.46 742.45 80 2.0 263 456 nf

3. Discussion

The first goal of this work was to study and to compare the effects of the dog gas-
trointestinal digestion of a tilapia byproduct protein hydrolysate and its raw material on
in vitro cellular markers related to food intake and glucose homeostasis. Consequently,
we first developed a static in vitro simulated dog gastrointestinal digestion based on the
consensual INFOGEST protocol and on a previously one developed to study protein diges-
tion and, according to previous works performed to investigate drug behavior [25,26] and
nutrient digestibility [27] in dogs. As expected, the digestive enzymes (pepsin followed by
pancreatin) exerted a more significant impact on the FBP peptide profiles than on those of
FBPH, because of industrial enzymes previously digested the raw material. Although the
peptide profiles and the apparent MW distribution of FBPH and FBP were quite similar
at the end of the SGID, results obtained on intestinal bioactivities highlighted the added
benefit of the raw material pre-hydrolysis. Indeed, the FPBH intestinal digest led to a better
stimulation of active GLP-1 secretion (44.9 against 29.4 FOC) and a better inhibition of the
in situ Caco-2 DPP-IV activity (5.5-fold lower IC50 value). Previous results obtained after
the SGID of cuttlefish viscera byproduct hydrolysates and their raw material had already
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showed the added value of the pre-hydrolysis on the recovered intestinal digest DPP-IV
inhibitory activity and GLP-1 secretion stimulation [17]. However, this was not the case for
CCK secretion stimulation for which the FBPH intestinal digest was slightly less potent
than the FBP one (6.2 against 7.9 FOC). The results also highlighted the crucial role of pan-
creatic enzymes in the apparition of protein-derived peptide bioactivities related to food
intake and glucose metabolism regulation. This corroborates results obtained in previous
works dealing with the SGID digestion of bovine hemoglobin and sepia byproducts on
CCK and GLP-1 secretions in STC-1 cells and DPP-IV activity inhibition [17,28]. In the
same way, previous works showed that intestinal digests of casein or bovine hemoglobin
induced a higher stimulation of GLP-1 secretion than hydrolysate before SGID [29]. In
contrast, hydrolysates may also lose their bioactivities during the gastrointestinal digestion
as evidenced for a salmon skin gelatin hydrolysate which lost its GLP-1 stimulatory activity
and had a significantly lower DPP-IV inhibitory activity after the SGID [30].

The FBPH intestinal digest exerted a DPP-IV inhibitory potential characterized by an
IC50 value equal to 1.52 mg·mL−1 when obtained by in vitro biochemical test. This is in line
with numerous studies showing IC50 values for marine byproduct hydrolysates ranging
from 1 to 5 mg·mL−1 [17,19,22,31,32] and even less than 1 mg·mL−1 as for Gadus chalcogram-
mus gelatin [33] and Salmo salar hydrolysates [30]. Here, we used an in situ DPP-IV activity
test using live Caco-2 cells, which mimics the intestinal environment and, in particular,
the enzymatic action of peptidases produced by the epithelial cells of the intestinal brush
border [34]. The IC50 value obtained for the FBPH intestinal digest was 0.67 mg·mL−1.
This value is obviously not comparable with those obtained with the in vitro classical test.
Nevertheless, this DPP-IV inhibitory activity appears very promising when compared with
the IC50 (1.57 mg·mL−1) obtained for an intestinal cuttlefish byproduct hydrolysate digest
in a previous work with the same Caco-2 in situ test [34].

The in vitro results obtained here can be extrapolated to those previously obtained
in vivo with other fish protein hydrolysates on food intake and glycemic managements
in healthy mice [20] and rats [16], in high-fat-diet-induced obese mice [35] or diabetic and
obese rats and as in several clinical studies [18,21,33,36–38].

To identify, from the FBPH intestinal digest, active peptides able to stimulate intestinal
hormones secretion by EECs, a methodology built on two different successive separation
techniques were adopted Caron, J. et al., 2016 [23,25]. Using a first SEC-purification step,
the fraction F2 composed by a majority of peptides characterized by apparent MW ranging
from 400 to 1000 Da was selected on the basis of its intestinal hormones release activity
and submitted to RP-HPLC. Finally, the FE subfraction obtained after RP-HPLC separation
exerted the best stimulating release effect for both intestinal hormones, unambiguously.

Among the 1739 peptide sequences identified by the mass bioinformatics data process-
ing, 20 of them were selected (based on their presence in the most intense peaks of the UV
chromatogram (λ = 214 nm) and their ion intensity and fragmentation quality), chemically
synthesized and assayed for their capacity to stimulate CCK and GLP-1 release. The results
allowed to identify two new peptides, PSLVH and DLVDK, able to enhance CCK release
by EECs, and one tetrapeptide, FAMD, able to stimulate GLP-1 release. Today, few peptide
sequences are reported in the literature to stimulate CCK and GLP-1 secretion by EECs,
and the relationship existing between the CCK and GLP-1 food-derived releasing peptide
bioactivity and their structure and amino acid sequence is not well established [9,38]. Nev-
ertheless, different signaling pathways, involving G protein-coupled receptors (GPCRs)
like GPR93, GPRC6A and the calcium-sensing receptor (CaSR) but also the cotransporter
PepT-1, have been evidenced in the food protein-derived peptide intestinal sensing leading
to CCK and GLP-1 secretion [39–41]. CCK releasing food-derived peptides were identified
from soybean β-conglycinin, bovine hemoglobin, lactoglobulin, bovine whey, casein, and
egg white protein [42–48]. To our knowledge, it is the first time from fish source. The motif
and the structure of the peptides appear crucial in the intestinal sensing leading to CCK
secretion. CaSR was described to sense W and F aromatic amino acids [49,50] and the
presence of aromatic residues in the peptide sequence seems to favor the bioactivity. In
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previous works, we evidenced two CCK-releasing fractions of a bovine hemoglobin SGID
intestinal digest. They were able to highly stimulate CCK secretion and composed of more
than 50% of peptides containing at least one aromatic amino acid residue in their sequence.
The four hemorphins (LLVVYPWT, LVVYPWT, VVYPWT and VVYPWTQRF), released
during bovine hemoglobin digestion, were synthesized and proved as CCK and GLP-1
secretion stimulating peptides [42,44]. However, in the present work, the two identified
CCK-releasing stimulating peptides, PSLVH and DLVDK, do not possess aromatic residues,
whereas DVSGGYDE did not stimulate CCK secretion. These two active peptides are both
composed of five amino acid residues and some of them contain an aliphatic chain. These
findings are in accordance with a precedent work which hypothesized that five amino acid
residues were the minimal size and that the presence of aliphatic chain could be crucial
in the CCK secretion in STC-1 cells [47]. In accordance, in a recent work, two peptides
able to stimulate CCK secretion in STC-1 cells, VLLPDEVSGL and VLLPD, were identified
from an egg white SGID intestinal digest. They both did not contain aromatic amino acid
residues but are characterized by a high rate of aliphatic ones [48].

Like for CCK, only few food-derived peptides, able to stimulate the secretion of GLP-1,
were identified. We previously identified four sequences (KAAVT, TKAVEH, ANVST and
YGAE) from a bovine hemoglobin intestinal digest and proposed that the presence of basic
amino acid residue (L-lysine) in the N-terminal side of the peptide, as well as the presence
of a T residue in the C- or N-terminal, are common points that could be implied in the
peptide sensing that led to GLP-1 secretion [42]. LKPT evidenced in the present work
also possesses a lysine amino acid residue in N-terminal position as it was also found in
the minimal sequence from α-actinin-2 (KPYIL) able to stimulate the GLP-1 secretion in
murine GLUTag cells. However, the K residue position in the sequence does not seem
crucial for the bioactivity as ASDKPYIL is also active [51]. The RVASMASEKM peptide,
recently identified from egg white protein digest as GLP-1 secretagogue, also possesses a K
residue but in C-terminal position [48]. Nevertheless, results obtained here showed that
ELLK and EAPLNPK did not lead to GLP-1 secretion, and other works identified peptides
able to stimulate GLP-1 secretion without having K or T residues in their sequences, such
as GGGG, AAAA, GWGG [52], GPVRGPFPIIV [53], LGG and GF [54] and, PFL [48].

Taken together, these findings confirm the presence of multiple pathways involved
in the intestinal peptide sensing leading to CCK and GLP-1 secretion by EECs. It will
be necessary to identify which one is used by each peptide to elucidate the relationships
between the physicochemical properties, the structure, and the sequence of the peptide
and its secretagogue activity.

Among the 13 synthesized peptides identified in the basolateral side of the intestinal
barrier model, 5 exerted an in vitro DPP-IV inhibitory activity, with IC50 values ranging
from 263 to 775 µM (Table 2). These peptides are promising compared with food-derived
DPP-IV inhibitory peptides identified between 2016 and 2018 as recently reviewed by Liu
et al. [55]. Indeed, when we perform from the Liu et al. list, the analysis of 74 peptides,
identified and characterized by IC50 values ranging from 43 to 2000 µM, the IC50 mean and
median values were 596 and 226 µM, respectively. The large majority of the studies which
identified DPP-IV inhibitory dietary protein-derived peptides has used in vitro controlled
method to calculate IC50 values and did not assay the ability of the peptides to cross the
intestinal barrier. In the recent work of Harnedy et al., the authors evaluated the DPP-IV
inhibitory activity potential of peptides identified from two RP-HPLC fractions of a boarfish
hydrolysate submitted to SGID. Several peptides were then synthesized and assayed for
their in vitro inhibitory DPP-IV activity. The most promising peptides (IC50 < 200 µM) were
further assayed for their ability to inhibit in situ the human DPP-IV activity using culture
Caco-2 cells in order to better mimic intestinal physiological conditions. They indeed
identified 18 peptides with in situ IC50 values ranging from 44 to 307 µM [32]. Despite
these very interesting findings, the ability of the identified peptides to cross the IB still
needs to be studied. Indeed, several studies showed that many DPP-IV inhibitory peptides
identified in the intestinal tract cannot cross the IB without being cleaved and losing their

29



Molecules 2021, 26, 136

bioactivities. Other studies showed that certain DPP-IV inhibitory peptides were able to
cross the IB in vitro. Domenger et al. showed that among five DPP-IV inhibitory peptides
identified in a bovine hemoglobin intestinal digest, only three of them were recovered intact
after the passage through a Caco-2 cells monolayer [44,56]. Lacroix et al., also evidenced
the susceptibility of certain milk protein-derived DPP-IV inhibitory peptides to be cleaved
by brush barrier peptidases [57]. Indeed, the differentiated Caco-2 cells express mainly two
peptidases, DPP-IV and transmembrane protease serine 4 (TMPRSS4) which have been
evidenced to hydrolyze peptides during the passage through the simulated IB [58].

In the present study, we adopted the strategy to first incubate the whole digested
hydrolysate at the apical side of the IB model for 2 h in order to further identify the
peptides in the basolateral compartment. Adopting this strategy also permitted to mimic
the interaction of the whole digest with the IB which may modify its permeability. There
is some evidence that food-derived peptides could alter intestinal barrier permeability
via their actions on tight junction proteins [59,60]. Indeed, we evidenced in a previous
work, four hemorphins harboring DPP-IV inhibitory activity able to significantly decrease
mRNA expression of the claudin 4, a protein present in tight junctions and involved in
paracellular permeability [56]. Finally, the eight new DPP-IV inhibitory peptides which
were evidenced in this study might be able in vivo to reach the plasmatic compartment in a
sufficient concentration and to inhibit the DPP-IV circulating form, enhancing the half-life
of the GLP-1 and therefore its incretin and satiating actions. Moreover, it is crucial to keep
in mind that a substantial number of potentially bioactive peptides, in particular small ones,
are unidentifiable due to the current peptidomics advance [61]. Further in vivo studies
are needed to evidence the glucose and/or food intake regulatory effect of this FBPH,
nevertheless, the present tilapia byproduct hydrolysate appears to be very promising as
functional ingredient preventing or managing overweight and glucose tolerance.

4. Materials and Methods

4.1. Materials and Chemicals

Porcine pepsin (EC number 3.4.23.1, from porcine gastric mucosa, >250 U mg−1),
pancreatin from porcine pancreas (4× USP specifications, European commission num-
ber: 232-468-9), diprotin A, Gly-Pro-7-amido-4-methylcoumarin hydrobromide (H-Gly-
Pro-AMC, HBr) were purchased from Sigma-Aldrich (Villefranche-sur-Saône, France).
Dulbecco’s modified Eagle’s cell culture Medium (DMEM), trypsin, L-glutamine, fetal
bovine serum, antibiotics (penicillin and streptomycin) were purchased from Dutscher
(Issy-les-Moulineaux, France). Fish byproduct protein hydrolysate (FBPH) was obtained by
the hydrolysis of tilapia (Oreochromis niloticus) byproducts (FBP, bones and viscera), using
commercially available food grade enzymes. FBPH and FBP were provided by Diana Pet
Food (Elven, France). Synthetic peptides were purchased from GeneCust (Boynes, France).

4.2. In Vitro Simulated Canine Gastrointestinal Digestion of FBP and FBPH

The simulated gastrointestinal digestion (SGID) was adapted from the static in vitro
consensual protocol coming from the INFOGEST cost action (http://www.cost-infogest.eu),
as well as from Caron et al. in order to mimic the dog gastrointestinal digestion [24,28].
Briefly, the three first steps of the digestive tract (oral, gastric and intestinal) were simulated
using a static mono compartmental process and under constant magnetic stirring in a
reactor at 39 ◦C. Two grams of FBPH or FBP were solubilized in 16 mL of salivary fluid at
pH 7.0 without salivary enzyme. A 4 mL aliquot (oral aliquot) was withdrawing after 2 min.
Twenty-four mL of gastric fluids were then added before the addition of porcine pepsin in
a 1:40 (w/v) E/S ratio (enzymatic activity > 2000 U mg−1 of dry weight). Gastric digestion
was performed over 2 h, pH being monitored and maintained at pH 2.0 with NaOH (5 M)
and HCl (5 M) solutions. Hydrolysate aliquots (gastric aliquots) were withdrawing after
2 h and directly heated at 95 ◦C during 10 min. Thirty-six mL of intestinal fluid and 4 mL
of 1 M NaHCO3 solution were added to reach the pH to 6.8. Pancreatin was added in a 1:50
(w/v) ratio E/S (enzymatic activity 100 U mg−1 of dry weight) and intestinal digestion was
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carried out over 4 h. Aliquots (intestinal aliquots) were withdrawn and heated as above.
All aliquots were then centrifuged at 13,000× g for 10 min and supernatants were collected
to be stored at −20 ◦C for further analysis.

4.3. Size Exclusion Chromatography by Fast Protein Liquid Chromatography (SEC-FPLC)

The peptide apparent molecular weight (MW) distributions of oral, gastric and in-
testinal aliquots were obtained by SEC using a Superdex Peptide 10/300 GL column (GE
Healthcare, Uppsala, Sweden) on an AKTA Purifier system (GE Healthcare). SEC was car-
ried out in isocratic conditions with an elution solution of 30% acetonitrile, 69.9% ultrapure
water and 0.1% TFA solvent at a flow rate of 0.5 mL.min−1. Oral, gastric and intestinal
aliquots were first diluted in ultrapure water (18.5 g L−1, w/v) and subjected to a magnetic
stirring for 15 min. The diluted samples were then centrifuged at 15,000× g for 15 min
and the supernatants were filtered through a 0.22 µm membrane filter before injection.
The absorbance was monitored at 214 nm for 70 min. The column was calibrated with
the following standard peptides: cytochrome C (12,327 Da), aprotinin (6511 Da), insulin
beta-chain (3496 Da), neurotensin (1673 Da), substance P (1348 Da), substance P fragment
1–7 (900 Da) and leupeptin (463 Da).

4.4. Cell Culture Conditions

The Caco-2 cell line was purchased from Sigma-Aldrich (Villefranche-sur-Saône,
France) and the STC-1 cell line was a grateful gift received from Corinne Grangette (Univ.
Lille, CNRS, Inserm, CHU Lille, Institut Pasteur de Lille, U1019-UMR 8204-CIIL, France).
Cells were grown in flask of 75 cm2 at 37 ◦C, 5% CO2 atmosphere in DMEM supplemented
with 4.5 g L−1 of glucose, 10% of fetal bovine serum, 100 U mL−1 of penicillin, 100 µg mL−1

of streptomycin and 2 mM of L-glutamine. Caco-2 and STC-1 cells were weekly and twice
a week subcultured, respectively. All cells used in this study were between the 40 and the
50 passages for Caco-2 cells and between the 10 and 30 passages for STC-1 cells.

4.5. CCK and GLP-1 Secretion Study

When 80–90% confluence was reached, STC-1 cells were trypsinized and seeded at a
density of 40,000 cells/well in 24-wells culture plates (ThermoFisher Scientific, Saint Aubin,
France) allowing to reach 60–80% confluence. Cell culture medium was removed from each
well and cells were washed with phosphate saline buffer (PBS, 10 mM, pH 7.4). 250 µL of
digests (2 to 10 mg mL−1) or synthetic peptides (1 mM) diluted in Hepes buffer (4.5 mM
KCl, 1.2 mM CaCl2, 140 mM NaCl and 20 mM Hepes, pH 7.4) were then added. Hepes
buffer was used as a negative control. After 2 h of incubation at 37 ◦C, 5% CO2 atmosphere,
supernatants were collected on ice, centrifuged (1500× g for 5 min) and stored at −20 ◦C
for further CCK and GLP-1 concentration measurements using GASK-PR (Cisbio, Codolet,
France) and GLP-1 active (Merck, Molsheim, France) RIA kits, respectively.

4.6. DPP-IV Activity Assay

In situ method using confluent Caco-2 cells described by Caron et al. was slightly
modified and used to study DPP-IV activity [34]. A 1 mM (Gly-Pro-AMC) substrate
solution, the digests and the synthetic peptides dilutions were prepared in phosphate saline
buffer pH 7.4 (PBS). Briefly, after 7 days of growth, Caco-2 cells were trypsinized and seeded
at a density of 8000 cells/well in 96-well optical black plates (Nunc, ThermoFisher Scientific,
Rochester, NY, USA). After 7 days, culture media were removed from wells and the cells
were washed with 100 µL of PBS buffer (pH 7.4). Then, 100 µL of PBS was added to the
wells followed by 25 µL of digests diluted in PBS at increasing concentrations (3.47, 6.95 and
13.89 mg mL−1) or 25 µL of synthetic peptides diluted in PBS at increasing concentrations
(between 0.2; 0.6; 1 and 1.5 mM) or PBS buffer (control wells). After 5 min of incubation at
37 ◦C, 50 µL of (Gly-Pro-AMC) substrate solution were added to each well. Fluorescence
was recorded every 2 min for 1 h at 37 ◦C using a Xenius XC spectrofluorometer (Safas
Monaco, Monaco). Excitation wavelength was set to 260 nm while the emission wavelength
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was of 480 nm. The percentage of the DPP-IV activity inhibition was defined as the
percentage of DPP-IV activity inhibited by a given concentration of digest or diprotin A
(commercial DPP-IV peptide inhibitor) as positive control compared with control buffer
response. The concentration of digests or synthetic peptide solutions required to obtain
50% inhibition of the DPP-IV activity (IC50) was determined by plotting the percentage
of DPP-IV activity inhibition as a function of digest or peptide final concentration natural
logarithm. IC50 was expressed in mg mL−1 or in mM.

4.7. Fractionation of the FBPH Intestinal Digest

4.7.1. SEC-FPLC Fractionation

The intestinal peptide population of FBPH duodenal SGID was separated on an Akta
Purifer device using a preparative HiLoad 16/600 Superdex 30 prepgrade column (GE
Healthcare). A volume of 2 mL at 18.5 mg mL−1 dry matter of the intestinal digest was
injected in the column and eluted in isocratic conditions with an eluent composed of
30% acetonitrile, 69.9% of ultrapure water and 0.1% of TFA at 1 mL.min−1 for 2 h. The
collected fractions were then dried by centrifuge evaporation (MiVac Quattro Concentrator,
Biopharma Process Systems, Winchester, UK) and the obtained pellets were re-solubilized
in 1 mL of ultrapure water and stocked at −20 ◦C.

4.7.2. HPLC Fractionation

The FPLC fractions displaying the strongest bioactivities was fractionated with a semi-
preparative C18 Gemini column (150 × 10 mm, particles size 5 µm, 110 Å, Phenomenex,
Le Pecq, France) on a 4250 Puriflash system (Interchim, Montluçon, France). The peptide
elution was performed at a flow rate of 5 mL.min−1 with two solvents: eluent A was
composed of 99.9% of ultrapure water and 0.1% TFA and eluent B was composed of 99.9%
of acetonitrile and 0.1% TFA. The following hydrophobic gradient was used: an isocratic
step at 98% of eluent A for 20 min followed by a linear gradient from 2% to 15% of eluent
B in 35 min, then a linear gradient from 15% to 90% of eluent B in 10 min and finally the
column was washed with 90% of eluent B for 5 min and equilibrated again with 98% of
eluent A for 10 min. The collected subfractions were then dried by centrifuge evaporation
(MiVac Quattro Concentrator, Biopharma Process Systems).

4.8. Peptide Sequences Identification in HPLC Fractions

4.8.1. RP-HPLC-MS/MS Analysis of HPLC Fractions

Selected dried HPLC subfractions were re-solubilized in 50 µL of ultrapure water
containing 0.1% of formic acid (FA), vortexed, submerged in ultrasonic bath three times
and finally centrifuged 5 min at 12,000× g. The peptides of these fractions (10 µL in-
jection volume) were then chromatographed by reverse phase-ultra high-performance
liquid chromatography (RP-UPLC) using an ACQUITY biocompatible chromatography
system (Waters, Manchester, UK) equipped with an analytical C18 Uptisphere column
(250 × 3 mm, particles size 5 µm, 300 Å, Interchim). The peptides elution was performed
at 30 ◦C with a flow rate of 0.6 mL.min−1 using two solvents: eluent A was composed of
99.9% of ultrapure water and 0.1% FA and eluent B of 99.9% of acetonitrile and 0.1% FA.
Apolar elution gradient used was: 100% of eluent A for 2 min followed by a linear gradient
from 0 to 15% of eluent B in 45 min, then a linear gradient from 15% to 35% of eluent B in
20 min and from 35% to 90% of eluent B in 15 min. The column was finally washed with
90% of eluent B for 10 min and equilibrated with 100% of eluent A for 7 min.

The chromatographed peptides were then ionized into the electrospray ionization
source of the qTOF Synapt G2-Si™ (Waters). MS analysis was performed in sensitivity,
positive ion and data dependent analysis (DDA) modes. The source temperature was set
at 150 ◦C, the capillary and cone voltages were set at 3000 and 60 V, respectively. MS and
MS/MS measurements data were performed in a mass/charge range fixed between 100
to 2000 m/z with a scan time of 0.2 s. A maximum of 15 precursor ions with an intensity
threshold of 10,000 were selected for the fragmentation by collision induced dissociation
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(CID) with specified voltages ranging from 8 to 9 V and from 40 to 90 V for the lower
molecular mass ions and for those with a higher molecular mass, respectively. The leucin
enkephalin ([M + H]+ of 556.632) was injected in the system every 2 min for 0.5 s to follow
and to correct the measure error during all the time of analyze.

4.8.2. Mass Spectrometry Data Processing

Mass spectrometry data processing and the protein database search were performed
via Peaks Studio version 8.5 software (Bioinformatics Solutions, Waterloo, ON, Canada)
using UniProt database restricted to the complete proteome of the Cichlidae family (up-
dated the 2018/08/28, 44,684 entries). Tolerance threshold of precursor ion masses and
fragments were defined at 35 ppm and 0.2 Da, respectively. The in-database identification
search was performed with consideration of oxidized methionine but without notifying
the choice of enzyme. Peptide sequences identified by the Peaks Studio 8.5 were filtered
with a fault discovery rate (FDR) strictly lower than 1% while peptide sequences identified
by de novo processing were filtered according to an average local confidence score (ALC
score) up to 80%.

4.9. Intestinal Barrier Passage and Peptide Identification

4.9.1. Transport Study

To obtain an intestinal barrier (IB) model, Caco-2 cells were cultivated on insert
(D = 4.2 cm; pore size = 3 µm, ref: 353092, Dutscher) in 6-wells plate where Caco-2 cells
were seeded at a density of 84,000 cells by insert in 2 mL of DMEM. A volume of 2.5 mL
of DMEM medium was added in each well of the plate. Cells were incubated at 37 ◦C for
15 days and the medium on apical and basolateral sides were changed every 2 days.

In the day of experimentation, a transport medium Hepes-Hanks salt solution (HBSS)
was extra temporary prepared and filtered on PVDF filter 0.22 µm. Samples were diluted
at 4 g L−1 with the transport medium. The apical and basolateral sides of each well were
washed with 500 µL and 1 mL of transport medium (heated at 37 ◦C), respectively. Then,
1 mL of transport medium at 37 ◦C was added in apical side and 2.5 mL in basolateral side.
Plate was incubated at 37 ◦C, 5% of CO2 for 30 min, and the supernatant was discarded and
replaced with 1 mL of pre-heated samples or pre-heated transport medium (for the control).
Kinetic studies were performed by sampling 100 µL from the apical and basolateral sides
at 15 min, 250 µL in apical side and 1 mL in basolateral side at 60 min and the rest of the
supernatant in apical (650 µL) and in basolateral side (1.4 mL) at 120 min of incubation at
37 ◦C, 5% CO2. The peptides were identified after 120 min incubation time.

4.9.2. Peptide Sequences Identification in Apical and Basolateral Supernatant by Mass
Spectrometry

Apical and basolateral supernatants at 120 min were prepared and analyzed by mass
spectrometry with the same protocol described above for HPLC fractions with minor
changes. The UPLC column used was a C18-AQ (150 × 3 mm, particles size: 2.6 µm, 83 Å,
Interchim) and the peptide chromatography was performed at a flow rate of 0.5 mL·min−1

and 30 ◦C. The apolar elution gradient used was as follow: 5 min at 99% of eluent A/1%
eluent B, then a linear gradient from 1% to 30% of eluent B in 40 min, followed by a linear
gradient from 30% to 70% of eluent B in 8 min, and finally after 2 min at 95% of eluent B,
the column was equilibrated with 99% of eluent A/1% eluent B for 3 min. The ionization
mode, and the MS and MS/MS measures were performed exactly as described previously.

4.10. Statistical Analysis

Data presented are means ± SD. To compare GI hormone secretion levels induced by
the digests, a one-way ANOVA using general linear model and pairwise comparisons with
Tukey’s or Dunnett’s tests were performed using Graph Prism (GraphPad Software, San
Diego, CA, USA). Values were considered as significantly different for a p-value < 0.05.
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5. Conclusions

A dog in vitro static simulated gastrointestinal digestion model that permitted us to
evaluate in vitro the potential effects of a tilapia byproduct hydrolysate on the regulation
of food intake and glucose metabolism was developed. Promising effects on intestinal
hormones secretion and dipeptidyl peptidase IV (DPP-IV) inhibitory activity were thus
evidenced and the added-value of the pre-hydrolysis was highlighted. New bioactive
peptides able to stimulate CCK (DLVDK and PSLVH) and GLP-1 (LKPT) secretion and to
inhibit the DPP-IV activity after a transport study through an intestinal barrier (VAPEEHPT,
DLDL, MDLP, VADTMEVV, DPLV, FAMD, CSSGGY and GPFPLLV) were identified. This
tilapia byproduct hydrolysate appears to be promising to manage overweight.
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Abstract: Honey, honey extracts, and bee products belong to traditionally used bioactive molecules in
many areas. The aim of the study was primarily to evaluate the effect of cosmetic matrices containing
honey and bee products on the skin. The study is complemented by a questionnaire survey on the
knowledge and awareness of the effects and potential uses of bee products. The effect of bee molecules
at various concentrations was observed by applying 12 formulations to the skin of the volar side of
the forearm by non-invasive bioengineering methods on a set of 24 volunteers for 48 h. Very good
moisturizing properties have been found in matrices with the glycerin extract of honey. Matrices
containing forest honey had better moisturizing effects than those containing flower honey. Barrier
properties were enhanced by gradual absorption, especially in formulations with both glycerin and
aqueous honey extract. The observed organoleptic properties of the matrices assessed by sensory
analysis through 12 evaluators did not show statistically significant differences except for color and
spreadability. There are differences in the ability to hydrate the skin, reduce the loss of epidermal
water, and affect the pH of the skin surface, including the organoleptic properties between honey and
bee product matrices according to their type and concentration.

Keywords: bee products; bioactive molecules; cosmetics; emulsion; functional matrices; honey;
hydration; organoleptic properties; transepidermal water loss

1. Introduction

Bees are important to humans not only by pollinating many species of plants, thereby helping to
multiply them, but also by creating unique products containing a range of bioactive molecules that
have been used for centuries in human nutrition, folk medicine, pharmacy, and cosmetics. Bee products
may be of both vegetal and animal origin. The products of vegetal origin include those molecules that
bees collect in the wild and bring to the hive, where they process them for their needs. These include
propolis—the compound from the flower and leaf buds of alder, birch and other trees, pollen—the
floral pollen of flowering plants and honey—the nectar of flowering plants, or honeydew produced by
the Homoptera insecta. Bee products of animal origin include substances that the bee itself secrete in its
own body. It is bee venom—secretion of the venom gland, royal jelly —secretion of the pharyngeal
and mandible glands of worker bees, and beeswax—the secretion of wax-forming glands of worker
bees [1,2]. The composition, color, aroma, and biological activity of bee products depend on the
location, time, and source of the plant from which they are obtained.
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Among the raw materials for cosmetic matrices, honey is the most important. “Honey” or “Mel”
is included in the International Nomenclature of Cosmetic Ingredients (INCI) as an moisturizing/
humectant/emollient product [3]. Honey is useful in products of skin care, and its regular application
contributes to the skin juvenility and the reduction of wrinkle formation [4]. Honey is used in
variable proportions according to the type of cosmetic. Generally, a lower concentration (0.5–5%) is
used for foams, creams and emulsions, while a higher concentration (10–15%) is used for anhydrous
ointments. Honey is most commonly used in the range of 1% to 10% in products such as lip ointments,
cleansing milk, hydrating creams or gels, after-sun products, tonic lotions, shampoos, and conditioners.
Higher concentrations (up to 70%) can be used for combinations of honey with oils, gelling agents,
and emulsifiers or in face masks [5,6]. Honey is also used as an alternative to traditional emulsifiers in
body lotions for bathing and shampooing, where they make up 50% to 50% surfactants [7].

Beeswax is used to modify the texture of cosmetic products: 1–3% for creams and ointments,
balms, and lotions, 6–12% for mascara, and 6–20 % for eye shadow. It is included in deodorants
(up to 35%), depilatory preparations (up to 50%), hair cosmetics (1–10%), lipsticks (10–15%), and other
products. Its presence also improves the stability of the formulations. Another bee product used
primarily for its antimicrobial effects is pollen, which is added to dry shampoos, creams, and tonics [8].
For its anti-aging effect, a royal jelly is widely used. Royal jelly extract increases the natural
moisturizing factor. The addition of 0.05% to 1.0% stimulates and nourishes the epidermis; it is
used e.g., in face lotions, body milk, hair cosmetics, and soaps [9]. Propolis has regenerative,
antioxidant, anti-inflammatory, antiseptic, antifungal, bacteriostatic, astringent, antispasmodic,
anesthetic, anticancer and photoprotective effects [10,11]. It is added in a concentration of 1%
to 2% to aftershave, after-bath and oral care products, shampoos, deodorants, soaps, and creams [12].

The development of bee products for dermal applications may take different directions in the
future. Burlando and Cornara [7] see one way in ethnopharmaceuticals surveys focused on significant
biological properties in the extraordinary variety of mono- and polyfloral honeys. Another possibility
is to carry out chemical and biological research focused on the chemical composition of honey and
its pharmacological efficacy, thus opening the way to new medical procedures supporting human
health [13].

The use of honey, honey extracts, and bee products as bioactive molecules in many cosmetic
products (especially body and hair cosmetics) has been known for some time. A variety of publications
describe the diverse effect of these formulations; however, none of them quantitates the moisturizing
and barrier effect containing various bee products. The aim of the present paper is to assess (1) the
moisturizing and barrier properties of emulsion matrices with the addition of honey and bee products
on the skin; (2) perform sensory evaluation of the emulsion matrices with the addition of honey and
bee products; and ascertain (3) by means of a questionnaire survey the effects of cosmetic matrices
with the addition of honey and bee products, the reasons and frequency of use of honey cosmetics.
The specific hypotheses tested are as follows. (1) Higher skin hydration may be expected for emulsion
matrices with a higher content of honey or bee products. (2) Emulsion matrices with a higher honey
and wax content may be expected to have a difference in their spreadability. (3) Honey and/or bee
products are expected to be popular with female respondents.

2. Results and Discussion

2.1. Biophysical Characteristics

The measurement of hydration, barrier, and pH effects on the skin due to the effect of prepared
cosmetic matrices were preceded by a 0.5% sodium lauryl sulfate (SLS) skin pretreatment, the so-called
washing test, which simulated the use of cosmetics during personal hygiene, such as showers or washes,
and another purpose was to eliminate differences in skin properties at the site of intended application.
The skin pretreatment is presented in the Figures 1–3, characterizing the measured parameters by a
continuous horizontal line corresponding to the average value of the monitored parameter measured
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before the emulsion application. This method of pretreating the skin with SLS solution in various
concentrations is referred to in a number of works devoted to testing various preparations [14–16].
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Figure 1. Hydration effect of tested cosmetic matrices after sodium lauryl sulfate (SLS) pretreatment
(continuous horizontal line) over the studied period: (a) honey and honey extracts (b), other bee
products. EB: emulsion base.
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Figure 2. Transepidermal water loss (TEWL) after SLS pretreatment (continuous horizontal line) and
application of the tested cosmetic matrices over the studied period: (a) honey and honey extracts (b),
other bee products. EB: emulsion base.
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Figure 3. Values for pH after SLS pretreatment (continuous horizontal line) and application of the
tested cosmetic matrices over the studied period: (a) honey and honey extracts (b), other bee products.
EB: emulsion base.

The hydrating ability of emulsion matrices with honey, honey extracts, and other bee products
is shown in Figure 1. Emulsion matrices with glycerin extract of honey have probably shown a
synergistic hydrating effect of the ingredients contained in the extract; the final increase in hydration
after degreasing the skin treated with both formulations was about 60%. Emulsions containing higher
concentrations of bee products hydrated the skin more efficiently except for the aqueous extract
formulation, where, on the contrary, the lower concentrations proved to be preferable after four
hours of exposure. An interesting difference was observed during the treatment of forest and flower
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honey formulations, with flower honey showing a higher hydrating activity of approximately 15%
after 24 h, which can be attributed to a slightly higher fructose and glucose content in flower honey
(see Table 1). This is consistent with the results of Jiménez et al., which state that active hydration is
influenced by the content of sugars, mainly fructose and glucose [17]. These sugars form hydrogen
bridges with water and maintain the moisture of the skin horny layer. This creates a protective
non-greasy film on the skin to help maintain water in the skin [18]. Burlando and Cornara [7] in
their review extend this knowledge to the influence of other substances present such as amino acids
and organic acids, which can supplement the natural moisturizing factors of the horny layer. It is
known that the biological properties of a certain type of honey are determined by the nectar-producing
plants; therefore, botanical resources are of great importance in cosmetics [19]. Honey with a higher
content of better soluble fructose with respect to glucose is recommended as being more suitable for
cosmetic products because of the lower risk of their crystalline form. There is a study [20] in which
volunteers observe the hydrating effect of honey-containing emulsions from different bee species,
where the Apis mellifera honey formulation proved to be the most hydrating active after two hours of
application, which was followed by preparations containing the honey of Melipona fasciculata and the
honey of Tetragonula carbonaria with the least hydrating effect. The skin treated with other bee product
formulations also achieved a higher proportion of water in its corner layer. Hydrating effects of bee
products are mentioned in publication [21]; the samples containing a higher amount of beeswax were
absorbed into the skin more slowly than other tested formulations. The hydration of stratum corneum
is crucial for the integrity and regulating the barrier properties.

Table 1. Composition of forest and flower honey.

Component Forest Honey (% ± SD) Flower Honey (% ± SD)

Fructose 31.30 ± 1.95 38.40 ± 2.01
Glucose 36.80 ± 4.60 33.20 ± 4.08
Sucrose 2.30 ± 0.59 2.90 ± 0.55
Maltose 5.50 ± 0.48 3.10 ± 0.34

Oligosaccharides 3.70 ± 0.61 2.20 ± 0.41
Moisture 18.60 ± 2.17 18.20 ± 2.04
Enzymes 0.16 ± 0.02 0.56 ± 0.03
Vitamins 0.11 ± 0.02 0.21 ± 0.02

Ash 1.04 ± 0.04 0.45 ± 0.03
Free acids 0.15 ± 0.02 0.35 ± 0.03

Amino acids 0.34 ± 0.02 0.43 ± 0.02

The effect of emulsion matrices with honey, honey extracts, and other bee products on the skin
barrier function is shown in Figure 2. The highest loss of epidermal water (TEWL) was monitored after
treatment of the skin with an SLS solution that disrupted the skin barrier. This mechanism of increasing
TEWL after treatment with diversely concentrated SLS solution is described by Tupker et al. [22].
Some authors [23] recommend replacing the SLS treatment with anionic phosphorus derivatives of
alkyl polyglucsides that are more gentle to the skin barrier. Park and Eun [24] studied the concentration
series of SLS solution, and the increase in TEWL was statistically significant relative to the higher
concentration of the solution. The reduction of water loss from the epidermis proceeded gradually over
the observed time intervals with the gradual absorption of emulsions. The higher increase in TEWL
does not always correspond to higher concentrations of the studied active substances in cosmetic
matrices. The reduction of dermal water loss was proved after the treatment of the skin with both
glycerin and aqua mel extract during the 4 h of the experiment. In the study [25], the effects of aqua
solution of glycerin in the concentration range 1–10% on the skin of women volunteers pretreated
with 10% SLS solution under occlusion for 3 h was examined. Even at 2% concentration of glycerin,
the water-holding capacity was enhanced. When evaluating matrices containing flower and forest
honey, less water loss was observed after the treatment of the skin with a formulation with the addition
of forest honey. In a randomized controlled trial by Zahmatkesh et al. [26], a mixture of olive oil,
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sesame oil, and honey was demonstrated to be a useful treatment for burns, by preventing infections,
accelerating tissue repair, and facilitating debridement. Among other bee products proven to be
suitable were emulsion formulations with wax and royal jelly, which have been shown to prevent the
dehydration of the skin.

The last observed parameter affected by the matrices prepared was skin pH. Figure 3 shows a pH
shift to the neutral area after application of the tested matrices, most notably for honey and beeswax
formulations. Tested cosmetic matrices do not disturb the natural pH of the skin. The skin surface
is naturally slightly acidic; the pH ranges from 4.0 to 5.5 depending on the location [27]. The skin
pretreatment by degreasing represented a potential risk of removing dermal lipids and bacterial flora,
to which Seweryn el al. [28] draw attention. From the pH values after the topical application of
matrices containing honey and bee products, it can be concluded that no disruption of natural acid
skin mantle was detected, which enables an indirect prediction of the influence of studied matrices
on the skin. There was no irritating reaction (assessed visually) on the skin treated with the tested
matrices, although honey-based cosmetics and cosmetics made of other bee products can function as
sensitizers, as described in some publications [29,30]. To conclude, from a physiobiological approach,
a casual dry skin may be treated with honey and other bee products matrices giving good efficacy.

2.2. Sensory Analysis

There were no statistically significant differences between the cosmetic matrices of the honey
and bee products formulations assessed by the ranking test evaluating overall sample preference.
Statistically significant differences at the 95% level of significance were found in the ranking test
assessing the color of the matrices between samples AG, CF, CG, CE, CH, BG, BE, BH, DA, DF, DG, DE,
and DH; designation of the samples is described in Chapter 3.2. No statistically significant differences
(p < 0.05) were found in the paired comparative test observing the pleasantness of emulsion matrices
with both 5% and 10% flower and forest honey content. Furthermore, the results of a paired test
comparing the spreadability of the formulations with 1% and 3% beeswax content were also statistically
significant, in favor of a sample with a lower beeswax content. Additions of beeswax can modify the
texture and viscosity of the matrices, but also act as a smoothing and opacifying agent [19].

2.3. Questionnairre Survey

The questionnaire survey revealed that honey was used by 92% of the respondents, propolis was
used by 40% of the respondents, royal jelly was used by 14% of the respondents, wax was used by 35%
of the respondents, and bee venom was used by 3% of the respondents. As a reason for using honey
cosmetics, 15% interviewed accepted the advice of a friend, 5% decided on the basis of information
from the media, and 3% of them stated physician recommendations. As a result of skin problems,
5% searched for bee products, and 61% of those interviewed stated other reasons. Most (88%) women
were aware of the healing effects of honey and bee products; meanwhile, 9% of the respondents suffered
from allergy to bee products, of which 5% were to bee venom, 3% were to pollen, and 1% were to honey.
The processing of honey and bee products was carried out by 4% of respondents. More than half of
the respondents had experience with cosmetics containing honey and bee products. Cosmetics with
honey and bee products were used by 55% of women. The reason was that these cosmetic products are
used to improve psoriasis and dry skin condition (45%), improve the wound state (25%), strengthen
immunity (12%), reduce acne (6%), reduce inflammation (6%), reduce eczema (3%), and relieve pain
(3%). The cosmetic products were most often applied to the body, face, hands, eye area, hair, and oral
cavity. The most common forms of cosmetic products were toothpastes, creams, ointments, balms,
tinctures, lotions, masks, mouthwashes, gels, and shampoos.
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3. Materials and Methods

3.1. Analysis of Forest and Flower Honey

The analysis of forest and flower honey was carried out at the Institute of Environment of the
Faculty of Technology (Zlín, Czech Republic) in cooperation with the Slovak Academy of Sciences
(Bratislava, Slovak Republic) see Table 1. Moisture was determined by refractometric method according
to DIN 10752 [31]. The principle is that the water content is determined from the refractive index
of honey (which increases with the dry matter content). The acidity was determined by titrating a
sample of honey dissolved in 0.1 mol/L NaOH according to Lord et al.; acidity expresses the amount of
all free acids in honey [32]. The mineral content was determined gravimetrically after burning and
annealing the sample at 600 ◦C [33]. Amino acids were determined by gas chromatography with flame
ionization and mass spectrometric detection (Shimadzu, Tokyo, Japan) [34,35]. The content of reducing
saccharides (glucose, fructose, maltose), non-reducing disaccharide (sucrose) and oligosaccharides was
determined by high-performance liquid chromatography with a refractive index detector (Shimadzu,
Tokyo, Japan) [36–38]. Water-soluble vitamins (B2, B3, B5, B9, and C) were determined by reversed
phase high-performance liquid chromatography [39]. Enzyme (diastase) was determined according to
methods described by Edwards et al. [40] and Hadorn [41].

3.2. Procedure of Preparation of Cosmetics Matrices

A total of 12 emulsion matrices containing Apis mellifera European honey and bee products
were prepared in various concentrations, selected according to available sources [7,12,42–44] and
specifications from manufacturers [45,46]. The aim of the study was to test the effectiveness of
recommended minimal and maximal additions of honey and bee products into an emulsion base (EB).
To prepare the matrices, the EB (Fagron, Czech Republic) with following composition (according to
International Nomenclature of Cosmetic Ingredients) was used: Aqua, Paraffin, Paraffinum Liquidum,

Cetearyl Alcohol, Laureth 4, Sodium Hydroxide, Carbomer, Methylparaben, Propylpareben. Part of the honey
whose skin effect was studied came from colonies located on the roof of the Faculty of Technology.
The list of formulations is as follows. EB with the addition of flower honey (Tomas Bata University in
Zlín, Czech Republic) in concentrations of 5% and 10% (samples A, B) and forest honey (Hostyn-Vsetin
Highlands, 25 km far from Tomas Bata University in Zlín, Czech Republic) in concentrations of 5%
and 10% (samples C, D). Other products added to the basic formulation were glycerin–aqua–mel
extract PHYTAMI® HONEY-F06 (Alban Mueller International, France) at concentrations of 2% and
10% (samples E, F), aqua–mel extract CRODAROM HONEY (Crodarom, France) at concentrations
of 2% and 10% (samples G, H), beeswax (Včelpo, Czech Republic) at concentrations of 1% and 3%
(samples I, J), royal jelly (Včelpo, Czech Republic) at a concentration of 0.5% (sample K), and propolis
(Včelpo, Czech Republic) at a concentration of 1% (sample L).

The procedure for preparing the matrices was chosen with respect to the particular honey or bee
products. Flower honey, forest honey, and royal jelly were homogenized into EB on a Heidolph stirrer
at 2000 rpm for 10 min at room temperature. Propolis and beeswax had to be treated before mixing
into EB. An ethanolic tincture was formed from the crude propolis by mixing 1 part propolis (100 mL)
and 2 parts of 96% ethanol (200 mL). This mixture was left to infuse with occasional shaking for 7 days
and then filtered and added to EB. Beeswax creams were prepared by weighing the required amount
of wax and EB separately. The wax was heated in a water bath at 70 ◦C for 10 min, and the heated wax
was added to EB at 60 ◦C. This was followed by homogenization with a Heidolph stirrer at 2000 rpm at
laboratory temperature.

3.3. Instrumental Techniques and Study Design

In the field of experimental dermatology and cosmetology, non-invasive methods are widely
used, which allow quantitative evaluation of parameters describing the barrier function of the skin.
These methods were also applied in this study. The CORNEOMETR® CM 825 corneometric probe
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(Courage & Kazaka Electronic, Cologne, Germany) was used to measure the water content of the stratum

corneum, based on the evaluation of changes in electrical capacity on the skin surface, using relatively
high dielectric water constants. The results are displayed in arbitrary units (a.u.). Another parameter
measured was transepidermal water loss (TEWL), which was monitored by a TEWAMETER® TM
300 probe (Courage & Kazaka Electronic, Cologne, Germany). In principle, the flow of water vapor
above the stratum corneum into the open chamber of a cylindrical shape with two pairs of sensors for
temperature and relative humidity is determined. TEWL is calculated from the difference between the
two measurement points using Fick’s law of diffusion and displayed in grams per square meter per
hour (g/m2/h). Skin-pH-meter® PH 905 (Courage & Kazaka Electronic, Cologne, Germany) was used
to determine skin acidity. The specially designed probe consists of a flat-topped glass electrode for full
skin contact, which was connected to a voltmeter. The system measures potential changes due to the
activity of hydrogen cations surrounding the very thin layer of semisolid forms at the top of the probe.
The changes in voltage are displayed as pH.

Measurements were performed on 24 healthy women (aged 23 to 49 years, mean age 36 years)
with no history of atopic eczema or other skin diseases. The volunteers were divided into two groups,
each testing six formulations (see the study design in Table 2). Volunteers were acquainted in advance
with the purpose and course of the measurement. Informed consent was obtained from all of them,
and said study was approved by the International Ethical Guidelines for Health-Related Research
Involving Humans [47]. For 12 h prior to and during the study, the volunteers were not allowed to
apply any topical cosmetic products; only an evening shower water was permitted. Measurements
were carried out in an air-conditioned room (temperature 22.0−24.0 ◦C, relative humidity 45.0−50.0%).
All measurements were performed after a rest of 20 min for equilibration. The volar side of the forearm
of the right and left hand was divided into test sites with an area of 8 cm2 (see design in Table 2),
which were pretreated for 4 h with 0.5% SLS solution (Sigma-Aldrich, Czech Republic) prepared in
saline. After this pretreatment, the following indicators were measured on each test site: hydration with
a corneometric probe, TEWL using a tewameter, and acidity of the skin by a pH probe. The untreated
spot, designated as a control, was used to compare any irritant reactions to the skin. Then, 0.5% SLS
solution and honey and bee products matrices were applied to each site. The effect of the applied
samples on the stratum corneum was monitored in all volunteers after 1, 2, 3, 4, 24, and 48 h in the same
order as after SLS treatment. Hydration was measured five times at each test site. TEWL measurements
were performed 15 times at each test site. Since this is dependent on skin temperature, ambient
temperature, and the temperature of a probe itself, the first five values were eliminated.

Table 2. Design of the volar side of forearms of two groups of volunteers with tested formulations;
concentrations of honey, honey extracts, and other bee products are in EB (w/w).

Volar Side of the Left Forearm Volar Side of the Right Forearm

1st group of volunteers 2nd group of volunteers 1st group of volunteers 2nd group of volunteers

Control Aqua-mel extract 2% Floral honey 10%

SLS Aqua-mel extract 10% Glycerin–aqua–mel
extract 2%

Forest honey 5% Royal jelly 0.5% Beeswax 1% Glycerin–aqua–mel
extract 10%

Forest honey 10% Floral honey 5% Beeswax 3% Propolis 1%

3.4. Sensory Analysis and Questionnairre Survey

The panel of assessors consisted of a total of 12 assessors at a trained assessor level. The assessors
were acquainted with the objective of analysis and instructed on the way of evaluation of samples
of individual products. The sensory evaluation and equipment of the sensory laboratory were in
compliance with regulations defined by International Standards ISO 6658 [48] and ISO 8589 [49].
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The temperature in the room was at 20.0–22.0 ◦C, relative humidity 45.0–50.0% under conditions of
artificial light. The sensory analysis included ordinal tests focused on overall sample preference and
sample color preference for 8 selected formulations: containing 5% and 10% flower honey (samples A
and B), 5% and 10% forest honey (samples C and D), 2% and 10% glycerin–aqua–mel extract (samples E
and F), 2% and 10% aqua–mel extract (samples G and H). Then, paired comparative tests for honey and
beeswax formulations were included. The first paired test examined the comfort of the 5% flower and
forest honey samples on the skin. Another paired test evaluated a pair of samples with 10% content of
flower and forest honey in the same characteristics. The last paired test evaluated the spreadability of
cream samples containing 1% and 3% beeswax.

A questionnaire survey was proposed to ascertain data for the use of honey and bee products in
cosmetics and to map the existence of knowledge about the effects of these products. The questionnaire
included socio-demographic questions determining age (15–20 years, 21–30 years, 31–40 years,
41–50 years, 51–60 years, 61–70 years), place of residence (village, town, city), education (elementary,
apprenticeship, apprenticeship with school-leaving exam, secondary, higher professional and university
education) and field of the employment of respondents: health service, education, food industry,
services (cosmetic, wellness, hairdressing), nutrition consultancy, state administration, and others.
This was followed by questions focused on honey and bee products, which are presented in Table 3.
The survey was anonymous, the target group of respondents were women. In total, 120 questionnaires
were distributed with a return of 83%. The proportion of respondents in individual age categories was
even except for respondents aged 61 to 70, which was only 5%. Most respondents had secondary and
university education (43% and 51%).

Table 3. Summary of questions and answers possibilities in the questionnaire.

No. Question

1 Which products do you use?
Answer possibility: honey, propolis, royal jelly, wax, bee venom, pollen

2
What reasons led you to use honey and bee products?
Answer possibility: physician recommendation, friend’s recommendation, advertising, skin
problems, others

3 Do you think bee products has healing effects?
Answer possibility: yes/no/don’t know

4 Are you allergic to any of the listed products: honey, propolis, royal jelly, wax, bee venom, pollen?
Answer possibility: yes/no

5
Do you process honey or bee products for the production of ointments, tinctures, emulsions, etc. for
home use?
Answer possibility: yes/no

6 Do you use honey cosmetics?
Answer possibility:/no

(a)
What is the reason for using honey cosmetics?
Answer possibility: pain relief, wound healing, acne, inflammation, eczema, psoriasis, dry skin,
strengthening immunity

(b)

What types of honey cosmetics do you use?
Answer possibility: healing cosmetics (drops/tincture/spray/gel/ointment/balm/cream), cleaning
cosmetics (wipes/water/milk/peeling/mask/toothpaste/mouthwash), cosmetics for men
(shampoo/after shave/men’s cream), body cosmetics (milk/balm/bath foam/soap/shower shampoo),
hair cosmetic (shampoo/hair lotion/balm)

3.5. Statistical Analysis

Analyses of forest and flower honey were performed in triplicate; the arithmetic mean and
standard deviation values were calculated using Microsoft Office Excel 2013 (Microsoft, Santa Rosa,
California, CA, USA). Hydration, TEWL, and pH values were recorded and processed via MPA 5 station
operating software (Courage & Khazaka Electronic, Cologne, Germany). The results of biophysical
characteristics reported as the mean values with standard deviations were carried out in Excell software
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(version 10, Microsoft, Santa Rosa, California, CA, USA). The results of sensory analysis—ordinal and
pair tests—were evaluated by Friedman’s test at 5% significance level. Frequency expression was used
to evaluate the data obtained by the questionnaire survey.

4. Conclusions

Between selected honey and bee products, there are differences in the ability to hydrate the skin
and improve its barrier properties, including adjusting the acidity of the skin surface. Their effectiveness
is dependent on the type and concentration of the product incorporated into the cosmetic vehicle.
Very good moisturizing properties have been found in emulsion matrices with a glycerin extract of
honey, which is attributed to the synergistic effect of glycerin present, which is a traditional humectant
very often used in cosmetic products. Cosmetic matricess containing higher concentrations of honey
or bee products hydrated the skin more effectively except for the aqua–mel extract formulation where
lower concentrations were found to be more favorable. A very interesting difference in the ability
to hydrate was observed in forest and flower honey formulations, where forest honey had a higher
hydrating activity. Even the skin treated with matrices containing other bee products had a higher
proportion of water in its corner layer. Barrier properties were enhanced by gradual absorption,
especially in samples with both glycerin and aqueous honey extract. A favorable finding from the
measurement results was the shift of the skin pH to the neutral area. By sensory analysis, differences
in color of emulsion matrices were evaluated from organoleptic properties. A paired test found a
difference in the spreadability of formulations with different amounts of beeswax. The reasons and
frequency of using of cosmetics containing honey and bee products vary. Summarizing the information
obtained, honey and bee products as substances of natural origin are very popular and traditionally
used primarily for their unique effects not only in cosmetics, but also in many other areas. Cosmetic
matrices enriched with honey or bee products are suitable for the care of skin which is repeatedly
exposed to surfactants contained in cosmetic personal care products and in variety of cleansing agents.
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Abstract: Urbanization, emergence, and prominence of diseases and ailments have led to conscious
and deliberate consumption of health beneficial foods. Whole grain (WG) cereals are one type of
food with an array of nutritionally important and healthy constituents, including carotenoids, inulin,
β-glucan, lignans, vitamin E-related compounds, tocols, phytosterols, and phenolic compounds,
which are beneficial for human consumption. They not only provide nutrition, but also confer health
promoting effects in food, such as anti-carcinogenic, anti-microbial, and antioxidant properties.
Fermentation is a viable processing technique to transform whole grains in edible foods since
it is an affordable, less complicated technique, which not only transforms whole grains but also
increases nutrient bioavailability and positively alters the levels of health-promoting components
(particularly antioxidants) in derived whole grain products. This review addresses the impact of
fermentation on phenolic compounds and antioxidant activities with most available studies indicating
an increase in these health beneficial constituents. Such increases are mostly due to breakdown
of the cereal cell wall and subsequent activities of enzymes that lead to the liberation of bound
phenolic compounds, which increase antioxidant activities. In addition to the improvement of these
valuable constituents, increasing the consumption of fermented whole grain cereals would be vital
for the world’s ever-growing population. Concerted efforts and adequate strategic synergy between
concerned stakeholders (researchers, food industry, and government/policy makers) are still required
in this regard to encourage consumption and dispel negative presumptions about whole grain foods.

Keywords: fermentation; fermented foods; whole grains; health benefits; phenolic compounds;
antioxidant activity

1. Introduction

Foods in the past were known to conventionally provide nutrients necessary for basic physiological
functions. This assumption has changed with available knowledge at the disposal of consumers,
changes in food regulations, and an ever-growing health-conscious population, which are factors
resulting in an increasing desire for foods with additional physiological benefits. The 2500-year-old
concept of “Let food be thy medicine and medicine be thy food” by Hippocrates is now being embraced
better than ever as consumers are gradually becoming aware of the importance of diet in health
promotion and disease prevention. Such a concept of food as medicine could have led to the trend of
what is now known as “functional foods,” which is a concept first created in Japan in the 1980s [1].

Supporting this perspective of food as medicine are several studies on whole grains (WGs) and
WG-diets having positive effects on disease markers such as blood pressure, diabetes, and obesity [2–11].
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WGs are essentially made up of the germ, bran, and endosperm and contains all the important parts
of the entire grain seed in their original proportions. A more detailed and approved definition by
the American Association of Cereal Chemists (AACC) says “WGs shall consist of the intact, ground,
cracked, or flaked caryopsis, whose principal anatomical components—the starchy endosperm, germ,
and bran—are present in the same relative proportions as they exist in the intact caryopsis” [12]. On the
contrary, refined grains (RGs) are products obtained after the refining process involving the removal of
the most potent protective components of the grains found in the bran and germ. This consequently
leaves only the starchy-rich endosperm. The retained protective components in WGs make them better
constituents of beneficial components as compared to their refined counterparts.

Health beneficial constituents of WGs include phytochemicals, bioactive carbohydrate fractions,
peptides, and other phytonutrients [11,13–16]. WGs contain high amounts of phytochemicals, which are
plant secondary metabolites that have shown biological activity and have been broadly investigated as
health beneficial groups of compounds in food [17–19]. Particularly important are phenolic constituents,
which are major forms of these phytochemicals and vital with reference to their unique contribution to
the health benefits of WGs. The major sources of these phytochemicals are phenolic compounds (PCs)
due to the high concentrations of bioactive constituents in the bran and germ layer [17,20,21] and the
fact that they are largely one of the most important dietary sources of energy intake worldwide.

2. Phenolic Compounds in WG Foods

The overall benefit derived from three major components of WG (germ, bran, and endosperm)
altogether is higher than any of the individual fractions [22,23]. A combination of these components
makes WG contain physiologically important components including vitamins, fatty acids, phytosterols,
PCs, fatty acids, dietary fiber, carotenoids, lignans, and sphingolipids (Figure 1), which can promote
health either singly or in synergy with each other [18,24]. A series of meta analyses and multiple scientific
studies have equally reported an association between increasing intake of WG-foods and reduced risk
of non-communicable diseases such as cardiovascular diseases, coronary heart diseases, stroke [24–26],
metabolic syndrome [27], and cancers [28,29] as well as a positive effect on gut microbiota [30]. Phenolic
compounds are subsequently discussed in this review as it is of vital importance in WG-cereals [16]
and the fact that they are the most studied phytochemicals [31]. Usually, WGs may be consumed as
food after it has been incorporated as an ingredient into other food products or as food itself after
processing. One type of such a food processing technique adopted for the transformation of WGs into
diets is fermentation, which is a process that yields products that are not only shelf stable, but also
better in sensorial qualities and health beneficial constituents [32–36]. The cereal bran is a major source
of these PCs and this paper seeks to review available scientific literature on fermented WG-products to
understand the influence and role of fermentation on PCs and antioxidant activity (AA) thereof.

Phenolic compounds (also called phenolics) are derived from several biosynthetic precursors
including pyruvate, acetate, some amino acids (phenylalanine and tyrosine), malonyl CoA, acetyl
CoA through the action of pentose phosphate, shikimate, and phenylpropanoid metabolism
pathways [37–39]. The term ‘phenolic acids’ refers to phenolic compounds having one carboxylic
acid group and are mainly divided into two subgroups, i.e., hydroxybenzoic acids (such as gallic,
p-hydroxybenzoic, protocatechuic, syringic, and vanillic acids) and hydroxycinnamic acids (caffeic,
ferulic, p-coumaric, and sinapic acids) (Figure 2). Flavonoids are an equally well-known class of
frequently occurring phenolics in WGs. Major phenolics found in WGs are phenolic acids (PAs),
flavonoids, and tannins. These plant-derived constituents are bioactive and involved in potentiating
the redox defense of the body, prevention, and counteracting oxidative stress and reducing free
radical-related cellular damage.

52



Molecules 2020, 25, 927

 

Whole grain 
phytochemicals

Phenolic 
compounds

Carotenoids

Inulin

β-glucan

Lignans

Vitamin E-
related 

compounds

Tocols

Phytosterols

Figure 1. Whole grain phytochemicals.

As stated by Singh et al. [40], flavonoids are the largest group of phenolics and account for
the half of known PCs in plants. These compounds are equally low molecular weight compounds
consisting of two aromatic rings (A and B) joined by a three-carbon bridge (C6–C3–C6 structure) [40].
Tannins, on the other hand, are high molecular weight polymeric phenolic compounds known to
contribute to the pericarp (seed coat) color of cereals. These polyphenolic compounds have molecular
weights of between 500–3000 g/mol, containing sufficient hydroxyls and other groups including
carboxyl [41–43]. Tannins can be broadly classified into two, which include hydrolysable tannins
[esters of ellagic acid (ellagitannins) or gallic acid (gallotannins)] and condensed tannins [(called
polymeric proanthocyanidins) and known to be composed of flavonoid units) [41,44]. A plethora
of excellent reviews and scientific literature are available in the literature on detailed classifications,
forms, occurrences, and formation/generation of these compounds [15,16,40,41,45–50].
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Figure 2. Classification of major phenolic compounds in whole grains.
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3. Fermentation of WG Foods

Food processing is essential for the transformation of food crops into edible forms. Fermentation
is an old food processing technique that has been adopted for centuries around the world, especially
in developing nations. It involves an intentional conversion/modification of a substrate through
activities of microorganisms to get a desired product. This is usually completed through microbial
actions, which positively alter the appearance, flavor, functionalities, nutritional composition, color,
and texture. The fermentation process itself yields beneficial effects through direct microbial action
and production of metabolites and other complex compounds [51–53]. Conventional techniques of
fermentation include (i) natural (also called spontaneous) occurrences through the actions of endogenous
microorganisms, (ii) back slopping involves utilizing plenty of successful previous fermentation
batches) and (iii) controlled fermentation, which entails the inoculation of starter cultures/specific
strains. Subsequent fermented products are not only shelf stable through the preservative effect of this
process, but fermentation also improves bioavailability and palatability, confers desirable organoleptic
characteristics that impact aroma, texture, and flavor and improves the health beneficial components
in food [32–36]. Irrespective of the food substrate (cereal, legume, vegetable, fruit, RG, or WG),
fermentation results in the modification of inherent constituents, secondary metabolites, detoxification
of toxic components/residues, and improvement in the functionality of the food product [35,36,53–55].

The incorporation of WG into diet which, is influenced by cultural beliefs, disadvantages of longer
cooking time, the presence of phytates, tannins, and a limited variety of products made from them [56].
Additionally, some of their components may adversely affect the functional characteristics, taste, texture,
and sensory appeal of subsequent formulations. Viable options for addressing this and incorporating
WGs into diet would be completed through appropriate transformation into various other beneficial
food forms, which would ensure the possibility of obtaining various value-added products. Although
RGs are mostly used in fermented foods, the use of WGs as staple foods equally has a long history
of human consumption [23]. Findings from epidemiological studies and discoveries, therefore, have
triggered renewed interest among governmental bodies of different nations that WG should form part
of cereal servings [24,57,58]. Table 1 summarizes common fermented WG products obtained through
both solid-state fermentation (SSF) and liquid/submerged fermentation (SmF). While the former occurs
in the absence or near-absence of free water, the latter occurs in the presence of free flowing water (more
fluids compared to SSF). Subsequent fermented products are relatively few in contrast to numerous
other studies reporting the use of RGs for similar food products, which necessitates further intensified
research on the development of WG-fermented food products.

Table 1. Some reported fermented food products from whole grains.

Whole Grain(s) Food Type of Fermentation Reference

Barley and oat Tempe SSF Eklund-Jonsson et al. [59]

Maize Akamu/Ogi SSF Oyarekua [60],
Obinna-Echem et al. [61]

Millet Koji SSF Salar et al. [62]

Millet Probiotic drink SmF Di Stefano et al. [63]

Millet Fermented milk SmF Sheela et al. [64]

Millet Sourdough bread SSF Wang et al. [65]

Oat Fermented oat SSF Wu et al. [66]

Oat, wheat Bread SSF Gamel et al. [67]

Quinoa Yoghurt SmF Zannini et al. [68]
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Table 1. Cont.

Whole Grain(s) Food Type of Fermentation Reference

Quinoa, wheat Fermented product SSF Ayyash et al. [69]

Rye, oat, wheat Bread SSF Buddrick et al. [70]

Rye, wheat Sourdough bread SSF Koistinen et al. [71]

Rye Bread SSF Johansson et al. [72],
Raninen et al. [73]

Rye Porridge SSF Lee et al. [74]

Rye Sourdough bread SSF Beckmann et al. [75],
Zamaratskaia et al. [76]

Sorghum Burukutu SmF Ikediobi et al. [77]

Sorghum Fermented balls SSF Ragaee and Abdel-Aal [78]

Sorghum Fermented porridge SSF Dlamini et al. [79]

Sorghum Injera SSF Taylor and Taylor [80]

Sorghum Ogi SmF Akingbala et al. [81]

Sorghum Omuramba SmF Mukuru et al. [82]

Sorghum Ting SSF Kruger et al. [83],
Adebo et al. [84,85]

Sorghum Uji SmF Taylor and Taylor [80]

Tef Injera SSF Tamene et al. [86]

Wheat Boza SmF Gotcheva et al. [87]

Wheat Bread SSF Mustafa and Adem [88],
Struyf et al. [89]

Wheat Sourdough bread SSF García-Mantrana et al. [90]

Wheat Tempe SSF Dey and Kuhad [91],
Starzyńska-Janiszewska et al. [92]

SSF—solid-state fermentation. SmF—submerged/liquid fermentation.

Due to the protective pericarp/seed coat, the fermentation process might be slightly hindered.
Such has been reported in the literature and attributed to some of the antimicrobials and bioactive
constituents in the seed coat that might mitigate the activity of fermenting microorganisms [55,90,93,94].
The protective pericarp layer of cereal tends to alter the diffusion of nutrients such as amino acids and
sugars necessary for the growth of fermenting microorganisms. While this might result in a slightly
higher pH and likely longer fermentation periods (in the absence of a starter culture), fermentation still
modifies the phenolic constituents in WGs.

4. Impact of Fermentation on Phenolic Compounds in WGs

The fermentation process can have multiple effects on WG phenolics leading to modifications in
inherent levels and/or formation of subsequent monomers or polymers. Adebo et al. [84] reported
higher bioactive compounds (catechin, gallic acid, and quercetin) after fermentation in a study on ting
from fermented WG-sorghum with a concurrent decrease in total flavonoid content (TFC), total tannin
content (TNC), and total phenolic content (TPC). Reported decreases in levels of TPC, TFC, and TNC
were attributed to degradation and hydrolysis of the phenolic compounds, while a corresponding
increase in catechin, gallic acid, and quercetin was attributed to a release of these bioactive compounds
after fermentation with Lactobacillus strains.

Through fungal fermentation of WG-wheat into tempe, an increase in the sum of PAs was observed
with up to a 382% increase in ferulic acid recorded after fermentation [92]. A similar trend of increase
in investigated PCs and TPC during the fermentation of WG-tempe with Rhizopus oryzae RCK2012 had
been reported earlier [91]. Salar et al. [62] equally reported an increase in TPC of the WG-millet-koji and
attributed this to mobilization of PCs from their bound form to a free state through enzymes produced
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during fermentation. Similar authors earlier reported an increase in TPC during the fermentation of
WG-maize [95], reportedly through the activities of β-glucosidase, which is capable of hydrolyzing
phenolic phucosides to release free phenolics. Increased extractability of PCs, synthesis of new bioactive
compounds, and consequent liberation of PCs due to structural breakdown of cereal cell walls have all
been attributed to such increases in WG-PCs after fermentation (Table 2). Through metabolic activities
of microbes, fermentation also induces structural breakdown of the cell wall, which leads to synthesis
of various bioactive compounds [65]. Equally important are the roles of proteases, amylases, xylanases
derived from fermenting microorganisms, and the cereal grain that contributes to modification of the
grain and distorting of chemical bonds, which, consequently, releases bound phenolics (Figure 3).

Table 2. Documented studies on the effect of fermentation on phenolics of whole grains.

Whole
Grain

Fermented
Product

Phenolics
Investigated

Analytical
Method

Findings References

Barley and
oat groat

Fermented
product

Free and bound
PAs

Colorimetric;
HPLC

Increase in total content of bound PAs
in flours from WG-barley related to

increased content of bound
p-coumaric acid, ferulic acid, and

dimers of ferulic acid (5,5′- diferulic,
8-o-4-diferulic, and
8,5′-diferulic acids).

Hole et al.
[96]

Maize Fermented
product TPC Colorimetric

Increase in TPC after fermentation
attributed to the activities of

β-glucosidase, capable of hydrolyzing
phenolic phucosides to release free

phenolics

Salar et al.
[95]

Millet Koji TPC Colorimetric

Increase in TPC of fermented product
due to mobilization of PCs from their

bound form to a free state through
enzymes produced during

fermentation

Salar et al.
[62]

Millet Sourdough
bread TPC Colorimetric

Increase and decrease in soluble and
bound phenolic content. Slight

decrease in TPC observed. Increment
of soluble phenolic content may be
due to acidification, production of

hydrolytic enzymes by LAB, and/or
activation of indigenous cereal

enzymes, which broke down the bran
cell wall structure

Wang et al.
[65]

Quinoa,
wheat

Fermented
product TPC Colorimetric

Increase in TPC may be attributed to
hydrolytic activities (e.g., esterases) of

Bifidobacteria strains that released
more PCs via the hydrolysis of
complexed forms, possibly the

synthesis of new bioactive
compounds detected as PCs

Ayyash et al.
[69]

Rye Baked
sourdough TPC, PAs Colorimetric,

HPLC

Fermentation phase more than
doubled the levels of easily

extractable PCs

Liukkonen et
al. [97]

Rye Sourdough TPC, PAs Colorimetric,
HPLC

Increased level of total PCs due to
increases in methanol-extractable PCs.

Modification in levels of bioactive
compounds during fermentation by
the metabolic activity of microbes.
Fermentation-induced structural

breakdown of cereal cell walls might
have also occurred and led to

liberation and/or synthesis of various
bioactive compounds

Katina et al.
[98]
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Table 2. Cont.

Whole
Grain

Fermented
Product

Phenolics
Investigated

Analytical
Method

Findings References

Rye, wheat Whole meal
bread PAs HPLC

Increase in PAs due to activities of
phenolic acid esterases during the

fermentation stage

Skrajda-Brdak
et al. [99]

Sorghum Fermented
porridge TPC, TNC Colorimetric

Reduction in TNC and TPC.
Reduction in TNC could be due to

binding of tannins with protein and
other components, which reduces

their extractability and tannin
degradation by microbial enzymes

Dlamini et al.
[79]

Sorghum Fermented
product TPC, TNC Colorimetric Increase in TPC, decrease in TNC Mohapatra et

al. [100]

Sorghum Ting
Flavonoids, PA,
TFC, TNC, TPC

Colorimetric,
LC-MS/MS

Decrease in TFC, TNC, and TPC
attributed to possible degradation of

PCs and hydrolysis of bioactive
compounds. Breakdown of

tannin-related compounds to lower
molecular weight compounds, which
affected extractability. Increase in PA

and flavonoids could be due to
decarboxylation, hydrolysis,

microbial oxidation, and reduction as
well as esterification reactions that

occurred during fermentation

Adebo et al.
[84,85]

Wheat Fermented
product TPC Colorimetric

Increase in TPC through modification
in levels of bioactive compounds

during fermentation by the metabolic
activity of microbes

Ðordevic et
al. [101]

Wheat Sourdough PAs LC-MS/MS,
UPLC

Degradation, reduction of some PAs
and content of some remain

unchanged. Release of PAs from
bound fraction, metabolism of PA by
LAB strains and action of enzymes

(decarboxylases, esterases, and
reductases)

Ripari et al.
[102]

Wheat Tempe TPC, PCs Colorimetric,
TLC, UPLC

Increase in TPC after fermentation,
possibly due to release of bound

compounds from the wheat matrix

Dey and
Kuhad [91]

Wheat Tempe
Free and

condensed PAs HPLC
Increase in the sum of PA could be

linked to an increase in their
extractability after fermentation

Starzyńska-
Janiszewska

et al. [92]

Wheat,
brown rice,
maize, oat

Fermented
product TPC, PAs Colorimetric,

HPLC

TPC of all fermented samples
increased except for Rhizopus

oligosporus fermented maize. Increase
as well as decrease in PA levels.

Decreases was attributed to
strain/specie specificity and/or grain
composition. General increases were
alluded to enhanced bioavailability of

cereal phenolics.

Dey and
Kuhad [103]

HPLC—high performance liquid chromatography. LAB—lactic acid bacteria. LC-MS/MS – liquid chromatography
tandem mass spectrometry. PA—phenolic acid. PC—phenolic compound. TFC—total flavonoid content. TLC—thin
layer chromatography. TNC—total tannin content. TPC—total phenolic content. UPLC—ultra high-performance
liquid chromatography.
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Figure 3. A summary of ways by which whole grain phenolic compounds are modified
during fermentation.

During fermentation, PCs are metabolized and modified by fermenting organisms into other
conjugates, glucosides, and/or related forms. Such a metabolism of PCs during fermentation have
been reported to increase their bioavailability [104,105] and lead to generation of compounds that
impact flavor [106,107]. Fermentation of sorghum into sourdough using LAB strains [singly and in
two binary combinations (L. plantarum and L. casei or L. fermentum and L. reuteri)] was reported to
have resulted in the metabolism of PAs, PA-esters, and flavonoid glucosides [108]. Most PCs in this
study were metabolized and most notable were the transformation of caffeic acid→ dihydrocaffeic
acid, ethylcatechol, vinylcathechol, ferulic acid→ dihydroferulic acid and naringenin-7-O-glucoside→
naringenin, reportedly an indication of the presence of esterase (tannase), glucosidase, PA decarboxylase,
and PA reductase [108]. The authors also suggested that the strains might have used different pathways
for PA and flavonoid metabolism. Fermentation of WG-sorghum have also been reported to have led
to the modification of PCs (catechin, gallic acid, and quercetin) into structurally related compounds,
which were not identified [85]. The authors suggested that the observed modification could be
attributed to decarboxylation, hydrolysis, and esterification reactions that might have occurred during
fermentation [85]. In a study on the metabolism of PAs in whole wheat and rye malt sourdoughs,
L. plantarum was observed to have metabolized free ferulic acid in wheat and rye malt sourdoughs,
while a strain of L. hammesii (DSM 16381) metabolized syringic and vanillic acids and reduced
levels of bound ferulic acid in wheat sourdoughs [102]. Co-fermentation of the LAB strains was also
noted to have aided the conversion of resultant-free ferulic acid to dihydroferulic acid and volatile
metabolites (vinyl-guaiacol and ethyl-guaiacol), which suggests that PA metabolism in sourdoughs
is more enhanced by co-fermentation due to complementary metabolic activities [102]. Carboxylase,
decarboxylase, esterase, and reductase activities in the LABs were reportedly responsible for PA
metabolism in this study [102]. It should, however, be noted that such metabolism could lead to an
increase in antimicrobial activities of resulting metabolic products [109], a decrease in antimicrobial
activities [104,110], or no alteration in antimicrobial activity levels [108].

According to Gänzle [104], metabolism of PCs may involve the removal of noxious compounds
as well as the release of hexosides as a source of metabolic energy. This metabolism could, however,
be influenced by composition and intrinsic factors of the matrices/substrate and can, thus, influence
the metabolic pathway, i.e., enzymatic activities can shift from decarboxylase action to reductase to
glucosidase activity [111]. Glycosyl hydrolases have also been implicated as a group of enzymes
responsible for such metabolism of PCs [104]. For example, L. hammesii was reported to have
metabolized hydroxybenzoic acids in wheat but not in rye malt sourdoughs, which possibly reflects
that the fermentation substrate influences the expression of enzymes active on PAs [111]. Likewise, in
a study on sorghum sourdough, the accumulation of dihydrocaffeic acid by only L. fermentum indicates
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that decarboxylase and reductase enzymes of the other strains (L. fermentum and L. plantarum) have
different substrate specificities [108]. The study of Gaur et al. [112] also suggests that availability of
genes necessary for the metabolism of these PCs is also of importance and a significant contributor to
the metabolic potential of fermenting microorganisms.

5. Impact of Fermentation on Antioxidant Activity in WGs

Antioxidants are endogenous or exogenous molecules that mitigate any form of
oxidative/nitrosative stress or its consequences [113]. According to Slavin [114], the primary protective
role of antioxidants in the body is through their reaction with free radicals. Antioxidants function as free
radical scavengers, quenchers of singlet oxygen formation, and reducing agents [115,116] through their
inhibitory activity of prooxidant enzymes. A potential mechanism by which PCs confer AA involves
the induction of detoxification mechanisms through phase II conjugation reactions, which prevents the
formation of carcinogens from precursors as well as by blocking the reaction of carcinogens with critical
cellular macromolecules [117,118]. Phenolic compounds also modify some cellular signaling processes
and donate an electron/transfer hydrogen atom to free radicals, activate endogenous antioxidant
mechanisms, which increases the levels of antioxidant enzymes, and act as chelators of trace metals
involved in free radical protection [116,119,120].

As evident in Table 3, most available studies in the literature investigating the influence of
fermentation on phenolic compounds have majorly focused on AAs as its health benefit. This might be
unsurprising as PCs, particularly PAs, have been reported as one of the most abundant metabolites
of cereal crops with AAs [121–123]. While the role of other bioactive constituents in WGs cannot be
disregarded, PCs equally play a huge role in the antioxidant properties it confers to WG-foods.

Table 3. Documented studies on the effect of fermentation on antioxidant activity of whole grains.

Whole
Grain

Fermented
Product

Assay Mechanism(s) Reported References

Maize Fermented product ABTS, DPPH

Increase in ABTS and DPPH due to the
role of the hydrolytic enzyme that

released/mobilized bound polyphenolic
compounds, which enhanced AAs.

Salar et al. [95]

Millet Koji ABTS, DPPH

Koji showed increased scavenging of
ABTS and DPPH radicals due to the

release of a bound form of
phytochemicals present and high levels of

TPC modulated during fermentation.

Salar et al. [62]

Millet Sourdough bread DPPH

Increase in DPPH radical inhibition after
sourdough fermentation. The conversion

of bound to soluble PCs improved the
health-related functionality of the final

products.

Wang et al. [65]

Quinoa,
wheat Fermented product ABTS, DPPH

An increase in ABTS and DPPH values
was attributed to the soluble

phytochemicals released during
fermentation and to bioactive peptides

formed as a result of proteolytic activity.

Ayyash et al.
[69]

Rye Baked sourdough DPPH
The fermentation stage increased AA

likely due to an increased level of
extractable PCs.

Liukkonen et al.
[97]
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Table 3. Cont.

Whole
Grain

Fermented
Product

Assay Mechanism(s) Reported References

Sorghum Fermented
porridge ABTS, DPPH

Reduction in antioxidant levels after
fermentation attributed to changes
during processing that affected the

extraction of total phenols and tannins.
Such changes were hypothesized to have
likely involved associations between the

tannins, phenols, proteins, and other
compounds in the grain.

Dlamini et al.
[79]

Sorghum Fermented product CUPRAC, DPPH Increase in AAs investigated. Mohapatra et al.
[100]

Sorghum Ting ABTS

Increase in AA due to regenerated and
released bioactive compounds (including

non-phenolic components after
fermentation with the L. fermentum

strains), which might have contributed to
the radical scavenging properties of the

product.

Adebo et al.
[85]

Wheat Fermented product DPPH, FRAP, TBA Increase in the investigated AAs. Ðordevic et al.
[101]

Wheat Tempe
ABTS, DPPH, FRAP,
HP-scavenging and

OH-scavenging assays

Increase in antioxidant properties
investigated attributed to the composition

of PCs, unidentified compounds, and
other water-soluble bioactive compounds

like small peptides and
xylo-oligosaccharides produced during

fermentation.

Dey and Kuhad
[91]

Wheat Tempe
ABTS, OH-scavenging
and FCRS-RP assays

Increase in soluble antioxidant potential
as fermentation increased extractable

antiradical activity scavenging potential,
which might be due to the release of

peptides and other compounds during
fermentation.

Starzyńska-
Janiszewska et

al. [92]

Wheat,
brown rice,
maize, oat

Fermented product ABTS, DPPH

Both ABTS and DPPH scavenging
properties were enhanced after

fermentation of the WG-cereals by all the
four micro-organisms (except R.

oligosporus-fermented maize). Increases
related to release of more soluble

bioactive compounds, such as peptides
and oligosaccharides.

Dey and Kuhad
[103]

ABTS-2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid). CUPRAC—cupric reducing antioxidant capacity.
DPPH—2,2-diphenyl-1-picrylhydrazyl. FCRS-RP—Folin-Ciocalteu reacting substances-reducing power.
FRAP—ferric reducing antioxidant property. HP—hydrogen peroxide. HPLC—high performance liquid
chromatography. OH—hydroxyl.

Although the majority of the studies reviewed herein reported increases in PCs, this is not
always the case, as decreases in these health beneficial constituents have also been reported (Table 2).
Studies on fermented WG-sorghum reported a decrease in TNC and TPC with this attributed to the
ability of tannins to bind with proteins and other components, which reduces extractability as well
as tannin degradation [79,85]. Investigations into the metabolism of sourdough by Ripari et al. [102]
also suggested that reduction in some investigated PAs might be due to metabolism of PAs by lactic
acid bacteria (LAB) and the activities of decarboxylases, esterases, and reductases. In the study of
Dey and Kuhad [103] on fermentation of different WGs, both an increase and a decrease in TPC
was observed. While increases alluded to enhanced bioavailability of cereal phenolics, a decrease
observed in maize was associated with the specificity of the microbial strain to act on the PCs as well
as the grain composition. The effect of the microbial activity on the levels of individual phenolics
can differ, depending on the microbial strain. The genome of certain microorganisms might encode
genes responsible for the metabolism and/or degradation of phenolic compounds while some do
not [92,96,102]. This might, however, be difficult to ascertain or distinguish in spontaneous fermentation
processes or back-slopping that is characterized by a wide range of fermenting microorganisms.

60



Molecules 2020, 25, 927

During the estimation of AA of food products, using more than one analytical method is
better because food contains a myriad of constituents [92]. The frequently used techniques are
spectrophotometric assays and the 2, 2′-Azino-bis (3-ethylbenzothiazoline-6-sulfate) (ABTS) (also
called ABTS-radical cation depolarization) assay as well as the cupric-reducing antioxidant capacity
(CUPRAC), 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP)
assay. Less frequently used techniques found in the course of this review are the lipid peroxidation
technique adopting the thiobarbituric acid (TBA) assay, which was used to determine the TBA reactive
substance from lipid peroxidation [101], as well as OH- and H2O2-scavenging assays. These are
both concerning due to their role in causing tissue damage and cell death, and could combine with
nucleotides to cause carcinogenesis [124].

Considering the general trend of increase in WG-PCs after fermentation and associated
mechanisms, it could, thus, be hypothesized that this should be tantamount to an increase in AAs.
While such increases were reported, some studies noted decreases in AAs of WG-fermented products.
As documented by Ðordevic et al. [101] and Sun and Ho [125], possible explanations for this ambiguous
relationship between AA and PCs are that: (i) quantified TPC values do not include other components
that can equally confer AAs, (ii) synergy in a mixture makes AA not only dependent on antioxidant
concentration but also on the structure and interactions among antioxidants, and (iii) different methods
used for measuring AA based on different mechanisms may lead to different observations. Such an
observation has also been buttressed by other authors suggesting that directly linking AAs in food and
a responsible component might be somewhat difficult, as methods of extraction, identification, and/or
quantification of AAs vary [126,127], which makes comparisons and, subsequently, extrapolating
conclusions quite tricky.

General increases in AA of fermented foods have been attributed to a release of bound PC due
to activities of hydrolytic enzymes and contents modulated during fermentation of a maize-based
product and koji from millet [62,95]. A likely conversion of bound PCs into health-related components,
a release of soluble phytochemicals and other non-PCs as well as increased extractability of AA-related
PCs have equally been implicated to have led to an increase in AA during the fermentation of WGs
into tempe, ting, and sourdough (from millet and rye) [65,69,85,92,97]. An addition to these could be
that the fermentation process facilitated cleavage/dissociation of the bonds between PCs and other
constituents leading to a release of PC-monomers, which yield AAs. Equally important and implicated
in other studies are products of protein hydrolysis through proteolytic actions through fermentation,
which could have led to components that contribute to increased PC and consequent antioxidant
potential of fermented WGs. Available enzymes during fermentation and/or produced by fermenting
microorganisms could also break down ester bonds, hydrolyse β-glucosidic bonds, and distort the
hydroxyl groups in phenolic structures liberating free PCs and other antioxidant-related compounds.
On the contrary, a decrease in AA after fermentation was attributed to modifications that influenced
the extractability of compounds that confer AAs, especially the association between tannins, phenols,
proteins, and other compounds in the grain [79].

Although in vitro studies reflect potential AAs of WG-fermented cereals, these in vitro techniques
could underestimate physiological antioxidants, which necessitates in vivo studies. The use of in vivo
models in investigating the influence of fermentation on AA is largely desirable. According to
Benedetti et al. [128] and Alam et al. [129], in vivo protocols involve the administration of antioxidants
to testing animals for a specified period of time, after which the animals are sacrificed, and blood or
tissues are analyzed. Subsequently done are assays such as lipid peroxidation (LPO), thioredoxin
reductase activities, and glutathione peroxidase (GSHPx) in human patients [128,130]. Although such
in vivo studies are largely desirable, challenges related to ethical approvals, high costs, and daunting
logistics have led to the adoption of in vitro techniques. Few studies are available on in vivo assays
on fermented WG-cereal products with such studies focusing on AAs of the product. Breads made
from WG-Kamut Khorasan wheat and WG-durum wheat were both reported to protect rat liver from
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oxidative stress [128]. An earlier study by similar authors reported a lower oxidative state in rats fed
with experimental diets of sourdough bread for seven weeks [131].

Phenolic compounds usually occur in an esterified form linked to the cell wall matrix in the
cereal bran and, as such, not readily available. Fermentation is considered a possible strategy to
not only increase AAs but also to release the insoluble bound phenolic acids and, thus, to improve
the poor bioavailability of grain phenolics [132]. This is particularly important as the antioxidant
potential of WGs could be restricted by low availability of compounds during digestion. Not
only does fermentation increases PCs and AA of WG-fermented products (Tables 2 and 3), it also
positively influences bioavailability, bio-accessibility, and PAs as demonstrated in a study on flours
from WG-barley fermented with probiotic strains [96].

6. Future Perspective

Fermentation positively alters food quality, confers organoleptic characteristics, and improves
phenolic constituents and antioxidant activity of WGs. Could this then translate to consumption
of more whole grains? Possibly not, considering the grittiness and associated sensory challenges
associated with whole grain foods. This might also contribute to fewer whole grain fermented foods
as compared to those from refined grains. This is in tandem with a study on the consumption of
WGs foods from brewers’ spent grain, which indicates that hereditary consumers of whole grain
foods will be more receptive to its consumption as compared to their refined foods counterpart [133].
Some studies have also indicated barriers for consuming WG foods such as the lack of knowledge about
its health benefits, challenges with cooking/preparation time, negative sensory perception, perceived
cost, and the lack of availability of whole grains [134–136].

7. Conclusions

Increasing whole grain consumption should, therefore, be a target for health organizations with
recommendations for intake proposed in many countries. As such, new strategies and partnerships
between researchers, industry, and relevant agencies are further needed to promote whole grain
consumption. Future studies are necessary in the area of phenolic compounds in fermented whole
grains along with effective techniques such as whole genome sequencing to investigate genes responsible
for the conversion of phenolic constituents and improvements in AAs. Such would largely assist in
choosing starter cultures that would further improve the quality of fermented WG foods. Deeper
investigation into the mechanisms of different forms of fermentation (solid state and liquid) on
single/pure phenolic compounds (in isolation) and antioxidant activities should equally be explored.
Additionally, studies are needed into the absorption and bioavailability of these phenolics in the gut,
preferably through in vivo models.
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Abstract: Microwave hydrodiffusion and gravity (MHG) and ethanolic solid-liquid extraction were
compared using selected plant sources. Their bioactive profile, color features, and proximate chemical
characterization were determined. MHG extracts, commercial antioxidants, and three distinct types of
thermal spring water were used in a sunscreen cream formulation. Their bioactive capacity, chemical
and rheological properties were evaluated. MHG Cytisus scoparius flower extract provided the highest
bioactive properties. Pleurotus ostreatus MHG liquor exhibited the highest total solid extraction yield.
The Brassica rapa MHG sample stood out for its total protein content and its monosaccharide and
oligosaccharide concentration. Quercus robur acorns divided into quarters supplied MHG extract
with the lowest energy requirements, highest DPPH inhibition percentage, total lipid content and the
highest enzyme inhibition. The chemical and bioactive capacities stability of the sunscreen creams
elaborated with the selected MHG extracts and the thermal spring waters showed a similar behavior
than the samples containing commercial antioxidants.

Keywords: Cytisus scoparius; Pleurotus ostreatus; Brassica rapa; Quercus robur; sun creams; thermal
spring waters

1. Introduction

In the last decade, cosmetics from natural botanical sources have gained increasing interest due to
their healthy features avoiding synthetic components in the matrices [1,2]. The consumer demand has
notably grown due to the rise of sensitive skin, atopic diseases or allergies. In this field, spring waters
can be used in different treatments and rehabilitation of patients in the hydrotherapy context. The
positive effect of the hot spring water therapy in functional improvements, musculoskeletal diseases,
and rehabilitation of patients in sports medicine is well known [3]. Recent studies have indicated
that the physical properties and chemical effects of this type of water have a potential application
in immuno-inflammatory processes, chronic pain diseases, chronic cardiac procedures, metabolic
syndromes and neurological illnesses [4]. The use of thermal waters in dermatology treatments
provides therapeutic benefits due to their non-pathogenic microbes and mineral content. The use of
different topical products made with thermal waters enhances several dermatitis diseases [5–7].

The natural bioactive compounds used in cosmetics can provide a variety of activities, acting
as humectants, photoprotective, antioxidant, antimicrobial, or anti-aging agents [8–10]. Alternative
botanical sources of interest could be employed in cosmetic products since numerous bioactive
compounds with health benefits in this sense derived from vegetable raw materials. In this work, some
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undervalued wild resources and agriculture crops were used to recover extracts with probable use in
cosmetic products. Extracts of Cytisus scoparius flowers were employed in a sunscreen cream since this
plant contains polyphenolic compounds with antioxidant and antibacterial capacities without skin
irritation response [11,12]. Pleurotus ostreatus is a mushroom widely used in cosmeceuticals products.
This cosmetic ingredient offers antioxidant, antimicrobial and anti-tyrosinase activities [13,14]. Brassica

rapa tap root extracts also have a potential cosmetic use since its tyrosinase enzymatic inhibition
promotes the skin depigmentation [15,16]. For this reason, the authors consider the evaluation of the
Brassica rapa var. rapa leaves extract since this crop is a traditional and extensive plant produced in
Galicia area (northwest of Spain). Quercus robur is a tree very abundant in the Atlantic forest. Their
acorns presented a noticeable content of antioxidant and phenolic compounds that can be very useful
in cosmetic products [17,18]. It should be highlighted that despite the number of natural cosmetic
applications, further scientific studies with comprehensive physicochemical and mechanical analysis
of the natural sunscreen creams are required in order to improve the processing, storage and quality of
the end product.

The use of environmentally friendly methods for the extraction of the functional ingredients of
cosmetics has been another challenge in recent years [19]. Microwave hydrodiffusion and gravity
(MHG) could be a solvent-free extraction attractive alternative to obtain bioactive fractions from natural
resources in a sustainable manner [20] in contrast with the conventional solid-liquid extraction (SLE)
technique. For example, C. scoparius branches were extracted with n-hexane solvent in a Soxhlet
extractor [11]. These types of extraction procedures demand important volumes of solvents with high
purity and extensive time extraction period which means that these processes are expensive and imply
problems associated with the toxic danger features of the used solvents for foodstuff, pharmacology
and cosmetic uses [21].

In this context, the aim of this paper was the employment of MHG technology with different
agroforestry raw materials for their valorization as a source of high value-added antioxidant compounds.
Yields and energy consumptions were evaluated. Total phenolic content, antioxidant capacity, total
carotenoid content and capacity of anti-elastase and -tyrosinase enzymatic inhibition of the collected
liquid phases by this innovative extraction method were evaluated. Principal macronutrients present
in these samples as well as their color features were also examined. These properties were also
defined for the recovered solid phases. This study was complemented with the incorporation of the
selected extracts in a sun cream product formulated with mineral waters from different thermal spring
waters. These cosmetics were assayed to determine their physicochemical parameters and rheological
characteristics. An accelerated oxidation test was realized to determine their oxidation stability.

2. Materials and Methods

2.1. Collection of Samples and Reagents

Cytisus scoparius flowers and Quercus robur L. acorns without cupules were manually collected in
Outeiro de Rei (Lugo, Spain), whereas Pleurotus ostreatus mushrooms and Brassica rapa var. rapa leaves
were supplied for a local grocery store (Ourense, Spain). All samples were cold stored (−18 ± 2 ◦C)
until further use, apart from Q. robur which was maintained at room temperature. Prior to the MHG
process, frozen samples were defrosted at 4 ± 2 ◦C for 24 h whereas acorns were manually chopped
with a longitudinal incision and divided into quarters. In all cases, the employed reagents were of
analytical grade.

2.2. Extraction Procedures

Microwave hydrodiffusion and gravity was used to extract the bioactive fractions of tested raw
materials. For this purpose, the extractions were made on a multimode microwave extractor (NEOS-GR,
Milestone Srl, Italy) as reported elsewhere [22]. Samples (100 g) were placed on an open vessel (1.5 L)
and submitted at a power density of 1 W/g. These conditions were selected based on the results
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previously reported for other similar materials [23]. The collected volume (each 5 mL), time and
temperature were recorded in all cases. Note that the MHG process was ended whenever it was
not possible to collect more liquid extract. Liquors were drained by gravity on a condenser outside
the microwave. Extracts were cold-stored at 4 ± 2 ◦C in the absence of light until further analysis.
Experiments were made at least in duplicate.

An approximation of the extraction procedure’s environmental influences [24] and energy
requirements [25] were calculated as previously reported. In the first case, the required dioxide
carbon released was determined assuming 800 g of CO2 by the consumed of 1 kWh from coal or fuel.
Concerning energy consumption, it was calculated as the necessary time by the device power necessary
for each trial.

For comparative purposes, samples (1 g) were submitted to solid-liquid extraction (SLE) with
ethanol solution (10 mL) (Sigma-Aldrich Corp., St. Louis, MO, USA). Note here that B. rapa leaves were
treated with 90% (v/v) ethanol solution whereas the remaining samples were extracted with 70% (v/v)
ethanol solution in accordance with previous assays. This solvent extraction was performed at 150 rpm
and 40 ± 2 ◦C for 24 h in an orbital incubator shaker (Innova 4000, New Brunswick Scientific, Edison,
NJ, USA) in the absence of light conditions. Collected extracts were filtered and kept at 4 ± 2 ◦C in
darkness until further analysis.

2.3. Extracts Characterization

The procedures used to characterize the collected liquid extracts extracted by MHG and by SLE
procedures are presented in the following sections.

2.3.1. pH

pH values were determined using a pH meter (GLP 21, Hach Lange Spain, S.L.U., Barcelona, Spain)
at room temperature. Previously, a calibration was realized with the corresponding standard solutions.

2.3.2. Total Solid Content

Total solid extraction yield (g extract/g raw material dry weight) was calculated based on the
initial moisture of the raw materials utilized, the collected volume of the different extracts and the
total solid content (g dry residue/L) determined gravimetrically with an extract aliquot (1 mL) by oven
drying at 105 ◦C during 24 h.

2.3.3. Bioactive Profile

The total phenolic content of the tested liquid extracts was made by the Folin–Ciocalteu test [26],
expressing the obtained content as milligrams of gallic acid equivalents (GAE). For this test, samples
(0.50 mL) or the standard (gallic acid) (Sigma-Aldrich Corp., St. Louis, MO, USA) was incorporated to
distilled water (3.75 mL), Folin–Ciocalteu reagent (0.25 mL, 1:1, v/v) (Panreac Química, S.L.U., Castellar
del Vallès, Barcelona, Spain) and sodium carbonate solution (0.50 mL, 10%, w/v) (Sigma-Aldrich Corp.,
St. Louis, Missouri, USA). After keeping the mixtures in the absence of light at room temperature for
about 60 min, the absorbance measurements were made at 765 nm.

Concerning the antioxidant profile, the ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt radical cation scavenging capacity was also determined [27], expressing the
results as Trolox equivalents antioxidant capacity (TEAC). In this case, samples (20 µL) or the standard
(Trolox) (Sigma-Aldrich Corp., St. Louis, MO, USA) were mixed with diluted ABTS+ solution (2.00 mL)
(Sigma-Aldrich Corp., St. Louis, MO, USA). Mixtures were maintained at 30 ± 2 ◦C for 6 min before
reading the absorbance at 734 nm.

The reduction of the ferric 2,4,6-tripyridyl-s-triazine (TPTZ) complex was conducted for the above
samples using the ferric reducing antioxidant power (FRAP) method [28]. Note that the ascorbic
acid (Merck KGaA, Darmstadt, Germany) and iron (II) sulphate heptahydrate (Sigma-Aldrich Corp.,
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St. Louis, MO, USA) were employed as standards. Liquid extracts of 100 µL were added to 3.00 mL of
the FRAP reagent. After 6 min at room temperature, the absorbance was read at 593 nm.

The DPPH (α,α-diphenyl-β-picrylhydrazyl) radical scavenging activity of the above liquors was
also determined [29]. Samples (50 µL) were added to the DPPH radical solution (2 mL) (Sigma-Aldrich
Corp., St. Louis, MO, USA). Afterward, the absorbance decrease was recorded at 515 nm from 0 to
16 min using a blank sample (distilled water).

The determination of the total carotenoid content of the different extracts was realized following
Khosa et al. [30] method with some modifications. In few words, 1 ± 0.01 g of each sample was
submitted at a liquid-liquid extraction with 50 mL of n-hexane (Panreac Química, S.L.U., Castellar
del Vallès, Barcelona, Spain)/acetone (Carlo Erba Reagents, S.A., Sabadell, Barcelona, Spain)/absolute
ethanol (Sigma-Aldrich Corp., St. Louis, Missouri, USA) (2:1:1, v/v/v) for 20 min at 200 rpm in darkness
conditions using an orbital shaker (OL30-ME, Ovan, Barcelona, España), then was centrifuged at
4000 rpm for 10 min and measured at 420 nm. β-carotene (Thermo Fisher Scientific, Geel, Belgium)
was utilized as standard and results were expressed as µg β-carotene/g raw material dry weight.

All above analytical determinations were carried out on a spectrophotometer Hitachi
U-2000 (Tokyo, Japan) at least in triplicate. This point was also applicable to the next
spectrophotometric methods.

2.3.4. Capacity of Elastase and Tyrosinase Enzymatic Inhibition

The capacity of elastase and tyrosinase enzymatic inhibition of the studied extracted samples
were conducted by an external service following the indications reported with slight modifications by
Liyanaarachchi et al. [31] and Chiari et al. [32], respectively.

2.3.5. Macronutrients Measurements

MHG and SLE extracts were subjected to certain analyses to determine their main components.
Their monosaccharide composition was assayed by high-performance liquid chromatography (HPLC)
following a modified Balboa et al. [33] method using an Agilent equipment with a differential refractive
index detector. Aminex HPX-87H and Aminex HPX-87P columns (300 × 7.8 mm, Bio-Rad Laboratories,
S.A., Madrid, Spain) were employed by the separation of the different carbohydrate compounds eluted
with 3 mM H2SO4 (Merck KGaA, Darmstadt, Germany) at 0.6 mL/min operating at 50 ± 2 ◦C and
deionized water at 0.4 mL/min operating at 80 ± 2 ◦C, respectively. Samples were neutralized with
barium carbonate (Thermo Fisher Scientific, Geel, Belgium) before analysis on the Aminex HPX-87P
column. Their oligosaccharide composition was determined following the Garrote et al. [34] method
and consequently, samples (2.4 ± 0.10 g) were submitted to a previous hydrolysis treatment with
4% (w/w) sulphuric acid (Merck KGaA, Darmstadt, Germany) at 121 ± 2 ◦C during 40 min. The
estimated concentrations were calculated by comparison of the spectra of D(+)-glucose anhydrous
(Scharlab, S.L., Sentmenat, Barcelona, Spain), D(+)-xylose (Sigma-Aldrich Corp., St. Louis, MO,
USA), D(+)-galactose (Panreac Química, S.L.U., Castellar del Vallès, Barcelona, Spain), L-rhamnose
monohydrate (Sigma-Aldrich Corp., St. Louis, MO, USA), L(+)-arabinose (Sigma-Aldrich Corp.,
St. Louis, MO, USA), D(+)-mannose (Thermo Fisher Scientific, Geel, Belgium) and D(−)-fructose
(Sigma-Aldrich Corp., St. Louis, MO, USA) commercial patterns. Data analysis was performed by
Agilent ChemStation Revision B.04.03 SP1 software.

Total protein content was assessed following the procedure detailed by Bradford [35] with
some changes. In short, Bradford reagent (0.4 mL) (Sigma-Aldrich Corp., St. Louis, MO, USA) was
incorporated with each sample (1.6 mL). Then, the mixture was kept at room temperature for 5 min
and the absorbance of this mixture was recorded at 595 nm. The same protocol was employed with
bovine serum albumin (BSA) (Sigma-Aldrich Corp., St. Louis, MO, USA) as standard. The data were
reported as mg BSA/ g raw material dry weight.

Total lipid content was colorimetrically determined following Kamal [36] analysis method with
some modifications. Concisely, samples or standard (lauric acid) (500 µL) (Merck KGaA, Darmstadt,
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Germany) were vortexed with n-hexane (1500 µL) (Panreac Química, S.L.U., Castellar del Vallès,
Barcelona, Spain) for 1 min. After, the absorbance of the mixture was measured at 204 nm. The
outcomes were expressed as g lauric acid/g raw material dry weight.

2.3.6. Color

The color measurements of all extracted liquid fractions were made within the CIEL*a*b* space
using a colorimeter (CR-400, Konica Minolta, Japan). The obtained parameters were the lightness
(whiteness, L* = 0, or brightness, L* = 100 degree), the red/green coordinate (degree of redness, a* > 0,
or greenness, a* < 0) and yellow/blue coordinate (degree of yellowness, b* > 0, or blueness, b* < 0).
Moreover, the corresponding magnitudes (Equations (1)–(3)) such as hue (h (◦)), chroma (C*) and
saturation (S*) were calculated as indicated below.

h(◦) = arctan
(

b∗

a∗

)

. (1)

C∗ =
√

(a∗ + b∗). (2)

S∗ =
C
L∗

. (3)

Additionally, the total color (∆E*) and hue (∆H*) differences (Equations (4) and (5)) were
determined as follows.

∆E∗ =
√

(∆L∗)2 + (∆a∗)2 + (∆b∗)2. (4)

∆H∗ =
√

(∆E∗)2
− (∆L∗)2

− (∆C∗)2. (5)

2.3.7. Sun Protection Factor

Sun protection factor (SPF) was measured following Kaur and Saraf [37] methodology. The
extract aliquots (20 µL) were homogeneously blended with 40% (v/v) ethanol solution (1980 µL)
(Sigma-Aldrich Corp., St. Louis, Missouri, USA) and scanned between 290 and 320 nm. According to
the Mansur et al. [38] procedure, the SPF values were determined using the following equation:

SPF = CF x

320
∑

290

EE (λ) × I (λ) × Abs (λ). (6)

where SPF corresponds to the spectrophotometric sun protection factor, CF represents a necessary
correction factor (10), EE(λ) indicates the erythemal effect of the radiation with wavelength λ, I(λ)
represents the solar intensity of the spectrum and Abs (λ) displays the spectrophotometric absorbance
values at wavelength λ. The normalized product of EE(λ) and I(λ) utilized in the calculation of SPF
was previously considered by Sayre et al. [39].

2.4. Formulation of the Creams

Sunscreen creams were elaborated at least in duplicate according to Balboa et al. [40] formulation.
Briefly, components of oil phase (cream basis (O/W) (Derex, S.A., Rafelbunyol, Valencia, Spain) −18 g−,
dimethicone 350 (Fagron Ibérica S.A.U., Terrassa, Barcelona, Spain) −6 g−, avocado oil (Fagron Ibérica
S.A.U., Terrassa, Barcelona, Spain) −3 g−, sunscreen (Guinama, S.L.U., La Pobla de Vallbona, Valencia,
Spain) −8 g−, micronized titanium dioxide (Fagron Ibérica S.A.U., Terrassa, Barcelona, Spain) −18
g− and fenonip XB (Fagron Ibérica S.A.U., Terrassa, Barcelona, Spain) −0.35 g−) were mixed and
tempered at 70 ± 2 ◦C in a water bath. On the other hand, ingredients of water phase (distilled or
thermal spring water −80 g−, carbomer 940 (Fagron Ibérica S.A.U., Terrassa, Barcelona, Spain) −1.5 g−,
propyleneglycol (Guinama, S.L.U., La Pobla de Vallbona, Valencia, Spain) −6 g− and triethanolamine

75



Molecules 2020, 25, 92

(Fagron Ibérica S.A.U., Terrassa, Barcelona, Spain) −1.5 g−) were also blended and adjusted at 40 ± 2
◦C. When the oil phase mixture was completely melted then it was transferred to the water bath at 40 ±
2 ◦C until its temperature adjustment. In this point, this phase was added at the water phase until their
homogenization promoting a gel-like matrix. The studied extracts from the different raw materials
by MHG at 100 W, butylhydroxytoluene (BHT) (Roig Farma, S.A., Terrasa, Barcelona, Spain) and
(±)-α-tocopherol (Sigma-Aldrich Corp., St. Louis, MO, USA) commercial antioxidants or the different
used water as controls (750 µL or mass equivalent weight), bergamot oil (450 µL) (Fagron Ibérica
S.A.U., Terrassa, Barcelona, Spain) and tetramer cyclomethicone (3 mL) (Fagron Ibérica S.A.U., Terrassa,
Barcelona, Spain) were mixed in the O/W emulsion at room temperature and thoroughly mixed. The
final product was packed in flasks and amber glass vials and stored at refrigeration temperature until
their analysis.

Water Features

Thermal spring waters were collected in plastic bottles in their points of emission (three different
points of the Ourense region) and kept at 4 ± 2 ◦C in the laboratory within less the next 1 h after
their gathering.

The electrical conductivity values of waters were determined by a conductivity meter (HI 9033,
Hanna Instruments Ltd., Eden Way, UK) at room temperature. pH determination, total solid content
level and color features of the different used waters were measured as indicated above.

2.5. Creams Characterization

Freshly elaborated sunscreen creams were examined so that their pH value, total solid content,
SPF data, color characteristics, thiobarbituric acid reactive substances (TBARS) and viscous properties
were determined. The effect of the elevated temperature and storage time on the stability of these
samples was determined by means of accelerated oxidation at 50 ± 2 ◦C for 15 days. The pH and
TBARS kinetics tests were done periodically on 1-day intervals whereas total solid content and color
features assays were defined at the end of this process.

pH and color tests of the emulsions were realized as indicated above. The total solid content was
determined using a portion of cream (0.5 g) under the above conditions. Sunscreen cream SPF values
were also analyzed using a part of sunscreen cream (1 g) and 96% (v/v) ethanol (Sigma-Aldrich Corp.,
St. Louis, MO, USA) up to 25 mL following Dutra et al. [41] indications. The solution was stirred at
500 rpm for 5 min, treated by ultrasounds for 5 min and filtered. Absorbance data were read between
290 and 320 nm at 5 nm intervals. In this case, the correction factor was 20 and consequently, this value
was considered in the mathematical calculation (Equation (6)). This value corresponded to a standard
sunscreen formulation with a 5.46% solar filter equivalent to an SPF value of 3.18.

In order to evaluate the effectiveness of selected MHG extracts against lipid oxidation, thiobarbituric
acid reactive substances (TBARS) was utilized following the assay of Scheffler et al. [42]. Shortly, samples
or standard (malonaldehyde solution (20 nmol/mL) (Sigma-Aldrich Corp., St. Louis, MO, USA)) (0.8 g)
were mixed with thiobarbituric acid-butylated hydroxytoluene (TBA-BHT) solution (1.6 mL) in tubes
and shaken for 30 s using a vortex. This solution was prepared with 4,6-dihydroxy-2-mercaptopyrimide
(15 g) (Thermo Fisher Scientific, Geel, Belgium), hydrochloric acid 12 M (1.76 mL) (Thermo Fisher
Scientific, Geel, Belgium), distilled water (82.9 mL) and BHT (2%, v/v) (3 mL) (Roig Farma, S.A., Terrasa,
Barcelona, Spain), previously treated with absolute ethanol (Sigma-Aldrich Corp., St. Louis, MO, USA).
Afterward, test tubes were submitted to 95 ± 2 ◦C for 15 min in a water bath, cooled in an ice-tap-water
bath for 10 min and centrifuged at 5000 rpm for 10 min. The absorbance of the supernatant was
measured at 532 nm. The concentration of TBARS was expressed as nmol malonaldehyde/g sun cream
dry weight.

The viscous profile of all formulated creams was determined. For this purpose, the apparent
viscosity vs. shear rate (‘so-called’ steady-shear flow curves) was monitored at 25 ◦C on a
controlled-stress rheometer (MCR 302, Paar Physica, Austria). The temperature was controlled
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by a Peltier system (± 0.01 ◦C). The selected measuring system was a sandblasted plate-plate (25 mm
diameter, 1 mm gap) to avoid a possible slip of the samples. The edges of all creams placed on
the plate-plate geometry were sealed with light paraffin oil to avoid water loss during experiments
and were rested for 10 min to allow sample temperature and structural equilibration. In order
to study the hysteresis effects, all steady-state shear measurements were made by decreasing and,
subsequently, increasing shear rate following a logarithm. All viscous experiments were performed at
least in triplicate.

2.6. Statistical Analysis

Experimental data were studied using one-factor analysis of variance, ANOVA (PASW Statistics
v.22, IBM SPSS Statistics, New York, NY, USA). If the variance study indicated means differences,
a Scheffé test was made to distinguish means with 95% confidence (p < 0.05).

3. Results and Discussion

3.1. Microwave Hydrodiffusion and Gravity (MHG)

Extraction time and temperature values by MHG from different samples are showed in Figure 1
in combination with the data of gathered extract volume. Cytisus scoparius flowers (Figure 1a) treated
at 100 W provided 62.2 mL of total liquid phase for 150 min reaching a maximum temperature data of
92 ◦C. This raw material presented the typical microwave heating profile identified for other sources.
Firstly, a latency period was passed after the first drop of liquid phase outside the microwave oven
(around 8 min at 33 ◦C with a heating rate of 1.56 ◦C/min). Secondly, the next phase could be collected
about 32% of the total volume for approximately 43 min. The following step exhibited a plateau region
characterized by an average of 90 ◦C during ~52 min (heating rate of 0.14 ◦C/min) obtaining 48% of the
total extract. At the last interval, the temperature decreased with a heating rate of 0.32 ◦C/min. This
step (47 min) meant close to 20% of the total aqueous extract. Similar behavior was also displayed for
Pleurotus ostreatus mushrooms and Brassica rapa leaves (Figure 1b,c). These samples, submitted to an
MHG extraction process of 120 min, supplied 78 and 76.3 mL, respectively. The heating outline derived
by the whole and divided into quarter acorns of Quercus robur L. did not describe the last phase since
their moisture content (32.27 ± 3.79% wet basis, w.b.) was much lower than the other matrices. This
variable is disclosed as a decisive element since in situ water of the tissue cells permits isolate the
natural valuable compounds behaving like their transport media [43]. Processed acorns during 90 min
exhibited roughly 30 mL of the liquid phase. The size reduction pretreatment of the samples favored
slightly (9%) the extraction of their extracts since the influence of particle size is a key factor on the
optimization of the extraction process as reported in the extraction of antioxidant compounds of other
material such as tea or ginger by solid-liquid extraction [44].

The impact of MHG at 100 W on the liquid phase collected is displayed in Figure S1a. Samples
provided a range of the initial volume of achieved water of 75–97%. The difference between the
results was related to their moisture content. Note here that the moisture content of C. scoparius

flowers, P. ostreatus mushrooms, and leaves of B. rapa was 82.79% ± 0.29% w.b., 89.43% ± 0.23% w.b.
and 90.70% ± 0.71% w.b., respectively. These data agreed with those reported for other materials
as the brown seaweed Undaria pinnatifida under similar extraction conditions [45]. The maximum
total solid extraction yield (about 5.1 mg extract/g raw material dry weight) was obtained when
mushroom samples were used (Figure S1b). Their structure tissue favored the removal of bioactive
compounds in comparison with the other matrices. For example, their yield was ~5 times higher than
the value derived by acorns samples. This pattern was also attributed to the energy consumption
for the processing of these types of raw materials (Figure S1c) since acorns needed the lowest energy
requirements (roughly 540 kJ). The energy consumption was elevated to approximately 900 kJ for to
treat the wildflowers. The environmental impact defined as the quantity of carbon dioxide rejected
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into the atmosphere was in order to 120–200 g. This reflected the reduced burden of MHG extraction
technology compared to conventional extraction methods [46].

Figure 1. Collected volume (bars), vessel temperature (circles) and extraction time (triangles) during
MHG treatment at 100 W of irradiation power of different raw materials: (a) defrosted Cytisus scoparius

flowers, (b) defrosted fruiting bodies of Pleurotus ostreatus mushrooms, (c) defrosted Brassica rapa L.
var. rapa leaves, (d) whole and (e) divided into quarters Quercus robur L. acorns. Note here that y-axes
scales are different in each plot.

3.2. Antioxidant Properties of the Gathered Liquid Extracts

The total phenolic content and antioxidant potential of the extracts from the raw materials treated
at 100 W by MHG technology are collected in Figure 2. Extracts from C. scoparius flowers showed the
maximum total phenolic content, TEAC and FRAP values (around 0.23 mg GAE/g raw material dry
weight, 0.68 mg Trolox eq/g raw material dry weight and 0.33 mg ascorbic acid/g raw material dry
weight or 0.71 mg FeSO4 × 7H2O/g raw material dry weight, respectively). Their total phenolic content
agrees with the data previously found [12] for hydromethanolic and ethyl lactate extracts obtained by
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pressurized liquid extraction. On the other hand, P. ostreatus and B. rapa displayed similar results when
both are compared. Specifically, their ferric reducing antioxidant power outcomes did not present
significant differences among them (their average was about 0.12 mg ascorbic acid/g raw material dry
weight or 0.28 mg FeSO4 × 7H2O/g raw material dry weight). B. rapa showed the greatest antioxidant
capacity with a noticeable concentration of 0.43 mg Trolox eq/g raw material dry weight and a total
phenolic content higher than those reported by this sample [47]. Outcomes from the acorns of Q. robur

indicated that samples divided into quarters provided a total phenolic content like the maximum data
of wildflowers. This value was higher than reported by Rakić et al. [48] for similar raw materials
submitted to methanolic extraction. This type of sample kept this tendency in the antioxidant capacity
determined by the different free radical scavenging assays. The difference between the whole and
the divided acorns was around 0.1 mg Trolox eq/g raw material dry weight for TEAC determination
and 0.18 g ascorbic acid/g raw material dry weight or 0.39 mg FeSO4 × 7H2O/g raw material dry
weight for FRAP test. The DPPH percentage inhibition variation of the collected volume extracts from
the two types of acorns was close to 57.8%. In this case, the divided raw material gave an effective
concentration (EC50, defined as the concentration in which 50% of DPPH radical was scavenged) of
0.05 g dry weight/100 g sample (equivalent to 0.67 mM of ascorbic acid).

Figure 2. Total phenolic content (a) and antioxidant capacity, expressed as TEAC value (b), FRAP
assay (c) as ascorbic acid equivalents (circles) and as ferric sulphate equivalents (bars) and inhibition
percentage (IP) of DPPH radical (d), from the aqueous collected of the different took in consideration
raw materials at 100 W by MHG extraction.

Carotenoids are pigments integrated by lipid-soluble tetraterpenoid compounds. Their structure
can affect their antioxidant potential scavenging efficiently O2 and peroxyl radicals [49,50]. The
total carotenoid content of the liquid extracts is summarized in Figure 3a. Wildflowers provided the
maximum concentration (3.1 µg β-carotene/g raw material dry weight). This value could be attributed
to its antioxidant profile since it was more elevated as stated above. In comparison with mushroom
data, their concentration was around three times superior-this relation differed to their antioxidant
profile-. The samples of acorn presented the lowest total carotenoid content: the samples divided in
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quarters allowed a result of about 32.3% higher than the whole nuts. In the current study, the raw
materials used by MHG procedure were also submitted to a solid-liquid extraction (SLE) with 70–90%
(v/v) ethanol solution as a solvent for evaluation purposes. The resultant total carotenoid content
appears in Figure 3b. In contrast with the MHG outcomes, B. rapa samples supplied the maximum
concentration registered of total carotenoids content (approximately 3.1 µg β-carotene/g raw material
dry weight). This value was the highest outcome described by Brassica rapa ssp. chinensis sprouts [51].
The opposite trend was followed by the remaining samples since these showed issues lower than the
reported by MHG procedure (with a difference in the range between 0.34 and 2.73 units).

Figure 3. Total carotenoids content from the collected aqueous extracts of the different took in
consideration raw materials at 100 W by MHG extraction (a) and ethanol extracts collected by SLE (b)
of the evaluated feedstocks. nd: no detected.

The antioxidant profile of the ethanolic extracts from the different employed resources by SLE is
exhibited in Figure 4. Despite the fact that the total phenolic content of the C. scoparius flowers was
limited (close to 16 mg GAE/g raw material dry weight), their antioxidant potential was defined by
considerable TEAC and DPPH values (around 30 mg Trolox eq/g raw material dry weight and 71.0%
inhibition percentage, respectively). Their EC50 was 0.95 ± 0.01 g/100 g dry weight (equivalent to
0.60 mM of ascorbic acid). Note here that these wildflowers showed the maximum total solid extraction
yield (close to 5.8 mg extract/g flower dry weight). The antioxidant data from P. ostreatus samples
did not stand out when compared with the other raw materials, although their concentrations were
higher than the values obtained by MHG. This agrees with the tendency described by the other sources.
On the other hand, B. rapa allowed the largest TEAC parameter (42.2 mg Trolox eq/g raw material
dry weight) whereas their FRAP and DPPH magnitudes were intermediate (16.5 mg ascorbic acid/g
raw material dry weight or 42.8 mg FeSO4 × 7H2O/g raw material dry weight and 36.0% inhibition
percentage, respectively). Even though, Q. robur acorns divided into quarters had not an important
TEAC concentration, this sample provided the maximum data of total phenolic content (136.9 mg
GAE/g raw material dry weight), FRAP values (36.9 mg ascorbic acid/g raw material dry weight or
94.1 mg FeSO4 × 7H2O/g raw material dry weight) and DPPH inhibition percentage (93.0%) with
significant difference in comparison with the remaining resources. Overall, it is necessary to emphasize
that a strong positive correlation was displayed between total phenolic content and ascorbic acid and
iron (II) sulphate heptahydrate results (r = 0.950 and r = 0.948, respectively).
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Figure 4. Total phenolic content (a) and antioxidant capacity, expressed as TEAC value (b), FRAP
assay (c) as ascorbic acid equivalents (circles) and as ferric sulphate equivalents (bars) and inhibition
percentage (IP) of DPPH radical (d), from the ethanol extracts by SLE of the different raw materials.

3.3. Proximate Chemical Profile

The collected aqueous extracts by the MHG method and ethanol extracts derived by SLE extraction
were submitted to macronutrients analysis. Their total protein and total lipid contents are presented in
Figure 5. B. rapa and P. ostreatus samples showed the highest total protein content by MHG and SLE
extraction procedures, respectively. These data varied between approximately 2.1 and 72.0 mg BSA/g
raw material dry weight. Generally, the tendency of SLE extracts corresponded with the behavior
defined by their total carotenoid content. This trend could be defined by the chemical structure of the
vegetable pigments since they are linked to some chlorophyll-carotenoid proteins [47]. In relation to
total lipid content of the gathered extracts, Q. robur divided hard fruits supplied the highest outcome
by MHG (783.9 g lauric acid/g raw material dry weight) with significant differences as compared with
the other feedstocks. The ethanolic extracts provided the lowest total lipid content issues. The obtained
data showed that ethanol solvent at 40 ± 2 ◦C did not permit recovering lipid compounds from the
different samples. These reduced lipid yields could be improved using a multiple-batch sequence of
organic solvents at greatest temperature ranges able to removal apolar compounds as occurred with
other raw materials as rice bran or coffee grounds [52,53]. Further studies should be interesting to
increase the lipid extraction from the used raw materials.
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Figure 5. Total protein content (a,c) and total lipid content (b,d) from the collected aqueous extracts
of the different took in consideration raw materials at 100 W by MHG extraction and from the SLE
ethanolic extracts, respectively, from different raw materials. nd: no detected.

The monosaccharide and oligosaccharide composition of the extracts from MHG and SLE
methodologies are summarized in Table 1. The sample that presented the highest carbohydrate
concentration was B. rapa followed by P. ostreatus and C. scoparius. Overall, SLE could extract
higher quantities of carbohydrate compounds than the MHG procedure. Mannose was the main
monosaccharide identified in all samples. In all cases, the corresponding oligosaccharide was also
the major compound. Turnip sample displayed a higher concentration of oligosaccharides than
monosaccharides (about double times). This behavior was in accordance with the literature data from
Brassica oleracea leaves [54]. Different studies described that mannose is present in the structure of
the functional protein as ligands or signaling molecules [55,56]. A similar tendency was observed
in this monosaccharide and the total protein content of SLE extracts suggested a relation between
both components. The extraction capacity of the MHG method varied between around 0.02% and
95.65% as well as between 0.05% and 0.44% of the total recovery monosaccharides and O-mannose
compounds obtained by SLE. Q. robur acorn exhibited the lowest data. It is worth noting that MHG
whole acorns aqueous extracts displayed an opposite trend in their xylose, rhamnose and mannose
monosaccharides concentration. This sample divided in quarters also shared this tendency for the
values of their rhamnose and O-glucose oligosaccharide compounds.
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Table 1. Influence of the extraction at 100 W by MHG and solid liquid extraction from the different raw materials on the monosaccharide and oligosaccharide
composition (mg/g raw material dry weight) of the liquid phase collected.

Composition
(mg/g Raw Material Dry Weight)

Extraction
Technique

Raw Materials

C. scoparius P. ostreatus B. rapa
Q. robur

Whole Into Quarters

Monosaccharides

Glucose
MHG 0.34 ± 0.00 j 0.68 ± 0.00 i 0.32 ± 0.00 m 0.01 ± 0.00 g 0.01 ± 0.00 k

SLE 10.60 ± 0.00 e 2.89 ± 0.00 g 9.31 ± 0.01 f 0.01 ± 0.00 g 0.10 ± 0.00 g

Xylose MHG 0.08 ± 0.01 l 0.17 ± 0.00 l 0.17 ± 0.00 n 0.03 ± 0.00 e 0.01 ± 0.00 l

SLE 2.36 ± 0.01 h 0.47 ± 0.01 j 1.03 ± 0.01 i 0.03 ± 0.01 e 0.03 ± 0.00 i

Galactose
MHG 0.04 ± 0.00 ll 0.07 ± 0.00 m 0.12 ± 0.01 ñ 0.02 ± 0.01 f 0.01 ± 0.00 k

SLE 0.37 ± 0.00 j 0.34 ± 0.00 k 0.62 ± 0.01 k 0.02 ± 0.01 f 0.03 ± 0.00 j

Rhamnose
MHG 0.01 ± 0.00 m 0.13 ± 0.00 ll 0.05 ± 0.00 p 0.01 ± 0.01 g 0.03 ± 0.00 i

SLE 0.13 ± 0.00 k 0.16 ± 0.01 l 0.39 ± 0.01 ll 0.01 ± 0.00 g 0.01 ± 0.00 k

Arabinose
MHG 0.45 ± 0.00 i nd 0.44 ± 0.00 l nd 0.07 ± 0.00 h

SLE nd nd nd nd nd

Mannose
MHG 0.37 ± 0.00 j 6.11 ± 0.03 f 0.85 ± 0.00 j 97.03 ± 2.78 b 0.78 ± 0.00 e

SLE 1537.0 ± 2.4 b 1551.3 ± 2.8 b 2253.5 ± 0.8 b 96.44 ± 0.80 b 107.20 ± 0.37 b

Fructose
MHG nd 1.28 ± 0.01 h 0.61 ± 0.01 k 0.47 ± 0.31 d 0.03 ± 0.00 j

SLE 5.14 ± 0.48 f 10.21 ± 0.39 e 8.32 ± 0.01 g 0.76 ± 0.65 c 0.41 ± 0.02 f

Oligosaccharides

O-glucose MHG nd nd 0.07 ± 0.00 o 0.01 ± 0.00 h 0.03 ± 0.00 j

SLE nd 0.72 ± 0.00 i nd nd 0.02 ± 0.05 k

O-xylose MHG nd nd nd nd nd
SLE 43.96 ± 0.15 d 13.47 ± 0.02 d 18.17 ± 0.10 e nd 0.43 ± 0.17 f

O-galactose MHG nd nd nd nd nd
SLE nd nd nd nd nd

O-rhamnose
MHG 54.33 ± 0.31 c 572.3 ± 0.0 c 599.2 ± 4.4 d nd 7.16 ± 2.24 c

SLE nd nd nd nd nd

O-arabinose
MHG 3.42 ± 0.05 g nd 3.62 ± 0.05 h nd 0.01 ± 0.05 k,l

SLE nd nd nd nd nd

O-mannose
MHG nd 2.10 ± 0.39 g nd nd 1.19 ± 0.22 d

SLE 2880.5 ± 0.7 a 4492.9 ± 0.6 a 4059.0 ± 8.2 a 166.5 ± 2.3 a 271.2 ± 58.3 a

O-fructose
MHG nd nd 706.03 ± 1.62 c nd nd
SLE nd nd nd nd nd

Data are given as mean ± standard deviation. Data values in a column with different superscript letters are statically different (p ≤ 0.05). nd: no detected.
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3.4. Color Characteristics of the Extracts

Colorimetric coordinates from the CIEL*a*b* method were measured directly to the extracts from
the different samples by MHG at 100 W and SLE extractions. Considering the above indices, the color
magnitudes were calculated according to the equations stated above. These data are reported in Table 2.
In general, lightness, a* coordinates and the hue angle of the ethanolic extracts by SLE showed lower
values than the aqueous extracts by MHG. The opposite tendency was observed by the b* coordinate
and Chroma and saturation parameters. Significant differences were identified between the tested
extraction procedures for each resource. Particularly, the hue angle of ethanolic extract from acorns
divided into quarters disclosed higher differences between the two extraction systems (64.9◦). The
variation of the color features of the gathered extracts was also clear when the total color difference (∆E*)
of the samples from MHG was compared with the parameters derived by the SLE technique, according
to the classification of Adekunte et al. [57]. This change was classified as a small difference (∆E* <
1.5) for whole acorns and different (1.5 < ∆E* < 3.0) for divided nuts and mushrooms. These results
could indicate that these extraction methodologies provided similar color extracts from these samples.
However, the application of MHG and SLE processes from wildflowers and turnip leaves could practice
an effect more dissimilar under these plant matrices since their value of total color difference was very
different (∆E* > 3.0). Concerning the hue difference (∆H*) carried out with a trend like the total color
difference in order that the Q. robur acorns and B. rapa samples presented the lowest and the highest
hue difference values, respectively. It is necessary to note that a strong negative correlation between L*
and a* coordinates and total carotenoid content was noticeable (r = −0.912 and r = −0.982, respectively).
Conversely, a positive correlation with this concentration and the b* coordinate, C* and S* magnitudes
was identified (r = 0.971–0.987). Based on these Pearson’s correlation coefficients, the relationship
of total carotenoid content with parameters from the CIELab color space will allow estimate rapidly
this pigment concentration of extracts by MHG and SLE technologies with a non-destructive method.
Similar associations were established for several vegetable raw materials [58,59].

3.5. Utilization of MHG Extracts on Cosmetic Formulations

Natural extracts obtained from underused and by-products raw materials can act as functional
additives in cosmetic products contributing to healthy properties. These sustainable sources are not
expensive and appear in abundance. The environmental, social and economic impact of the production
of these extracts is also evaluated by cosmetic industries since nowadays the preservation of the
environment and a positive influence on society sphere are objectives to be achieved. Currently, there
is a growing interest in the incorporation of these products in cosmetic formulations in response to
the increasing demand by consumers [40,60]. The potential cosmeceutical use of the C. scoparius,
P. ostreatus, B. rapa and Q. robur acorns divided into quarters MHG extracts was researched by the
incorporation of this aqueous extracts as an additive ingredient at sunscreen cream formulations. The
added extracts displayed an approximately pH value on the range from 3.1 to 5.3. Their SPF data
varied between approximately 0.04 and 0.21. It is remarkable that flower extract provided the highest
SPF issue whereas their pH was the lowest. Note here that the SPF value of the elaborated creams
was around 5.8. Concerning the enzymatic inhibition assays (data not shown), the Q. robur sample
provided the highest anti-elastase capacity with an effective concentration (EC50) of 606 mg extract/L
(equivalent to 2.3 mg epigallocatechin gallate/L) and an EC50 tyrosinase inhibitory capacity of 496 mg
extract/L (equivalent to 93 mg kojic acid/L). These preliminary results suggested that this extract may
be helpful in preventing the loss of skin sagging and elasticity and the pigmentation damage [61].
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Table 2. Colorimetric features by CIEL*a*b* system from the aqueous phase collected at 100 W by MHG extraction and solid liquid extraction of the different
raw materials.

Raw Materials
Extraction
Technique

Coordinates Magnitudes

Lightness
(L*)

a* b*
Hue Angle

(h◦)
Chroma

(C*)
Saturation

(S*)

C. scoparius
MHG 90.10 ± 0.03 a 0.65 ± 0.01 b −1.44 ± 0.02 f 114.34 ± 0.12 d 1.58 ± 0.01 e 0.02 ± 0.00 b

SLE 87.50 ± 0.03 c
−1.06 ± 0.04 d 3.09 ± 0.06 b 108.14 ± 0.11 g 3.27 ± 0.08 b 0.04 ± 0.01 b

P. ostreatus
MHG 90.07 ± 0.02 a 0.71 ± 0.02 a −1.59 ± 0.02 g 114.11 ± 0.10 d 1.74 ± 0.01 c 0.02 ± 0.01 b

SLE 87.67 ± 0.05 c 0.23 ± 0.04 c
−0.67 ± 0.02 d 109.14 ± 0.13 f 0.71 ± 0.02 i 0.01 ± 0.00 b

B. rapa
MHG 90.04 ± 0.02 a 0.71 ± 0.02 a −1.65 ± 0.01 g 113.24 ± 0.10 e 1.80 ± 0.01 c 0.02 ± 0.01 b

SLE 83.99 ± 0.07 d −6.45 ± 0.05 e 13.38 ± 0.07 a 115.77 ± 0.16 c 14.85 ± 0.15 a 0.18 ± 0.03 a

Q. robur

Whole
MHG 90.15 ± 0.02 a 0.66 ± 0.02 a,b −1.23 ± 0.01 e 118.22 ± 0.10 b 1.40 ± 0.02 f 0.02 ± 0.01 b

SLE 90.31 ± 0.04 a 0.68 ± 0.01 a
−1.50 ± 0.07 f,g 114.36 ± 0.14 d 1.65 ± 0.01 d 0.02 ± 0.00 b

Into quarters MHG 89.25 ± 0.03 b 0.62 ± 0.04 b −0.68 ± 0.04 d 132.06 ± 0.13 a 0.92 ± 0.01 h 0.01 ± 0.00 b

SLE 89.64 ± 0.05 b 0.29 ± 0.03 c 1.27 ± 0.08 c 67.21 ± 0.15 h 1.33 ± 0.01 g 0.01 ± 0.00 b

MHG

Total Color Difference (∆E*) Hue Difference (∆H*)

SLE

C. scoparius 5.50

SLE

C. scoparius 4.54
P. ostreatus 2.61 P. ostreatus 0.13

B. rapa 17.71 B. rapa 10.34

Q. robur
Whole 0.31

Q. robur
Whole 0.10

Into quarters 2.02 Into quarters 1.93

Data are given as mean ± standard deviation. Data values in a column with different superscript letters are statically different (p ≤ 0.05).
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These O/W emulsions were formulated with three different types of thermal spring waters and
with distilled water for comparative purposes. Their pH values ranged from 5.46 to 7.57. These
parameters were in accordance with the values of the pH reported by Delgado-Outeiriño et al. [62]
for different samples from thermal spring waters of the same region. The electrical conductivity of
the thermal water samples varied on the range of 1260–3200 µS so that the thermal spring water 1
displayed the highest value in accordance with their total solid content (0.45 mg dry residue/mL).
The remaining samples exhibited an average of ~0.13 mg dry residue/mL. No significant differences
were provided between these samples (data not shown). This behavior was also provided in the
color magnitudes of the water samples. Their hue angle was about 136.4◦ whereas their Chroma and
saturation were thereabouts 5.6 and 0.06, respectively.

Figure S2 discloses the total solid content of the sunscreen creams freshly processed. Results
obtained showed that no significant differences were detected between the different types of water
and the different extracts or commercial antioxidants. This parameter varied in a limited interval of
approximately 0.31 and 0.35 g dry residue/g sun cream, respectively. These creams submitted at the
accelerated oxidation at 50 ± 2 ◦C for 15 days displayed a total solid content lower, with minimum and
maximum values of 0.328 and 0.330 g dry residue/g sun cream, respectively. In relation to the color
features of the creams made at the initial time (data not shown), the measurements exhibited similar
issues with small differences (∆E* < 1.5) for their total color parameter. The highest data was provided
for P. ostreatus and/with thermal spring water 2 cream (∆E* = 0.84). This sample also exhibited the
highest value of this same parameter with an outcome of ∆E* = 2.00 after 15 days of stability testing.
In this case, the oxidation chemical reactions that were produced derived into an increase of the total
color difference of the tested cosmetics, since different differences (1.5 < ∆E* < 3.0) were registered
in thermal spring water 2 cream with all added antioxidant ingredients and Q. robur sun cream with
thermal spring water 3.

Kinetics of pH values for 15 days of the accelerated assays were realized and representative
values were gathered in Figure S3. Overall, the pH of the creams varied between 5.3 and 6.3. Distilled
water was the type of water that offered the pH data with more fluctuation (ranged from 5.3 to
5.9) in contraposition with water from thermal spring water 3 (with a variation of about 0.2 points).
These data were compatible with the normal skin pH [63]. Thermal water spring 1 control cream
supplied data slightly higher than added extracts and antioxidant creams made with this same type
of water. This behavior could be associated with the acid pH of the added extracts and the BHT
and (±)-α-tocopherol features in combination with characteristics of the different used ingredients
in this model cosmetic. This observation was not reflected in the evolution of the TBARS values of
these same samples (Figure S4). In this case, no significant differences were recorded for the different
studied emulsions elaborated with each type of water. Generally, a plateau region was described by
the malonaldehyde values of the different sun creams. The data of this marker of lipid peroxidation
process ranged from 11.8 to 26.7 nmol malonaldehyde/g sun cream dry weight. Several scientific
studies reported a similar trend for the TBARS index in O/W emulsions [64,65].

Figure 6 summarizes the effect of the three tested thermal waters and distilled water in the flow
behavior at 25 ◦C of creams incorporated with different natural extracts (C. scoparius, P. ostreatus, B. rapa,
Q. robur). For all tested systems, the apparent viscosity showed shear-thinning behavior, dropping
around four decades with an increasing shear rate. At the fixed shear rate, the presence of thermal
spring water 3 promoted the decrease of the apparent viscosity, especially for creams formulated
with P. ostreatus and B. rapa (Figure 6b,c). This is an indicator of the relevance of studying different
extracts because the rheological properties greatly depend on the analyzed extract and its specifically
composition. This suggests that water from the thermal spring 3 can provide sunscreen creams that will
be easily applicable in the skin [66,67]. Concerning magnitudes of the apparent viscosity of the creams
formulated with different extracts, results suggest that those that presented higher bioactive compounds
also exhibited lower apparent viscosity values. This agrees with the achievements provided for other
different functional matrices [68–70]. Concerning BHT and (±)-α-tocopherol creams (Figure 6e,f),
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similar profiles and magnitudes were identified, whereas those made in the water control (Figure 6g)
displayed slightly higher values. Again, no hysteresis loops were observed in tested sunscreen creams.

Figure 6. Viscous behavior of the sun cream formulated with selected MHG extracts from (a) C.

scoparius flowers, (b) P. ostreatus mushrooms, (c) B. rapa leaves and (d) Q. robur acorns and (e) BHT,
(f) (±)-α-tocopherol and (g) water control. Color code: distilled water (blue), thermal spring water 1
(red), thermal spring water 2 (green) and thermal spring water 3 (purple).
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4. Conclusions

Emerging MHG technology was found to be appropriate to produce extracts with antioxidant
properties. The highest total solid extraction yield was obtained from P. ostreatus mushroom whereas the
lowest energy requirements were identified for Q. robur acorns. This last sample divided into quarters
also displayed the highest DPPH data. C. scoparius flowers provided the extracts with the highest total
phenolic content, TEAC, and FRAP values and total carotenoid content. B. rapa extracts from MHG was
not relevant in contraposition with their ethanolic extracts that disclosed relevant bioactive properties
in combination with acorns divided into quarters. These samples showed the most noticeable total
lipid content by SLE and MHG, respectively. B. rapa supplied the highest total protein content and
carbohydrate concentration by MHG extraction systems. The color features and total carotenoid content
of the studied extracts presented a strong correlation. In relation to the cosmetic application of the MHG
extracts, Q. robur acorns divided into quarters registered the highest anti-elastase and anti-tyrosinase
capacities. The use of these extracts into sunscreen creams with three different thermal spring waters
disclosed that their chemical and bioactive features were like those with added commercial antioxidants.
The combination of P. ostreatus and B. rapa extracts with thermal spring water 3 offered the most suitable
mechanical properties favoring the skin cream application. Further studies need to focus on improving
the rheological properties at different temperatures over time in combination with the sensorial analysis
of the formulated cosmetic emulsions. Finally, MHG lab-scale studies should be applied to pilot scale,
following the suitable results previously found for the MHG technique applied to pilot-scale solvent-free
microwave extraction of polyphenols from Lettuce sativa [71].

Supplementary Materials: The following are available online. Figure S1: Effect of the microwave irradiation
power during microwave hydrodiffusion and gravity (MHG) extraction at 100 W (a) aqueous phase collected
and (b) extraction yield of total solid of aqueous phase recovered of the different supplied raw materials. Values
of the required energy consumption required are also summarized for comparative purposes; Figure S2: Total
solid content of the sun cream formulated with distilled or thermal waters and with selected MHG extracts from
defrosted C. scoparius flowers (grey bars), defrosted fruiting bodies of P. ostreatus mushrooms (bars with vertical
lines), defrosted B. rapa leaves (texture bars) and quarters of Q. robur acorns (zigzag bars). For comparative
purpose, data of sun cream formulated with BHT (bars with horizontal lines), (±)-α-tocopherol (dotted bars) and
water control (squared bars) are also showed; Figure S3: Evolution of pH values during accelerated oxidation
determination of the sun cream formulated with distilled or thermal waters and with selected MHG extracts from
defrosted C. scoparius flowers (dark grey bars), defrosted fruiting bodies of P. ostreatus mushrooms (light grey
bars), defrosted B. rapa leaves (grey bars) and quarters of Q. robur acorns (bars with vertical lines) and BHT (bars
with horizontal lines), (±)-α-tocopherol (dotted bars) and water control (squared bars) with (a) distilled water,
(b) thermal spring water 1, (c) thermal spring water 2 and (d) thermal spring water 3; Figure S4: Evolution of
thiobarbituric acid reactive substances (TBARS) during accelerated oxidation determination of the sun cream
formulated with distilled or thermal waters and with selected MHG extracts from defrosted C. scoparius flowers
(dark grey bars), defrosted fruiting bodies of P. ostreatus mushrooms (light grey bars), defrosted B. rapa leaves (grey
bars) and quarters of Q. robur acorns (bars with vertical lines) and BHT (bars with horizontal lines), (±)-α-tocopherol
(dotted bars) and water control (squared bars) with (a) distilled water, (b) thermal spring water 1, (c) thermal
spring water 2 and (d) thermal spring water 3.
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48. Rakic, S.; Petrović, S.; Kukić, J.; Jadranin, M.; Tesevic, V.; Povrenovic, D.; Siler-Marinkovic, S. Influence of
thermal treatment on phenolic compounds and antioxidant properties of oak acorns from Serbia. Food Chem.

2007, 104, 830–834. [CrossRef]
49. Cipolatti, E.P.; Remedi, R.D.; Sá, C.D.S.; Rodrigues, A.B.; Ramos, J.M.G.; Burkert, C.A.V.; Furlong, E.B.;

Burkert, J.F.D.M. Use of agroindustrial byproducts as substrate for production of carotenoids with antioxidant
potential by wild yeasts. Biocatal. Agric. Biotechnol. 2019, 20, 101208. [CrossRef]

50. Neha, P.; Pandey-Rai, S. Biochemical activity and therapeutic role of antioxidants in plants and humans. In
Plants as a Source of Natural Antioxidants; CABI Publishing: Wallingford, UK, 2014; pp. 191–224.

51. Frede, K.; Schreiner, M.; Baldermann, S. Light quality-induced changes of carotenoid composition in pak
choi Brassica rapa ssp. chinensis. J. Photochem. Photobiol. B Boil. 2019, 193, 18–30. [CrossRef] [PubMed]

52. Bessa, L.C.; Ferreira, M.C.; Rodrigues, C.E.; Batista, E.A.; Meirelles, A.J. Simulation and process design of
continuous countercurrent ethanolic extraction of rice bran oil. J. Food Eng. 2017, 202, 99–113. [CrossRef]

53. Page, J.C.; Arruda, N.P.; Freitas, S.P. Crude ethanolic extract from spent coffee grounds: Volatile and functional
properties. Waste Manag. 2017, 69, 463–469. [CrossRef]

54. Thavarajah, D.; Thavarajah, P.; Abare, A.; Basnagala, S.; Lacher, C.; Smith, P.; Combs, G.F. Mineral
micronutrient and prebiotic carbohydrate profiles of USA-grown kale (Brassica oleracea L. var. acephala). J.

Food Compos. Anal. 2016, 52, 9–15. [CrossRef]
55. Rachmawati, H.; Sundari, S.; Nabila, N.; Tandrasasmita, O.M.; Amalia, R.; Siahaan, T.J.; Tjandrawinata, R.R.;

Ismaya, W.T. Orf239342 from the mushroom Agaricus bisporus is a mannose binding protein. Biochem. Biophys.

Res. Commun. 2019, 515, 99–103. [CrossRef] [PubMed]
56. Zhang, M.; Liu, Y.; Song, C.; Ning, J.; Cui, Z. Characterization and functional analysis of a novel

mannose-binding lectin from the swimming crab Portunus trituberculatus. Fish Shellfish. Immunol. 2019, 89,
448–457. [CrossRef] [PubMed]

57. Adekunte, A.; Tiwari, B.; Cullen, P.; Scannell, A.; O’Donnell, C. Effect of sonication on colour, ascorbic acid
and yeast inactivation in tomato juice. Food Chem. 2010, 122, 500–507. [CrossRef]

58. Afonso, C.; Hirano, R.; Gaspar, A.; Chagas, E.; Carvalho, R.; Silva, F.; Leonardi, G.; Lopes, P.; Silva, C.;
Yoshida, C. Biodegradable antioxidant chitosan films useful as an anti-aging skin mask. Int. J. Boil. Macromol.

2019, 132, 1262–1273. [CrossRef] [PubMed]
59. Conesa, A.; Manera, F.; Brotons, J.; Fernandez-Zapata, J.; Simón, I.; Simón-Grao, S.; Alfosea-Simón, M.;

Nicolás, J.M.; Valverde, J.; García-Sanchez, F. Changes in the content of chlorophylls and carotenoids in the
rind of Fino 49 lemons during maturation and their relationship with parameters from the CIELAB color
space. Sci. Hortic. 2019, 243, 252–260. [CrossRef]

60. Bom, S.; Jorge, J.; Ribeiro, H.; Marto, J. A step forward on sustainability in the cosmetics industry: A review.
J. Clean. Prod. 2019, 225, 270–290. [CrossRef]

61. Chiocchio, I.; Mandrone, M.; Sanna, C.; Maxia, A.; Tacchini, M.; Poli, F. Screening of a hundred plant extracts
as tyrosinase and elastase inhibitors, two enzymatic targets of cosmetic interest. Ind. Crops Prod. 2018, 122,
498–505. [CrossRef]

62. Delgado-Outeiriño, I.; Araujo-Nespereira, P.; Cid-Fernández, J.; Mejuto, J.C.; Martínez-Carballo, E.;
Simal-Gandara, J. Behaviour of thermal waters through granite rocks based on residence time and inorganic
pattern. J. Hydrol. 2009, 373, 329–336. [CrossRef]

63. Nurjanah; Luthfiyana, N.; Hidayat, T.; Nurilmala, M.; Anwar, E. Utilization of seaweed porridge Sargassum

sp. and Eucheuma cottonii as cosmetic in protecting skin. IOP Conf. Ser. Earth Environ. Sci. 2019, 278, 012055.

91



Molecules 2020, 25, 92

64. Ospina, M.; Montaña-Oviedo, K.; Díaz-Duque, Á; Toloza-Daza, H.; Narváez-Cuenca, C.-E. Utilization of fruit
pomace, overripe fruit, and bush pruning residues from Andes berry (Rubus glaucus Benth) as antioxidants
in an oil in water emulsion. Food Chem. 2019, 281, 114–123. [CrossRef] [PubMed]

65. Pandolsook, S.; Kupongsak, S. Storage stability of bleached rice bran wax organogels and water-in oil
emulsions. J. Food Meas. Charact. 2019, 13, 431–443. [CrossRef]

66. Houlden, R.J. Viscosity vs. rheology: Why it is important to formulators. Personal Care 2017. Available
online: https://www.personalcaremagazine.com/story/24670/viscosity-vs-rheology-why-it-is-important-
to-formulators (accessed on 22 November 2017).

67. Houlden, R.J. The Influence of Rheology on Sunscreen Performance and SPF—Are Highly Thixtotropic Products Not

Providing Enough Protection? TKS Publisher: Milan, Italy, 2018; Volume 13.
68. López-Hortas, L.; Conde, E.; Falqué, E.; Domínguez, H.; Torres, M.D. Preparation of Hydrogels Composed

of Bioactive Compounds from Aqueous Phase of Artichoke Obtained by MHG Technique. Food Bioprocess

Technol. 2019, 12, 1304–1315. [CrossRef]
69. López-Hortas, L.; Conde, E.; Falqué, E.; Domínguez, H.; Torres, M. Recovery of aqueous phase of broccoli

obtained by MHG technique for development of hydrogels with antioxidant properties. LWT 2019, 107,
98–106. [CrossRef]

70. Nooeaid, P.; Chuysinuan, P.; Techasakul, S. Alginate/gelatine hydrogels: characterisation and application of
antioxidant release. Green Mater. 2017, 5, 1–12. [CrossRef]

71. Pierson, J.T.; Perino-Issartier, S.; Ruiz, K.; Cravotto, G.; Chemat, F. Laboratory to pilot-scale optimization of
microwave hydrodiffusion and gravity: Solvent-free polyphenols extraction from lettuce. Food Chem. 2016,
204, 108–114.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

92



molecules

Article

Immunomodulatory Effects of the Meretrix Meretrix
Oligopeptide (QLNWD) on Immune-Deficient Mice

Wen Zhang 1,†, Lei Ye 1,†, Fenglei Wang 2, Jiawen Zheng 1, Xiaoxiao Tian 1, Yan Chen 1,* ,

Guofang Ding 1 and Zuisu Yang 1

1 Zhejiang Provincial Engineering Technology Research Center of Marine Biomedical Products, School of Food
and Pharmacy, Zhejiang Ocean University, Zhoushan 316022, China; zhangwen1225z@163.com (W.Z.);
Gamma59777@163.com (L.Y.); jwzheng1996@163.com (J.Z.); TIANXIAOXIAO0208@163.com (X.T.);
dinggf2007@163.com (G.D.); abc1967@126.com (Z.Y.)

2 Zhejiang Hailisheng Group Co., Ltd., Zhoushan 316021, China; 662199.w@163.com
* Correspondence: cyancy@zjou.edu.cn; Tel.: +86-0580-226-0600; Fax: +86-0580-254-781
† These authors contributed equally to this work.

Received: 4 November 2019; Accepted: 3 December 2019; Published: 5 December 2019
����������
�������

Abstract: The aim of this study was to explore the immunomodulatory effects of the Meretrix

meretrix oligopeptide (MMO, QLNWD) in cyclophosphamide (CTX)-induced immune-deficient mice.
Compared to untreated, CTX-induced immune-deficient mice, the spleen and thymus indexes of mice
given moderate (100 mg/kg) and high (200 mg/kg) doses of MMO were significantly higher (p < 0.05),
and body weight loss was alleviated. Hematoxylin-eosin (H&E) staining revealed that MMO reduced
spleen injury, thymus injury, and liver injury induced by CTX in mice. Furthermore, MMO boosted the
production of immunoglobulin G (IgG) and hemolysin in the serum and promoted the proliferation
and differentiation of spleen T-lymphocytes. Taken together, our findings suggest that MMO plays a
vital role in protection against immunosuppression in CTX-induced immune-deficient mice and could
be a potential immunomodulatory candidate for use in functional foods or immunologic adjuvants.

Keywords: Meretrix meretrix oligopeptides; cyclophosphamide; immunomodulatory; immune-deficient mice

1. Introduction

Immunoregulation can be broadly divided into positive regulation and negative regulation,
both of which are the result of complex regulation of the immune system. Sometimes regulation
in only one direction is triggered, but most immune regulation is bidirectional in order to
maintain a stable steady-state. Immunomodulators can be classified into three general types:
immunopotentiators, immunosuppressants, and two-way immunomodulators [1–3]. When the
body experiences diseases or immune abnormalities, the application of immunomodulators can
restore immune function to normal. There are many types of immunomodulators, such as bacterial
preparations (e.g., lipopolysaccharide (LPS)), chemical preparations (e.g., cyclophosphamide (CTX)),
and biochemical preparations (e.g., thymosin) [4]. However, some chemical immunomodulators
have serious side effects, which not only have a specific inhibitory effect on the cause of immune
diseases, but also have general inhibitory effects on normal tissue cells [5]. Inflammation, infection,
tumors, organ bleeding, and loss of pregnancy have all been reported as being induced after the
administration of chemical immunomodulators [6]. Untreated chronic inflammation, however, inhibits
natural killer (NK) cells and T cells, which are key participants in the immune system, and limits the
success of immunotherapy [7]. More recently, immunomodulators from natural extracts have attracted
much attention in the field due to their lesser side-effects when used in humans [8,9]. For example,
Hong et al. [10] showed that Cervus nippon mantchuricus extract (NGE) has immuno-enhancing effects
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on RAW264.7 macrophage cells in immunosuppressed mice. Purified leaf extracts of Melia azedarach L.
(CDM) exerted anti-herpetic activity, inhibited NFκB translocation to the nucleus, and modulated both
interleukin (IL)-6 and tumor necrosis factor-alpha (TNF-α) responses in macrophages in one recent
study [11]. Therefore, further exploration of natural and effective immunomodulators with lesser side
effects seems to be a very worthwhile research pursuit.

Bioactive peptides are small proteins, composed of amino acids, which often have unique
physiological functions not possessed by large proteins or their constituent amino acids, such as
antibacterial, antiviral, anti-oxidant, antifungal, calcium-binding, or anti-tumor properties [12–14].
Moreover, many bioactive peptides can be absorbed and digested even more quickly than free
amino acids, and thus have become popular research topics and promising functional factors in the
international food industry [15]. As the most common kind of bioactive peptide, immunologically active
peptides stimulate the proliferation of lymphocytes, enhance the phagocytic abilities of macrophages,
improve the body’s resistance to external pathogens, and generally enhance the body’s immunity
to infection. Recently, such immunoregulatory peptides have attracted much research attention.
For example, Yang et al. [16] reported that a marine oligopeptide from chum salmon could significantly
enhance the capacity of lymphocyte proliferation in mice. Gao et al. [17] reported that collagen
hydrolysates from yak bones exhibited immunomodulatory effects on CTX-induced immunosuppressed
mice by increasing both innate and adaptive immunity. Li et al. [18] reported that a novel pentapeptide
(RVAPEEHPVEGRYLV) from Cyclina sinensis could stimulate macrophage activity to activate the
NFκB signaling pathway, and further in vivo studies revealed that this novel pentapeptide has
immunomodulatory effects on CTX-induced immunosuppression in mice [19].

In a previous study of ours, an oligopeptide (QLNWD) was purified from the hydrolysate of
Meretrix meretrix oligopeptide (MMO), and was shown to have the ability to aid in reversing the effects
of nonalcoholic fatty liver disease (NAFLD) in mice [20]. We also investigated the immunomodulatory
effect of this oligopeptide in vitro [21], and our results indicated that MMO has the effect of promoting
the activation of RAW264.7 cells and the potential to enhance the non-specific immunity. However, the
immunoregulatory activity of this oligopeptide in vivo is unknown. The aim of the present study was
to explore the immunomodulatory effects of MMO on mice with CTX-induced immunosuppression
in vivo. The effects of MMO on the thymus and spleen indexes of the mice were investigated, as well
as morphological changes to their spleens, thymuses, and livers as observed microscopically using
hematoxylin-eosin (H&E) staining. The stimulation index change in spleen T-lymphocytes was also
determined in the present study. This study will provide a foundation for the further development of
MMO as an immunopotentiator.

2. Results and Discussion

2.1. Comparison of Body Weight

The body weight of mice is a direct indicator of their physical condition. Previous evidence has
shown that weight recovery can effectively increase the number of T-cell subsets and macrophages,
which are vital components of the murine immune system [22–24]. As shown in Figure 1, it was
observed that the weights of the mice in the positive drug or MMO-treated groups were significantly
reduced when compared to the control group in the five days prior to the commencement of the study.
Over the next 10 days, the mice in both the positive control group and the MMO-treated group saw
marked increases in their body weights. However, the body weight of mice in the disease model became
stable after 7 days, as it seems that CTX can cause immunodeficiency in mice, resulting in reduced
appetite. This result indicated that MMO had an effect on alleviating the degree of immunosuppression
induced by CTX on the mice.
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Figure 1. The body weight changes of immunosuppressed study mice. Negative control: saline;
positive control: 25 mg/kg of levamisole; disease model: 80 mg/kg of CTX; low-dose MMO: 50 mg/kg
of MMO; medium-dose MMO: 100 mg/kg of MMO; and high-dose MMO: 200 mg/kg of MMO.

2.2. Thymus and Spleen Indexes

The thymus and spleen are representative immune organs. The thymus is one of the primary
lymphoid organs [25], and the innate and adaptive immune responses to antigens and pathogens are
initiated by the spleen, which is considered to be an important organ for assessing immune system
function [26]. The thymus and spleen indexes can thus be used to roughly estimate the strength of
immune function, which is a superficial and lagging indicator [27]. Our results showed that the spleen
and thymus indexes of the model group were visibly reduced (p < 0.05) when compared to the negative
control group. The spleen indexes of the middle (100 mg/kg) and high (200 mg/kg) MMO groups
were significantly higher than those of the model group (p < 0.05), which was similar for their thymus
indexes as well (Figure 2). These results indicate that MMO may be able to effectively alleviate the
atrophy of both the spleen and the thymus caused by CTX.

Figure 2. MMO-induced changes to the immune organ indexes of mice. *, a significant difference when
compared to the negative control (p < 0.05); #, a significant difference when compared to the disease
model, p < 0.05 values were considered to be statistically significant.
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2.3. Morphological Observations of Mouse Organs

To gain further insight into the effectiveness of MMO on CTX-induced immunosuppression in the
mice, H&E staining was used to observe subtle morphological changes to the spleens, thymus glands,
and livers of the mice in each group (Figures 3–5).

The spleen is the largest immune organ of the body, accounting for 25% of the total lymphoid
tissue, and also contains a large number of lymphocytes, dendritic cells, neutrophils, natural killer
cells, and macrophages [28]. As shown in Figure 3, there was a clear dividing line between the red and
white medulla in the normal group (Figure 3A). The splenic corpuscle in the white medulla was nearly
round, the lymphatic sheath structure around the artery was complete, the splenic cord in the red
medulla was connected, and the splenic sinus was obvious. In the model group, the boundary between
the white pulp and the red pulp was blurred and the splenic corpuscle in the white pulp was scattered
(Figure 3B). Compared to the normal group, the lymphatic sheath around the artery was thinner and
the area of the red pulp was smaller, which suggested that CTX may have damaged the T and B cells in
the spleen, significantly reduced the lymphoid tissue, and led to overall atrophy of the spleen. In the
positive control group, multiple intact splenic corpuscles were seen, with an enlarged white medullary
margin and thickened lymphatic sheath around the central artery (Figure 3C). The general structure of
the splenic corpuscle was observed in the low-dose MMO group, but the boundary between the red
and white medulla was still not obvious (Figure 3D). In the medium-dose MMO group, the marginal
area of white pulp could be observed (Figure 3E). Red and white medulla were clearly observed in
the high-dose MMO group and the white medulla margins were widened (Figure 3F). Overall, MMO
gradually returned the spleen structure to an organizational form similar to that of the normal group.
The white pulp part, for example, became clearer and, for the high-dose MMO group in particular,
presented with a shape very similar to that of the positive control group. These results suggest that
MMO can restore lymphocyte white marrow, increase T and B cells in marginal regions, and reduce
CTX-induced spleen cell apoptosis in mice [29].

 

Figure 3. H&E staining of mouse spleen (×400). R: red medulla; W: white medulla; M1: marginal
area; C1: central artery. (A) Negative control; (B) disease model; (C) positive control; (D) low-dose
(50 mg/kg) MMO; (E) medium-dose (100 mg/kg) MMO; and (F) high-dose (200 mg/kg) MMO.

Thymus atrophy also showed a similar trend in all of the mice. The cortex of the thymus
contains thymocytes, which produce thymosin that can stimulate the proliferation and differentiation
of T-lymphocytes, activate the major histocompatibility complex (MHC) colony factor transmitting
signal [30], and accelerate the presentation of antigens. In the normal group, cortical and medullary
structures were clear and distinct and obvious thymus bodies were observed in the medulla (Figure 4A).
In the model group, the cortex and medulla were intercalated, the thymus corpuscle was shrunken
and unclear in the visual field, the cortical area was smaller, and the number of T-lymphocytes was
significantly reduced (Figure 4B), which all indicate significant immunosuppression when compared
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to the normal group. Cells and T-lymphocytes in the thymus of the positive control group were
significantly increased when compared to the negative control group and multiple thymus corpuscles
were observed in the visual field (Figure 4C). The cortex and medulla of the low-dose MMO group
still could not be distinguished, but there was an increase in T cells in the cortex (Figure 4D). In the
medium-dose MMO group, the cortex and medulla could be distinguished only roughly (Figure 4E).
In the high-dose MMO group, however, the cortex and medulla were distinct and T-lymphocytes
were significantly increased (Figure 4F)—a similar morphology to that of the positive control group.
With increasing doses of MMO, cortical thymocytes increased, which demonstrated that MMO could
activate the immune response and reduce the thymus injury induced by CTX [30].

 

Figure 4. H&E staining of mice thymus (×200). C2: cortical; M2: medulla; T: thymus corpuscle.
(A) Negative control; (B) disease model; (C) positive control; (D) low-dose (50 mg/kg) MMO;
(E) medium-dose (100 mg/kg) MMO; and (F) high-dose (200 mg/kg) MMO.

 

Figure 5. H&E staining of mice livers (×400). C3: central vein; H: hepatic cord; L: liver sinusoidal.
(A) Negative control; (B) disease model group; (C) positive control; (D) low-dose (50 mg/kg) MMO;
(E) medium-dose (100 mg/kg) MMO; and (F) high-dose (200 mg/kg) MMO.

The liver is the central hub of the body’s metabolism, with functions such as detoxification
and hematopoiesis [31]. To investigate whether there was an effect on the liver after using
immunosuppressive agents and MMO, the histological structure of the mouse liver was observed.
The hepatic lobule structure of the negative control group was clear and complete, with radial hepatic
cords that radiated out in all directions and were arranged neatly around the central vein. Morphology
of the hepatocytes was also regular and liver sinusoidal structures were observed (Figure 5A). In the
disease model group, the hepatic cord was ruptured and disordered and degeneration and necrosis
of hepatocytes was evidenced by a reduction in vacuoles and even absence of part of the nucleus.
The structure of the liver sinusoids was not obvious, indicating that the cytotoxicity of CTX caused
damage to the mouse liver (Figure 5B). In the positive control group, the hepatic cord around the
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central vein recovered to the radial structure and the hepatocyte nucleus also showed a round shape
(Figure 5C). The liver morphologies of the medium-dose and the high-dose MMO groups both bore a
close resemblance to that of the positive control group (Figure 5E,F). Our results showed that MMO
can effectively reduce the cytotoxicity of CTX-induced liver injury in mice.

2.4. Serum Immunoglobulin G (IgG) Levels

IgG is one of the most abundant proteins in human serum, accounting for about 10–20% of plasma
protein [32]. Detection of IgG levels can help to indirectly judge the immune function of the body [33].
Vikas et al. [34] explored the changes in IgG levels in mice treated with galactose. The results showed
that the IgG concentration in the galactose-treated mice was higher than that of the normal group,
indicating that galactose had the potential to upregulate IgG production. The effect of MMO on IgG
content in mice serum is shown in Figure 6. The IgG level in the model group was markedly reduced
when compared to the negative control group (p < 0.05). From the doses of 50 mg/kg to 200 mg/kg, the
MMO-treated groups seemed to have significant dose-dependent increases in IgG levels (p < 0.05),
when compared to the disease model group. Moreover, the IgG levels in the high-dose MMO group
were higher than the negative control and close to the positive control group, which suggests that
high doses of MMO have a very beneficial effect on the restoration of serum immunoglobulins in
immunocompromised mice.

−

Figure 6. The effects of MMO on immunoglobulin G (IgG) content in mouse serum. *, a significant
difference when compared to the negative control, p < 0.05. #, a significant difference when compared
to the disease model, p < 0.05. p < 0.05 values were considered to be statistically significant.

2.5. Serum Hemolysin

Hemolysin reflects the proliferation and differentiation of hemolytic B cells and is one of the main
nonspecific indexes used to measure the immune function of the body [35,36]. The half hemolysis
value (HC50) and the hemolysin proliferation rate are routinely used to evaluate the effects of natural
extract products on humoral immunity in mice [36]. As shown in Table 1, in contrast to the negative
control group, the HC50 of the model group dropped by 0.68 ± 0.05. However, the HC50 levels of
the MMO-treated groups (50, 100, 200 mg/kg) were raised by 0.26 ± 0.05, 1.69 ± 0.02, and 3.20 ± 0.05,
respectively. The proliferation rate of hemolysin in the disease model group was −0.78% ± 0.05 when
compared to the negative control group, which indicated that serum hemolysin was inhibited by CTX.
However, the proliferation rates of the MMO-treated groups exceeded that of the negative control group
across the board, suggesting a supra-accelerating effect of MMO on CTX-damaged mice. Similarly,
Pan et al. [35] reported that milk protein hydrolysate (MPH) increased immunological function by
triggering hemolysin formation in mice. Liu et al. [37] showed that cottonseed meal oligopeptide (PFC)
significantly increased the HC50 levels in mice by 1.39 ± 0.45, 2.59 ± 0.20, and 2.46 ± 0.41 when given
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doses of 5 mg/mL, 10 mg/mL, and 20 mg/mL, respectively. Our results were consistent with these
findings and indicated that MMO has the effect of alleviating immunosuppression induced by CTX
in mice.

Table 1. The effect of MMO on HC50 and the hemolysin proliferation rate.

Group HC50 Proliferation Rate %

Negative Control 87.58 ± 0.05 0
Diseased Model 86.90 ± 0.05 −0.78 ± 0.05
Positive Control 91.39 ± 0.03 * 4.35 ± 0.03 *

Low-dose 87.84 ± 0.10 0.29 ± 0.10
Medium-dose 89.27 ± 0.07 1.92 ± 0.07

High-dose 90.78 ± 0.05 * 3.65 ± 0.05 *

Note: * indicates a significant difference over the Negative Control group.

2.6. T Lymphocyte Assessment

As the main cells in both the thymus and the spleen, T-lymphocytes can assist B cells to produce
antibodies, kill target cells, and promote mitogen responses [38,39]. Relevant studies have reported that
mitogens, such as Concanavalin A (ConA) and phytohemagglutinin (PHA), can stimulate lymphocytes
to release a wide variety of cytokines in vitro as well as induce the simultaneous stimulatory and
inhibitory activities of different T cell populations [40]. Evidence has shown that one effect of ConA
stimulation of T-lymphocytes may be to enhance endocytosis of the cell membrane and studies have
speculated that cell density and cell contact area are associated with the stimulation of ConA, reaching a
peak of growth at 24 h [41,42]. In this study, we used ConA to stimulate spleen T-lymphocytes extracted
from the spleens of each group of mice and observed the stimulation effects after 24 h. We observed
that the stimulation of T-lymphocytes in the model group was lower than in the negative control, which
indicated that CTX inhibited the responses of T cells in the lymphatic systems of those mice. The net
proliferation of T-lymphocytes in the low-dose (50 mg/kg) MMO group was similar to that of the model
group. However, the net proliferation of T-lymphocytes in the high-dose MMO-treated group was
higher than that of the negative control group, indicating that MMO stimulated the proliferation of
T-lymphocytes and reduced the inhibitory effects of CTX on T-lymphocytes in those mice (Figure 7).
Combined with the H&E staining results, we speculated that spleen atrophy was reduced by MMO
and that the activity of T-lymphocytes was increased in CTX-immunocompromised mice.

−

Figure 7. The stimulation index change induced by MMO in spleen T-lymphocytes from mice.
*, a significant difference when compared to the negative control (p< 0.05); #, a significant difference when
compared to the disease model (p < 0.05). p < 0.05 values were considered to be statistically significant.
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3. Materials and Methods

3.1. Animals

Sixty male ICR mice (20–23 g) were provided by the Experiment Animal Center of Zhejiang
Province (certificate no SCXK 2014-0001). All the mice were kept under conventional and uniform
conditions at 22 ◦C. The study proceeded after the mice were given seven days to acclimatize to their
new environment.

3.2. Materials and Chemical Reagents

The MMO (QLNWD) [13] used for the experiments was synthesized by China Peptides Co., Ltd.
(Shanghai, China). The CTX and levamisole were provided by Shanghai Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). An H&E staining kit was supplied by Nanjing Jiancheng Bioengineering
Institute (Jiangsu, China). Sheep red blood cells (SRBC) and guinea pig serum were obtained from
Zhengzhou Baiji Biological Engineering Co. Ltd. (Henan, China). A mouse IgG enzyme linked
immunosorbent assay (ELISA) kit was purchased from Shanghai Fusheng Industrial Co. Ltd. (Shanghai,
China). Hanks’ balanced salt solution (HBSS) and ConA were purchased from Solarbio (Beijing, China).
NLRP3 rabbit monoclonal antibody was purchased from Cell Signaling Technology (Massachusetts,
USA). A 3,3′-diaminobenzidine (DAB) immunohistochemistry color development kit was purchased
from BBI Life Science Corporation Co., Ltd. (Shanghai, China). Ammonium-chloride-potassium (ACK)
lysis buffer was offered by Beyotime Biotechnology (Shanghai, China).

3.3. Animal Groupings and Treatments

Animal groupings and procedures were performed according to the methods in Zhang et al. [43]
with some slight modifications. The mice were randomly divided into 6 groups, each of which
contained 10 mice. Each mouse had its body weight recorded, received an intraperitoneal injection of
0.2 mL, and was fed the same weight of feed every day at the same time. The experimental groups were
administered three dosage concentrations of MMO: 50 mg/kg body weight (BW) (low dose), 100 mg/kg
BW (medium dose), and 200 mg/kg BW (high dose). The negative control group and the disease model
group were given normal saline (NS, 0.9% NaCl) injections. The positive control group was protected
from the effects of CTX by 2.5 mg/kg BW of levamisole given over 10 days prior to the experiment [44].
On day 1 of the experiment, all groups except the negative control group were injected with 80 mg/kg
BW CTX (Table 2, after having fasted without water deprivation for 24 h beforehand [45].

Table 2. Mice groupings and treatments.

Group
Pre-Treatment (10 days) Treatment (5 days)

Dose (0.2 mL) Dose (0.2 mL)

Negative Control NS NS
Disease Model NS CTX (80 mg/kg BW)

Positive Control Levamisole (25 mg/kg BW) CTX (80 mg/kg BW)
Low Dose MMO (50 mg/kg BW) CTX (80 mg/kg BW)

Medium Dose MMO (100 mg/kg BW) CTX (80 mg/kg BW)
High Dose MMO (200 mg/kg BW) CTX (80 mg/kg BW)

3.4. Body Weight and Immune Organ Index Changes

The body weights of all mice were recorded once every other day for 15 days total. Before being
sacrificed by cervical dislocation, each mouse was weighed a final time. The immune organs and
the spleen and thymus glands were harvested, rinsed using NS, blotted by gauze immediately, and
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weighed in order to calculate each mouse’s immune organ index (IOI) using Equation (1), before finally
proceeding to dissection:

IOI =
immune organ weight

bodyweight
× 100%. (1)

3.5. Histomorphological Observation

Following dissection, the tissues were fixed in 4% paraformaldehyde for 24 h to 48 h, embedded
in paraffin, sliced to 5 µm sections, stained using an H&E staining kit, and sealed with neutral gum.
The histomorphological changes of the organ tissues of each group were observed under an optical
microscope (CX31, Olympus) and photographed with a CCD-NC 6051 photographic system.

3.6. Determination of IgG Serum Content

Blood was sampled from the eyes 24 h after each mouse’s last intraperitoneal injection. The serum
and plasma were separated using a refrigerated centrifuge (4 ◦C, 5000 rpm, 5 min). The amount of IgG
in the serum was measured by a mouse IgG ELISA kit from Shanghai Fusheng Industrial Co. Ltd.

3.7. Detection of Serum Hemolysin

The mice serum samples were diluted 100-fold in 96-well plates at 100 µL per well. The sample
wells were mixed with 5% sheep red blood cells (SRBC) (50 µL) and 10% guinea pig serum (50 µL),
while control wells had just 5% SRBC (50 µL) added to them. The 96-well plates were placed in a 37 ◦C
water bath for 30 min, after which the reaction was stopped in ice water and the supernatants were
collected and analyzed at 540 nm in a microplate reader (SpectraMax M2, Molecular Devices, San Jose,
CA, USA). The half hemolysis value (HC50) and the hemolysin content change showed the change of
hemolysin in the serum samples of the mice (Equations (2) and (3)).

HC50 =
OD value of sample× dilution ratio

OD value of SRBC
, (2)

Proliferation rate =
(HC50 of sample−HC50 of control)

HC50 of control
. (3)

3.8. Proliferation of Spleen T-Lymphocytes

Mice spleen T-lymphocytes were extracted by the method described by Cai et al. [46]. The spleens
of the mice were carefully dissected on a sterile bench, washed with HBSS, cleaned of blood and
unrelated tissues, and ground on a 200-mesh stainless steel mesh, after which the cells were collected in
a clean centrifuge tube. After being centrifuged at 1000 rpm for 5 min, the supernatant was discarded
and the pellet was mixed with 2 mL of ammonium-chloride-potassium (ACK) lysis buffer for 5 min,
washing three times with HBSS in between each step. After centrifugation under uniform conditions,
the remaining cells were resuspended in RPMI-1640 complete medium, cultured in a cell culture
incubator for 12 h, and stored for subsequent multiplex reaction experiments.

The T lymphocyte multiplication experiment method described by Ye et al. [47] was adopted
for this study as well. The pre-preparation cell suspension was then put into a 96-well plate and
the number of cells was 1 × 106 cells/mL. Each concentration was set into four complex wells
(200 µL). Then, 10 µL of ConA (5 µg/mL) was added among 2 wells and 10 µL NS added as
control. The plate was incubated in an incubator (37 ◦C, 5% CO2) for 24 h, to which was added
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) during the 20 h. Finally,
it was treated with 150 µL DMSO for 10 min and the absorbance was detected under 490 nm. The T
lymphocyte-multiplication extent was represented by the stimulation index (SI), calculated as shown
below Equation (4):

SI =
OD value of sample well (average)

OD value of control (average)
(4)
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3.9. Statistical Analysis

The experimental data were analyzed and processed by SPSS 19.0 statistical software. The figures
were expressed as mean ± standard deviation (SD), analyzed using a one-way analysis of variance
(ANOVA) test, and p < 0.05 values were considered to be statistically significant.

4. Conclusions

In general, we have conclusively shown that MMO has immunomodulatory effects on
CTX-immunocompromised mice. Compared to the disease model group, 100 mg/kg and 200 mg/kg
doses of MMO were shown to significantly increase the spleen and thymus indexes (p < 0.05) and
alleviate CTX-induced body weight loss in our experimental mice. The spleen immune injuries and
thymus injuries induced by CTX were also alleviated in the MMO-treated groups. Furthermore,
MMO may increase the levels of IgG and hemolysin in mouse serum and promote the proliferation
of spleen T-lymphocytes. Our findings suggest that MMO plays a vital role in protection against
immunosuppression in CTX-treated mice. Transcriptomics and proteomics will be used to further
reveal its immune regulatory mechanism in our future studies in vitro and in vivo. We hope that our
findings will provide a foundation for further study of MMO as an immunoregulatory adjuvant or
functional food additive.
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Abstract: Marine collagen peptides (MCPs) with the ability to promote cell proliferation and migration
were obtained from the skin of Nibea japonica. The purpose of MCPs isolation was an attempt to
convert the by-products of the marine product processing industry to high value-added items. MCPs
were observed to contain many polypeptides with molecular weights ≤ 10 kDa and most amino acid
residues were hydrophilic. MCPs (0.25–10 mg/mL) also exhibited 2, 2-diphenyl-1-picrylhydrazyl
(DPPH), hydroxyl, superoxide anion, and 2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
radical scavenging activities. Furthermore, MCPs promoted the proliferation of NIH-3T3 cells. In vitro
scratch assays indicated that MCPs significantly enhanced the scratch closure rate and promoted
the migration of NIH-3T3 cells. To further determine the signaling mechanism of MCPs, western
blotting was used to study the expression levels of nuclear factor kappa-B (NF-κB) p65, IκB kinase
α (IKKα), and IκB kinase β (IKKβ) proteins of the NF-κB signaling pathway. Our results indicated
protein levels of NF-κB p65, IKKα and IKKβ increased in MCPs-treated NIH-3T3 cells. In addition,
MCPs increased the expression of epidermal growth factor (EGF), fibroblast growth factor (FGF),
vascular endothelial growth factor (VEGF), and transforming growth factor (TGF-β) in NIH-3T3 cells.
Therefore, MCPs, a by-product of N. japonica, exhibited potential wound healing abilities in vitro.

Keywords: Nibea japonica; marine collagen peptides; proliferation; wound healing; processing by-products

1. Introduction

Owing to the boom in marine product processing industry, there is a huge production of
by-products that are either discarded or simply used as animal feed or fertilizer [1,2]. Hence, there
is an urgent requirement to explore methods for using such by-products to yield high value-added
items. Bioactive peptides from marine resources possess several physiological functions, including
antioxidative [3], anticancer [4], antibacterial [5], angiotensin-converting-enzyme (ACE) inhibitory [6],
immunomodulatory [7], hepatoprotective [8], and wound healing activities [9]. Therefore, extraction of
bioactive peptides from marine wastes and by-products might offer new avenues for their utilization,
consequently preventing environmental pollution and creating enormous economic benefits [6,10].

Collagen extracted from marine by-products is in demand due to the absence of religious
restrictions on its use, low immunogenicity, and non-cytotoxicity [11,12]. Marine collagen undergoes
enzymatic and chemical hydrolysis to generate marine collagen peptides (MCPs). [13]. Compared
to collagen, MCPs possess several advantages, such as ease of absorption for its lower molecular
weight and unique physiological functions (including antioxidation) [3,14], high affinity to calcium [15],
antihypertensive [16,17], and wound healing activities [18,19].
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Currently, the effects of collagen peptides or their combinations with other functional ingredients
on wound healing have been the focus of many studies because of their outstanding antioxidant and
antimicrobial properties [13,18]. Wound healing is a complex process involving cell-matrix interactions,
inflammation, new tissue formation and tissue remodeling [19,20]. Fibroblasts are responsible for
regeneration and remodeling of connective tissue in healthy skin [18,20]. So far, there are only few
studies dedicated to explore the mechanism of wound healing induced by MCPs in vitro or in vivo.
Previous researches have shown a close association between wound healing and nuclear factor kappa
enhancer binding protein (NF-κB) signaling pathway [5,21]. NF-kB is related to cell proliferation, cell
adhesion, inflammation and elimination of reactive oxygen species (ROS) [20]. In addition, the NF-kB
signaling pathway has been reported to be involved with cutaneous [7,22] and corneal epithelial wound
healing [21]. As NF-kB signaling and MCPs are both connected to wound healing, we hypothesized
that this pathway might play an important role in wound healing induced by MCPs.

Previously, marine collagen was successfully obtained from the skin of Nibea japonica, and the
physicochemical properties and biocompatibility were determined [11,23]. In an attempt to identify
functional MCPs, in the present study, MCPs were extracted from N. japonica skins for their functional
assessment. We also analyzed the molecular weight, amino acid content and antioxidant activities of
the extracted MCPs. Our study showed that MCPs can promote cell proliferation and migration of
NIH-3T3 fibroblasts via the NF-kB signaling pathway.

2. Results and Discussions

2.1. Determination of Molecular Weight Distribution of MCPs

The HPLC spectrum of the standard molecular weight samples is shown in Figure 1A and the
regression equation obtained is as follows:

lgMw = −0.2753Rt + 7.3148 (1)

Figure 1. The HPLC spectra of the standard molecular weight samples (A) and marine collagen
peptides (MCPs) from skin of Nibea japonica (B).

The coefficient of regression (R2) was 0.9652 indicating good linear relationship and the molecular
weight distribution of MCPs could be determined based on the above equation. The HPLC spectrum
of MCPs from the N. japonica skins is shown in Figure 1B. Components less than 1, 3, 5 and 10 kDa
accounted for 55.25%, 79.29%, 85.71% and 90.31% of the spectrum respectively indicating these MCPs
primarily contained a large number of low molecular weight polypeptides. Furthermore, N. japonica

MCPs had better water solubility than the marine collagen [11] essentially because their low molecular
weight structures possess many water-exposed polar amino acid residues, leading to the formation of
more hydrogen bonds [24,25].
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2.2. Amino Acid Content of MCPs

The amino acid content of MCPs from N. japonica skins is shown in Figure 2. The studied MCPs
comprised seven essential amino acids (11.49%) and ten non-essential amino acids (70.48%). Glycine
was the principal amino acid in MCPs, accounting for approximately 21.22% of the total amino acid
composition, followed by proline (10.55%), alanine (9.79%), hydroxyproline (9.28%), arginine (7.47%)
and glutamic acid (4.48%). Furthermore, no cysteine was detected in the concerned MCPs. In our
previous studies, we confirmed that the collagen from N. japonica skins is a type I collagen [11,23].
Cysteine being exclusively present in type III collagen [12] our results confirm our previous observation.
MCPs usually contain a high concentration of Gly-Xaa-Yaa triplets, where Xaa is usually proline and
Yaa is most likely hydroxyproline [11,12]. The high content of glycine, proline and hydroxyproline
in MCPs was consistent with the high frequency of occurrence of the Gly-Pro-Hyp sequence in the
collagen. Furthermore, the glycine (21.22%), proline (10.55%), hydroxyproline (9.28%) and arginine
(7.47%) contents in MCPs from N. japonica skins was similar to that in MCPs from tilapia skin (where the
percentage of glycine, proline, hydroxyproline, and arginine were 20.92%, 11.32%, 10.28% and 7.96%,
respectively) [13]. The majority of the amino acid residues were hydrophilic, such as hydroxyproline,
arginine, glutamic acid, and aspartic acid. This was consistent with the good water solubility of MCPs
from N. japonica skins.

Figure 2. Amino acids content of MCPs extracted from skin of Nibea japonica. Note: * essential amino
acid. All assays were performed in triplicate.

2.3. Antioxidant Activity of MCPs

NADPH oxidase stimulates inflammatory cells to produce large amounts of ROS during the
inflammatory phase of wound healing [26,27]. Normally, ROS are scavenged by antioxidants, and
there is a balance between ROS production and neutralization [26]. On the contrary, this balance is
disturbed in a wound, where excessive ROS are produced. Excessive ROS induction is associated
with activation of pro-apoptotic proteins resulting in cell death and necrosis and can be harmful for
wound healing. MCPs are widely used in the skin care industry to promote wound healing due to
their antioxidant properties and other beneficial properties [28]. Therefore, the antioxidant activities
of MCPs (0.25–10 mg/mL) from the skin of N. japonica were evaluated using four different radical
scavenging assays.

As illustrated in Figure 3, MCPs (0.25–10 mg/mL) obtained from N. japonica skins could scavenge
DPPH, hydroxyl, superoxide anion and ABTS radicals. The concentration of MCPs was related to the
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scavenging activities of these four free radicals. The scavenging activities of these four free radicals also
increased in proportion to MCPs concentration. However, as shown in Figure 3, the antioxidant activities
of MCPs were relatively lower than that of ascorbic acid (approximately 0–60% at concentrations
between 0.25 and 10 mg/mL), and should be improved for use in wound healing. Recently, several
functional ingredients, such as chitosan, chemically modified chitosan or nicotinamide were used to
improve the antioxidant activity of peptides to promote wound healing. For example, the N-succinyl
chitosan-collagen peptide copolymer manufactured with transglutaminase possessed better antioxidant
activity and could be used as a wound healing biomaterial [28]. Nicotinyl-isoleucine-valine-histidine
(NA-IVH), manufactured by combining nicotinamide and jellyfish peptides (IVH), showed significant
enhancement of radical scavenging function and can promote wound healing under hyperglycemic
condition [26]. Therefore, MCPs have to be modified to improve their wound healing properties for
subsequent application in wound healing.

Figure 3. 2, 2-diphenyl-1-picrylhydrazyl (DPPH) (A), Hydroxyl (B), superoxide anion (C) and ABTS (D)
radical scavenging activities of MCP s from Nibea japonica skins. All assays were performed in triplicate.

2.4. Cell Proliferation of NIH-3T3

Various types of cells are known to undergo migration and proliferation during wound healing.
Fibroblasts are the key components of normal wound healing and play an important role from late
inflammation to complete epithelialization [29]. The present study demonstrated that MCPs have the
potential to promote the growth of NIH-3T3 cells. As shown in Figure 4, the viability rate of NIH-3T3
cells treated with varied concentrations of MCPs increased significantly post 72 h of incubation. The
viability of cells treated with 25 µg/mL MCPs was 37% more than that of the negative control (NC)
group, but was lower than that of the positive control (PC) group. Our observation is in agreement
with the results obtained using MCPs from tilapia, which promoted L929 fibroblast proliferation [18].
Thus, MCPs showed significant proliferation in vitro and have potential to be used for wound healing
or cosmetic application.
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Figure 4. Relative cell viability as affected by 72 h treatment of different concentrations of MCPs from
Nibea japonica skin. Negative control (NC): adding 0.4% serum DMEM to cells; Experimental group:
MCP was dissolved by 0.4% serum DMEM in concentrations of 6.25, 12.5, 25, 50, and 100 µg/mL and
then added to the prepared cells; Positive control (PC): adding 10% serum DMEM to cells. * p < 0.05
and ** p < 0.001 vs. NC. The data were expressed as the mean ± standard deviation (x ± s, n = 6).

2.5. Effect of MCPs on the Scratch Wound Closure In Vitro

Fibroblast migration can accelerate the process of wound re-epithelialization and promote wound
closure during healing [30]. Previously, in vitro scratch test has often been used to simulate wound
healing [18,20]. Therefore, we used the above assay on NIH-3T3 cells to evaluate the effect of MCPs
from N. japonica skins on the wound healing process. As shown in Figure 5, the migration of cells to the
scratched area was evident after 12 h and 24 h. In addition, in the presence of MCPs, the wound area
was significantly reduced in a dose-dependent manner compared to the control group without MCPs.
Significant scratch closure mediated by MCPs was observed after 24 h. In particular, the effect of 50
µg/mL MCPs on in vitro wound healing was highly statistically significant (Figure 5B) and the scratch
was almost completely sealed (Figure 5A). Our results indicated that MCPs was capable of inducing
NIH-3T3 cell migration and potentially promote wound healing. This may be because abundant amino
acids residues in MCPs provide a suitable environment for NIH-3T3 cells to proliferate and migrate
(although the mechanism is not clearly delineated).

Figure 5. Effect of MCPs from Nibea japonica skins on the scratch closure in vitro. (A) Representative optical
images showed the cells migrated toward wound gap after 12 h and 24 h incubation; (B) Wound closure rate
(%) that affected by MCPs for 12 h and 24 h. The data was obtained by using Image J 1.38 software and were
expressed as the mean ± standard deviation (x ± s, n = 6). * p < 0.05 and ** p < 0.001 vs. control.
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2.6. MCPs Activated the NF-κB Signaling Pathway in NIH-3T3 Fibroblasts

NF-κB is a transcription factor that regulates the expression of multiple genes involved in a variety
of cellular functions including cell migration, proliferation, adhesion and survival [20,31]. Therefore,
for further confirmation of role of MCPs towards activation of the signaling pathway through NF-κB
the protein expression levels of some related proteins were evaluated using western blotting. As shown
in Figure 6, NF-κB p65, IκB kinase α (IKKα), and IκB kinase β (IKKβ) levels increased significantly after
treatment of different concentrations of MCPs in a dose-dependent manner. These results indicated
that MCPs can promote NIH-3T3 cell migration and proliferation via the NF-κB signaling pathway.

Figure 6. MCPs activated the NF-κB signaling pathway and increased expression of its target pathways
in NIH-3T3 fibroblast cells. (A) Western blot analysis of the NF-κB p65, IKKα, and IKKβ in the NIH-3T3
cells treated with different concentrations MCPs overnight. (B) The expression levels of NF-κB p65,
IKKα, and IKKβ analyzed by western blotting. The data was obtained by using Image J 1.38 software
and were expressed as the mean ± standard deviation (x ± s, n = 6). * p < 0.05 and ** p < 0.001 vs. control.

2.7. Western Blot Analysis of Growth Factors

Wound healing is a complex process regulated by different signaling pathways, various cytokines
and certain growth factors [19,32]. Epidermal growth factor (EGF) can enhance the migration and
proliferation of fibroblasts. In addition, EGF promotes angiogenesis and epithelization and triggers
growth factor secretion by fibroblasts, which ultimately leads to accelerated wound healing [33].
Fibroblast growth factor (FGF) can enhance angiogenesis, cell migration and proliferation to promote
wound healing [34]. Vascular endothelial growth factor (VEGF) is the main growth factor that triggers
angiogenesis and stimulates wound healing [20,32]. Transforming growth factor (TGF-β) can also
induce various processes such as secretion of extracellular matrix proteins, proliferation, migration,
and angiogenesis [35]. Therefore, we further assessed the effects of MCPs from N. japonica skin on the
expression of EGF, FGF, VEGF, and TGF-β in this study. As shown in Figure 7, the protein levels of EGF,
FGF, VEGF, and TGF-β increased significantly after treatment with various concentrations of MCPs.
These results support the notion that MCPs can be applied for promoting wound healing. In addition,
a continuous over-expression of such growth factors, without a turning-back point towards their initial
levels after wound healing, may be linked to other non-beneficial proliferation-related manifestations
such as cancerous neoangiogenesis because of an unresolved inflammatory process [36]. So, further
in vivo experiments should be applied to the wound surface of the skin to demonstrate the effect of
MCPs, and the role of NF-κB signaling pathway or growth factors in promoting wound healing.
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Figure 7. Effect of MCPs on the protein expression levels of epidermal growth factor (EGF), fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), and transforming growth factor (TGF-β)
in NIH-3T3 fibroblast cells. (A) Western blot analysis of the EGF, FGF, VEGF, and TGF in the NIH-3T3
cells treated with different concentrations MCPs overnight (B) Protein expression levels of EGF, FGF, VEGF,
and TGF analyzed by western blotting. The data was obtained by using Image J 1.38 software and were
expressed as the mean ± standard deviation (x ± s, n = 6). * p < 0.05 and ** p < 0.001 vs. control.

3. Materials and Methods

3.1. Materials

N. japonica skins available in our laboratory [11], and the NIH-3T3 fibroblasts were purchased
from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Antibodies raised against
NF-κB p65 (cat. No. AF0246), IKKα (cat. No. AF0198), IKKβ (cat. No. AI137), VEGF (cat. no. AF1309),
and TGF-β (cat. No. AF0198) were purchased from Beyotime Biotechnology (Shanghai, China). β-actin
(cat. no. K200058M) was purchased from Solarbio (Beijing, China). Detection antibodies for EGF (cat.
no. 184265) and FGF (cat. no. ab171941) were procured from Abcam (Cambridge, England). MTT cell
proliferation and cytotoxicity assay kit (AR1156) was purchased from Boster Biological Technology co.
Itd (Wuhan, China). All other reagents were of analytical grade.

3.2. Preparation of MCPs from N. japonica skin

The non-collagenous proteins and fat were removed from the N. japonica skins following protocol
described by Tang et al. [11]. Following it, the fish skins were heated at 100 ◦C for 10 min, and
hydrolyzed in presence of neutral protease (1500 U/g). We adjusted the initial pH of the solution to 7.0
and the enzymatic hydrolysis was performed at 45 ◦C for 3 h. The above step was followed by enzyme
deactivation at 100 ◦C for 10 min. After centrifugation, the supernatant of MCPs was collected and
lyophilized for further study.

3.3. Determination of the Molecular Weight Distribution of MCPs

The molecular weight distribution of MCPs was analyzed using high pressure liquid
chromatography (HPLC) (Agilent 1200, CA, USA). We used a TSK gel G2000 SWXL analytical column
(4.6 × 250 mm, 5 µm) at UV 220 nm at 25 ◦C, and a mobile phase of acetonitrile/water/trifluoroacetic
acid (45:55:0.1) at the flow rate of 0.5 mL/min. The standard samples comprised of peroxidase (40,000
Da), aprotinin (6500 Da), Arg-Val-Ala-Pro-Glu-Glu-His-Pro-Val-Glu-Gly-Arg-Tyr-Leu-Val (1750 Da) [7],
and Tyr-Val-Pro-Gly-Pro (530 Da) [4] which were loaded into the column by turn. The standard curve
of retention time and absorbance was plotted. The MCPs solution was then filtered using 0.22 µm
micropore film and injected under the same conditions. Finally, the molecular weight distribution of
MCPs was calculated according to the standard curve equation.
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3.4. Amino Acid Content

The amino acid content was determined according to the Chinese national standard (GB5009124-2016).
MCPs were first dissolved in 6 M HCl solution and hydrolyzed at 110 ◦C for 24 h. The hydrolysate was
further diluted with citric acid buffer and analyzed using an amino acid analyzer L-8900 (Hitachi, Tokyo,
Japan). The hydroxyproline content was analyzed as per procedure described by Tang et al. [11].

3.5. Antioxidant Activity of MCPs

The hydroxyl, 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2, 2′-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid (ABTS), and superoxide anion radical scavenging activity of MCPs was analyzed according
to Zhao et al. [37].

3.6. Proliferation of NIH-3T3 Fibroblasts in Presence of MCPs

The MTT assay was employed to assess proliferation of MCPs [11]. Briefly, NIH-3T3 cells were
seeded in a 96-well plate at a density of 2 × 105 cells/mL and cultured in complete medium (Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 µg/mL streptomycin) at 37 ◦C in a 5% CO2 incubator. Upon 80–90% cellular
confluence the culture medium was substituted with fresh maintenance medium (DMEM contains
0.4% FBS), and the cells were further grown for duration of 24 h at 37 ◦C. Further the cells were exposed
to different concentrations of MCPs (0, 6.25, 12.5, 25, 50 and 100 µg/mL) in the maintenance medium,
and cultured for 24, 48 and 72 h respectively. Cells grown in the same volume of complete medium
served as the positive control group. The optical density (OD) at 490 nm was determined using a
microplate reader (SpectraMa, Molecular Devices Co., San Jose, CA, USA), and relative cell viability
(%) was calculated using the following formula:

Relative cell viability (%) = [1 − (OD treated/OD untreated)] × 100% (2)

3.7. In Vitro Scratch Wound Assay

NTH-3T3 cells were seeded in a 6-well plate at a density of 2 × 105 cells/mL and incubated in
complete medium until cell confluence reached about 80–90%. The cells were further grown for
next 24 h at 37 ◦C in 5% CO2 incubator. A uniform scratch wound was created using a 200 µL
sterile pipette tip, and the wound debris was removed through phosphate buffer saline (PBS) wash.
The scratched cells were then treated with different concentrations of MCPs (0, 12.5, 25 and 50 µg/mL)
and cultured for 12 or 24 h. Scratch closure was evaluated using an inverted microscope (Olympus,
Tokyo, Japan) and the scratch area was analyzed using the Image J 1.38 software (NIH, Bethesda, MD,
USA). We enumerated the scratch closure rate (%) based on the following formula:

Scratch closure rate (%) = (A0 − At)/A0 × 100% (3)

where A0 represents the scratch area at 0 h and At represents the same at the designated time point.

3.8. Western Blot Analysis

Western blotting of target proteins helped to confirm the proliferation of MCPs on NIH-3T3
cells., We used the technique according to Jiang et al. [38] with certain modifications. We used a
seeding density of 2 × 105 cells/mL for culturing NTH-3T3 cells and treated with varied concentrations
of MCPs (0, 12.5, 25 and 50 µg/mL) for 24 h. Subsequently, the cells were collected and lysed in
radioimmunoprecipitation assay (RIPA) lysis solution. Protein concentration of cellular lysates was
obtained using the bicinchoninic acid (BCA) protein assay. Further, an equivalent amount of denatured
protein sample (30 µg) was resolved using 12% sodium dodecyl sulfate (SDS)-polacrylamide gel.
After electrophoresis, the gel was transferred onto a polyvinylidene difluoride (PVDF) membrane.
Non-specific binding was prevented through incubation with 5% skimmed milk for 1 h followed
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by overnight incubation with diluted (1:1000) primary antibodies (NF-κB p65, IKKα, IKKβ, VEGF,
EGF, FGF, and TGF-β) at 4 ◦C. We finally incubated the membranes in diluted (1:1000) secondary
antibodies for 1 h at room temperature. The target protein bands were visualized using enhanced
chemiluminescence and the density was enumerated using the Image J 1.38 software (NIH, Bethesda,
MD, USA). We used β-Actin as an internal control.

3.9. Statistical Analysis

We represented all experimental data as the mean ± standard deviation (x ± s, n = 6) and analyzed
using the SPSS software version 24.0 (SPSS Inc., Chicago, IL, USA). Statistical significance of the data
was determined using one-way analysis of variance (ANOVA).

4. Conclusions

In the present study, MCPs prepared from the skin of N. japonica exhibited potential cell proliferation
and migration activities. Our results indicated that MCPs are rich in polypeptides with molecular
weights ≤ 10 kDa. MCPs could scavenge DPPH, hydroxyl, superoxide anion, and ABTS radical as well
as promoted the proliferation and migration of NIH-3T3 cells. In vitro scratch assays also reflected
that MCPs significantly affect the scratch closure rate. MCPs further increased the protein levels of
NF-κB p65, IKKα, and IKKβ, which are prominent members of the NF-κB signaling pathway, as well
as those of certain growth factors such as EGF, FGF, VEGF, and TGF-β in NIH-3T3 cells (as revealed
through western blotting). In conclusion, our results indicated that MCPs from the skin of N. japonica

possess potential to promote wound healing. The findings may provide guidance for high value-added
utilization by-products of marine processing industry. In the future, in vivo experiments are needed to
apply to the wound surface of the skin to demonstrate role of MCPs in promoting wound healing.
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Abstract: Gamma-aminobutyric acid (Gaba) is a non-proteinogenic amino acid that is widely present
in microorganisms, plants, and vertebrates. So far, Gaba is well known as a main inhibitory
neurotransmitter in the central nervous system. Its physiological roles are related to the modulation
of synaptic transmission, the promotion of neuronal development and relaxation, and the prevention
of sleeplessness and depression. Besides, various pharmaceutical properties of Gaba on non-neuronal
peripheral tissues and organs were also reported due to anti-hypertension, anti-diabetes, anti-cancer,
antioxidant, anti-inflammation, anti-microbial, anti-allergy, hepato-protection, reno-protection,
and intestinal protection. Therefore, Gaba may be considered as potential alternative therapeutics for
prevention and treatment of various diseases. Accordingly, this updated review was mainly focused
to describe the pharmaceutical properties of Gaba as well as emphasize its important role regarding
human health.

Keywords: anti-hypertension; bioactivity; Gaba; Gaba-rich product; health benefit

1. Introduction

Gamma-aminobutyric acid (Gaba) is a non-protein amino acid that is widely distributed in nature.
Especially, Gaba is present in high concentrations in different brain regions [1]. Besides, it was also
found in various foods such as green tea, soybean, germinated brown rice, kimchi, cabbage pickles,
yogurt, etc. Generally, Gaba was produced by l-glutamic acid under the catalyzation of glutamic
acid decarboxylase [2]. In the nervous system, newly synthesized Gaba is packaged into synaptic
vesicles and then released into the synaptic cleft to diffuse to the target receptors on the postsynaptic
surface [3]. Numerous studies have identified two distinct classes of Gaba receptor including GabaA

and GabaB [4]. These receptors are different due to their pharmacological, electrophysiological, and
biochemical properties. GabaA receptor is Gaba-gated chloride channels located on the postsynaptic
membrane, while GabaB receptor is G protein-coupled receptors located both pre- and postsynaptic.

Gaba is well known as the major inhibitory neurotransmitter in the mammalian central nervous
system. It was reported to play vital roles in modulating synaptic transmission, promoting neuronal
development and relaxation, and preventing sleeplessness and depression [5–9]. Notably, various
biological activities of Gaba were documented due to anti-hypertension, anti-diabetes, anti-cancer,
antioxidant, anti-inflammation, anti-microbial, and anti-allergy. Moreover, Gaba was also reported as a
protective agent of liver, kidney, and intestine against toxin-induced damages [10]. In this contribution,
the pharmaceutical properties of Gaba on non-neuronal peripheral tissues and organs were mainly
focused to emphasize its beneficial role in prevention and treatment of various diseases.
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2. Pharmaceutical Properties of Gaba

2.1. Neuroprotective Effect

It has been reported that the damage of nervous tissue triggers inflammatory response, causing
the release of various inflammatory mediators such as reactive oxygen species (ROS), nitric oxide, and
cytokines. These mediators can cause several neuronal degenerations in the central nervous system such
as Alzheimer’s, Parkinson’s, and multiple sclerosis [11,12]. So far, numerous studies have been reported
regarding the important roles of Gaba on neuro-protection against the degeneration induced by toxin
or injury (Figure 1 and Table 1). According to Cho et al. (2007), Gaba produced by the kimchi-derived
Lactobacillus buchneri exhibited a protective effect against neurotoxic-induced cell death [13]. Moreover,
Gaba-enriched chickpea milk can protect neuroendocrine PC-12 cells from MnCl2-induced injury,
improve cell viability, and reduce lactate dehydrogenase release [14]. On the other hand, Zhou
and colleagues have determined that Gaba receptor agonists also possessed neuroprotective effect
against brain ischemic injury. Both GabaA and GabaB receptor agonist (muscimol and baclofen) could
significantly protect neurons from the death induced by ischemia through increasing nNOS (Ser847)
phosphorylation [15]. Likewise, the administration of GabaB receptor agonist baclofen significantly
alleviated neuronal damage and suppressed cytodestructive autophagy via up-regulating the ratio
of Bcl-2/Bax and increasing the activation of Akt, GSK-3β, and ERK [16]. Additionally, co-activation
of Gaba receptor agonists (muscimol and baclofen) resulted in the attenuation of Fas/FasL apoptotic
signaling pathway, inhibition of the kainic acid-induced increase of thioredoxin reductase activity,
the suppression of procaspase-3 activation, and the decrease in caspase-3 cleavage. It indicates
that co-activation of Gaba receptor agonists results in neuroprotection by preventing caspase-3
denitrosylation in kainic acid-induced seizure of rats [17].

Table 1. Neuroprotective effect of Gaba.

STT Source Dose, Model
Time of

Treatment/
Administration

Effect Ref.

1
Kimchi-derived

Lactobacillus
buchneri

100 µg/mL,
neuronal cells 24 h

Preventing
neurotoxic-induced

cell death
[13]

2
Lactobacillus

plantarum-fermented
chickpea milk

537.23 mg/L,
PC12 cells 30 min Preventing

MnCl2-induced injury [14]

3 Gaba receptor
agonist

Muscimol (1
mg/kg) and
baclofen (20
mg/kg), rat

30 min
Preventing brain

ischemic injury and
decreasing apoptosis

[15,17]

4 Gaba receptor
agonist

Baclofen (10
mL/kg), rat

Once daily/five
weeks

Alleviating neuronal
damage and
suppressing

cytodestructive
autophagy

[16]
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Figure 1. Therapeutic targets for neuroprotective activity of Gaba.

2.2. Neurological Disorder Prevention

Neurologic disorder is associated to dysfunction in part of the brain or nervous system, resulting
in physical or psychological symptoms. It includes epilepsy, Alzheimer’s disease, cerebrovascular
diseases, multiple sclerosis, Parkinson’s disease, neuroinfections, and insomnia [18]. It was evidenced
that Gaba can suppress neurodegeneration and improve memory as well as cognitive functions of the
brain (Figure 2 and Table 2). According to Okada et al. (2000), the usefulness of Gaba-enriched rice germ
on sleeplessness, depression, and autonomic disorder was examined [19]. Twenty female patients were
administered by Gaba-rich rice germ for three times per day. It was observed that the most common
mental symptoms during the menopausal and pre-senile period such as sleeplessness, somnipathy, and
depression were remarkedly improved in more than 65% of the patients with such symptoms. Likewise,
oral administration of Gaba-rich Monascus-fermented product exhibited the protective effect against
depression in the forced swimming rat model. Its antidepressant effect was suggested due to recovering
the level of monoamines norepinephrine, dopamine, and 5-hydroxytryptamine in the hippocampus [20].
Meanwhile, Yamatsu et al. (2016) reported that Gaba administration significantly shortened sleep
latency and increased the total non-rapid eye movement sleep time, indicating the essential role of Gaba
in the prevention of a sleep disorder [21]. Moreover, the mixture of Gaba and l-theanine could decrease
sleep latency, increase sleep duration, and up-regulate the expression of Gaba and glutamate GluN1
receptor subunit [22]. On the other hand, the electroencephalogram assay has revealed the significantly
roles of Gaba in increasing alpha waves, decreasing beta waves, and enhancing IgA levels under
stressful conditions. It indicates that Gaba is able to induce relaxation, diminish anxiety, and enhance
immunity under stressful conditions [23]. The administration of Gaba-enriched product fermented by
kimchi-derived lactic acid bacteria also improved long-term memory loss recovery in the cognitive
function-decreased mice and increased the proliferation of neuroendocrine PC-12 cells in vitro [24].
Moreover, the Gaba-enriched fermented Laminaria japonica (GFL) provided a protective effect against
cognitive impairment associated with dementia in the elderly [25]. In addition, Reid and colleagues
have shown that GFL could improve cognitive impairment and neuroplasticity in scopolamine-
and ethanol-induced dementia model mice [26]. Especially, GFL was effective in increasing serum
brain-derived neurotrophic factor level that associated with lower risk for dementia and Alzheimer’s
disease in middle-aged women [27]. These results indicate that the use of Gaba-enriched functional
foods may improve depression, sleeplessness, cognitive impairment, and memory loss.
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Figure 2. Preventive action of Gaba on neurological disorders.

Table 2. Neurological disorder prevention of Gaba.

STT Source Dose/Model
Time of

Treatment/
Administration

Effect Ref.

1 Gaba-enriched rice germ
26.4 mg/3
times/day,

patient
N/A

Improving
sleeplessness,

somnipathy, and
depression

[19]

2
Gaba-rich

Monascus-fermented
product

2.6 mg/kg, rat 30 days Preventing
depression [20]

3
Gaba powder from

natural fermentation
using lactic acid bacteria

100 mg
Gaba/day,
Japanese

volunteers

1 week Prevention of sleep
disorder [21]

4

Gaba (90.8%) and
l-theanine (99.3%) was

supplied by Neo Cremar
Co. Ltd. (Seoul, Korea)

and BTC Co. Ltd.
(Ansan, Korea),

respectively

Gaba/L-theanine
mixture (100/20

mg/kg)/day,
mice and rat

9 days

Decreasing sleep
latency and

increasing sleep
duration

[22]

5

Gaba from natural
fermentation using lactic

acid bacteria
(Pharma-GABA, Pharma
Foods International Co.,

Japan)

Gaba/L-theanine
mixture
(100/200

mg/kg)/day
Japanese

volunteers

7 days

Increasing
relaxation,

diminishing
anxiety, and
enhancing
immunity

[23]

6

Gaba-enriched product
fermented by

kimchi-derived lactic
acid bacteria

46.69 mg/mL
Gaba, mice and

PC-12 cells
24 h

Improving
long-term memory
loss and increasing

neuronal cell
proliferation

[24]

7
Gaba-enriched

fermented Laminaria
japonica product

1.5 g/day,
volunteers 6 weeks

Preventing
cognitive

impairment in the
elderly

[25]

2.3. Anti-Hypertensive Effect

Hypertension is known to relate to a high blood pressure condition, causing various cardiovascular
diseases such as ischemic and hemorrhagic stroke, myocardial infarction, and heart and kidney
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failure [28]. Particularly, angiotensin-I converting enzyme (ACE) was revealed to play an important
role in the regulation of blood pressure via converting angiotensin I into the potent vasoconstrictor
angiotensin II [29]. Hence, ACE is one of the among therapeutic targets for the control of hypertension.
According to Nejati et al. [30], the milk fermented by Lactococcus lactis DIBCA2 and Lactobacillus

plantarum PU11 exhibited an ACE inhibitory activity up to an IC50 value of 0.70 ± 0.07 mg/mL. Similarly,
high ACE inhibitory activity was also observed by Gaba, which was achieved from L. plantarum NTU
102-fermented milk [31]. Moreover, L. brevis-fermented soybean containing approximately 1.9 g/kg
Gaba was found to possess higher ACE inhibitory activity than the traditional soybean product [32].
Besides, the fermentation of a soybean solution by kimchi-derived lactic acid bacteria in the optimized
condition has achieved a Gaba content of up to 1.3 mg/g soybean seeds, and its ACE inhibitory activity
was observed up to 43% as compared to the control [33]. Notably, high Gaba content (10.42 mg/g
extract) and significant ACE inhibitory activity (92% inhibition) was also determined by the fermented
lentils [34].

On the other hand, the anti-hypertensive activity of Gaba was also reported in numerous studies
using different experimental models (Table 3). Kimura et al. [35] have investigated the effect of
Gaba on blood pressure in spontaneously hypertensive rats. It was observed that the intraduodenal
administration of Gaba (0.3 to 300 mg/kg) caused a dose-related decrease in the blood pressure in 30 to
50 min. The hypotensive effect of Gaba was suggested due to attenuating a sympathetic transmission
through the activation of the GabaB receptor at presynaptic or ganglionic sites. Moreover, the lowering
effect of Gaba-enriched dairy product on the blood pressure of spontaneously hypertensive and
normotensive Wistar-Kyoto rats was also determined [36]. Notably, the clinical trial has confirmed
that daily supplementation of 80 mg of Gaba was effective in the reduction of blood pressure in adults
with mild hypertension [37]. Therefore, the consumption of Gaba-enriched dairy product would
be beneficial for the down-regulation of hypertension. Indeed, the administration of Gaba-enriched
rice grains brings about 20 mmHg decrease in blood pressure in spontaneously hypertensive rats,
while there was no significant hypotensive effect in normotensive rats [38]. Likewise, the significant
anti-hypertensive activity and the serum cholesterol-lowering effect of Gaba-rich brown rice were
shown in spontaneously hypertensive rats as compared to the control [39,40]. In the clinical trial,
the effects of Gaba-enriched white rice on blood pressure in 39 mildly hypertensive adults has been
examined in a randomized, double blind, placebo-controlled study [41]. It was revealed that the
consumption of the Gaba rice could improve the morning blood pressure as compared with the placebo
rice after the 1st week and during the 6th and 8th weeks. In the same trend, Tsai and colleagues have
determined that Gaba-enriched Chingshey purple sweet potato-fermented milk by lactic acid bacteria
(L. acidophilus BCRC 14065, L. delbrueckii ssp. lactis BCRC 12256, and L. gasseri BCRC 14619) was able to
reduce both systolic blood pressure and diastolic blood pressure in spontaneously hypertensive rats [42].
The alleviative effect of probiotic-fermented purple sweet potato yogurt on cardiac hypertrophy in
spontaneously hypertensive rat hearts was also further determined by Lin and colleagues [43].

In addition, the other Gaba-rich products from bean, tomato, and bread were also reported to be
effective in the attenuation of hypertension in vivo. Definite decreases in systolic and diastolic blood
pressure values and blood urea nitrogen level were achieved in spontaneously hypertensive rats fed
with Gaba-enriched beans [44,45]. Likewise, the anti-hypertensive activity of a Gaba-rich tomato was
evidenced to decrease blood pressure in spontaneously hypertensive rats significantly [46]. Moreover,
the blood pressure of patients with pre- or mild- to moderate hypertension was significantly decreased
during the consumption of 120 g/day of Gaba-rich bread [47]. Accordingly, Gaba-enriched dairy foods
may be preferred to use for anti-hypertensive therapeutics.
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Table 3. Anti-hypertensive effect of Gaba.

STT Source Dose/Model
Time of

Treatment/
Administration

Effect Ref.

1

Milk fermented by
Lactococcus lactis DIBCA2

and Lactobacillus
plantarum PU11

0.70 mg/ml 5 min Inhibiting 50%
ACE activity [30]

2 Gaba form
LAB-fermented soybean

1.3 mg Gaba/g
soybean 10 min Inhibiting 43%

ACE activity [33]

3 Gaba from the fermented
lentils

10.42 mg
Gaba/g extract 60 min Inhibiting 92%

ACE activity [34]

4 Gaba from Wako Pure
Chemicals (Tokyo)

0.3 to 300 mg
Gaba/kg, rat

Every 20 min
for i.v.

administration

Decreasing blood
pressure [35]

5

Gaba from skim cows’
milk fermented with

Lactobacillus casei strain
Shirota and Lactococcus

lactis YIT 2027

5 mL (102 mg
Gaba/kg) of the

fermented
solution/kg

body weight,
rat

10 h Lowering blood
pressure [36]

6 Gaba-enriched rice
grains

0.1 mg–0.5 mg
Gaba/kg, rat 6 weeks Decreasing blood

pressure [38]

7 Gaba-enriched white rice

150 g of
Gaba-enriched
white rice (11.2
mg Gaba/100 g

rice),
volunteers

8 weeks Decreasing blood
pressure [41]

8

Gaba-enriched
Chingshey purple sweet
potato-fermented milk
by lactic acid bacteria

2.5-mL dose of
fermented-milk,

rat
8 weeks

Reducing both
systolic blood
pressure and

diastolic blood
pressure

[42]

9

Gaba from
probiotic-fermented
purple sweet potato

yogurt

1500 µg/2.5
mL/kg, rat 8 weeks Alleviating cardiac

hypertrophy [43]

10 Gaba-rich tomato 2–10 g/kg, rat 2–24 h Decreasing blood
pressure [46]

11 Gaba-rich bread 120 g/day,
patient 3 days Decreasing blood

pressure [47]

2.4. Anti-Diabetic Effect

Diabetes is an endocrine disorder that is associated with dysregulation of carbohydrate metabolism
and deficiency of insulin secretion or insulin action, causing chronic hyperglycemia [48]. So far, diabetic
diseases can be managed by pharmacologic interventions [49]. However, the lowering blood glucose
effect of pharmacological drugs is accompanied with various disadvantages such as drug resistance,
side effects, and even toxicity [50]. Therefore, the proper diet and exercise have been recommended
and preferred as alternative therapeutics for the regulation of diabetic diseases. Notably, Gaba and
Gaba-enriched natural products have been evidenced as effective agents in lowering blood glucose,
attenuating insulin resistance, stimulating insulin release, and preventing pancreatic damage (Figure 3
and Table 4). Soltani and colleagues have shown that Gaba enhanced islet cell function via producing
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membrane depolarization and Ca(2+) influx, activating PI3-K/Akt-dependent growth and survival
pathways, and restoring the β-cell mass [51]. Moreover, Gaba preferentially up-regulated pathways
linked to β-cell proliferation and rose to a distinct subpopulation of β cells with a unique transcriptional
signature, including urocortin3, wnt4, and hepacam2 [52]. Especially, the combined use of Gaba and
sitagliptin was superior in increasing β-cell proliferation, reducing cell apoptosis, and suppressing
α-cell mass [53]. On the other hand, Gaba was found to enhance insulin secretion in pancreatic INS-1
β-cells [54]. In the pre-clinical trial model, Gaba administration could decrease the ambient blood
glucose level and improve the glucose excursion rate in streptozotocin-induced diabetic mice [53].
Furthermore, oral treatment with Gaba significantly reduced the concentrations of fasting blood
glucose, improved glucose tolerance and insulin sensitivity, and inhibited the body weight gain in the
high fat diet-fed mice [55]. Notably, Gaba potentially inhibited the diabetic complication related to the
nervous system via suppressing the Fas-dependent and mitochondrial-dependent apoptotic pathway
in the cerebral cortex [56].

 

 

β

Figure 3. Therapeutic targets for anti-diabetic activity of Gaba.

The fact that the germination of rice and the fermentation of foods are accompanied with the
increase in Gaba content [57,58], therefore, the pre- and germinated rice and fermented foods were
highly appreciated for their roles in positive regulation of diabetes and its complication. According to
Hagiwara and colleagues, the feeding of pre-germinated brown rice diet to diabetic rats significantly
decreased blood glucose, adipocytokine PAI-1 concentration, and plasma lipid peroxide [59]. Moreover,
pre-germinated brown rice lowered HbA(1c) and adipocytokine (TNF-α and PAI-1) concentration
and increased the adiponectin level in type-2 diabetic rats, leading to the prevention of potential
diabetic complications [60]. In addition, high fat diet-induced diabetic pregnant rats fed with
the germinated brown rice lead to the increase in adiponectin levels and the reduction of insulin,
homeostasis model assessment of insulin resistance, leptin, and oxidative stress in their offspring [61].
On the other hand, blackish purple pigmented rice with a giant embryo significantly decreased
blood glucose and plasma insulin levels, adipokine concentrations, and hepatic glucose-regulating
enzyme activities in ovariectomized rats [62]. Meanwhile, glucose homeostasis was greatly improved
through the intervention of Gaba-enriched wheat bran in the context of a high-fat diet rat [63]. The
supplement of Gaba-enriched rice bran to obese rats also exhibited an efficient effect on lowering serum
sphingolipids, a marker of insulin resistance [64]. In clinical trials, Ito and colleagues have suggested
that the intake of pre-germinated brown rice was effective in lowering postprandial blood glucose
concentration without insulin secretion increase [65]. Likewise, Hsu et al. [66] and Suzuki et al. [67]
have confirmed that pre-germinated brown rice decreased blood glucose and hypercholesterolemia in
type 2 diabetes patients.

Beside germinated rice, fermented foods are also known to contain a significant amount of Gaba
and possess potential anti-diabetic activity. The oral administration of hot water extract of the fermented
tea obtained by tea-rolling processing of loquat (Eriobotrya japonica) significantly decreased the blood
glucose level and serum insulin secretion in maltose-loaded Sprague–Dawley rats [68]. Similarly,

123



Molecules 2019, 24, 2678

anti-diabetic effects of green tea fermented by cheonggukjang was observed via decreasing water intake
and lowering blood glucose and HbA1c levels in diabetic mice [69]. In addition, mung bean fermented
by Rhizopus sp. [70], yogurt fermented by Streptococcus salivarius subsp. thermophiles fmb5 [71], and
soybean extract fermented by Bacillus subtilis MORI [72] could enhance their anti-hyperglycemic effect
via reducing blood glucose, HbA1c, cholesterol, triglyceride, and low-density lipoprotein levels in
diabetic mice. In the same trend, the milk fermented by commercial strain YF-L812 (S. thermophilus,
L. delbrueckii subsp. bulgaricus), standard strains. B. breve KCTC 3419, and L. sakei LJ011. Fermented
milk was effective in decreasing fasting blood glucose, serum insulin, leptin, glucose and insulin
tolerance, total cholesterol, triglycerides, and low density lipoprotein cholesterol [73]. Especially, the
consumption of probiotic-fermented milk (kefir) by type 2 diabetic patents lowered HbA1C level,
homeostatic model assessment of insulin resistance, and homocysteine amount [74,75]. Accordingly,
the germinated rice and fermented foods, which contain a high amount of Gaba, could be used as
anti-diabetic functional food for maintaining health and preventing complications in type 2 diabetes.

Table 4. Anti-diabetic effect of Gaba.

STT Source Dose/Model
Time of

Treatment/
Administration

Effect Ref.

1 Gaba (Source: N/A) Dose: N/A, mice 8–15 weeks

Activating
PI3-K/Akt-dependent
growth and survival

pathways and
restoring the β-cell

mass

[51]

2

Gaba
(MilliporeSigma,
Burlington, MA,

USA)

Gaba (6 mg/mL/day),
mice 10 weeks

Up-regulating β-cell
proliferation and rising

a distinct
subpopulation of β

cells

[52]

3 Gaba (Sigma, St.
Louis, USA)

Gaba (2 mg/mL/day),
mice 20 weeks

Reducing the
concentrations of

fasting blood glucose,
improving glucose

tolerance and insulin
sensitivity, and

inhibiting the body
weight gain

[55]

4
Gaba from

pre-germinated
brown rice

Pre-germinated brown
rice (1387–1546 g/day),

rat
7 weeks

Decreasing blood
glucose, adipocytokine

PAI-1 concentration,
and plasma lipid

peroxide

[59]

5
Gaba from

germinated brown
rice

Gaba (200 mg/kg/day),
rat offspring 8 weeks

Increasing adiponectin
levels and reducing

insulin resistance and
oxidative stress

[61]

6

Gaba from blackish
purple pigmented
rice with a giant

embryo

Diet supplemented
with either 20% (w/w)

germinated
Keunnunjami rice

powder, rat

8 weeks

Decreasing blood
glucose and plasma

insulin levels,
adipokine

concentrations, and
hepatic

glucose-regulating
enzyme activities

[62]

7 Gaba-enriched
wheat bran

15% Gaba-enriched
bran, rat 8 weeks Improving glucose

homeostasis [63]
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Table 4. Cont.

STT Source Dose/Model
Time of

Treatment/
Administration

Effect Ref.

8
Gaba from

pre-germinated
brown rice

The test sample
contained 50 g of

available carbohydrate
per day for each

volunteer (185 g of
pre-germinated brown

rice), volunteers

7 weeks

Lowering postprandial
blood glucose

concentration without
insulin secretion

increase

[65]

9
Gaba from

pre-germinated
brown rice

180 g of the cooked
rice/three times per

day, patient
14 weeks

Decreasing blood
glucose and

hypercholesterolemia
[66]

10 Fermented tea
product 50 mg/kg, rat 120 min Decreasing blood

glucose level [68]

11
Mung bean

fermented by
Rhizopus sp.

200 mg/kg and 1000
mg/kg, mice 240 min

Reducing blood
glucose, HbA1c,

cholesterol,
triglyceride, and

low-density
lipoprotein levels

[70]

12
Yogurt fermented
by Streptococcus
salivarius subsp.

Gaba orally at a dose
of 2 g/L or 4 g/L 6 weeks

Reducing blood
glucose, HbA1c,

cholesterol,
triglyceride, and

low-density
lipoprotein levels

[71]

13

Soybean extract
fermented by

Bacillus subtilis
MORI

500 mg/kg, mice 8 weeks

Reducing blood
glucose, HbA1c,

cholesterol,
triglyceride, and

low-density
lipoprotein levels

[72]

14

Milk fermented by
strain YF-L812 (S.

thermophilus, L.
delbrueckii subsp.

bulgaricus),
standard strains. B.
breve KCTC 3419,
and L. sakei LJ011.

FM

Fermented milk 0.2%
and 0.6%/kg/day, mice 6 weeks

Decreasing fasting
blood glucose, serum

insulin, insulin
tolerance, total

cholesterol,
triglycerides, and LDL

cholesterol

[73]

2.5. Anti-Cancer Effect

Cancer is involved in the unregulated cell proliferation, apoptosis suppression, invasion, and
metastasis [76]. Current cancer therapies are related to surgery, radiation treatment, and chemotherapy
treatment, which are widely applied for treatment of all kinds of cancers. However, these therapies
possess major disadvantages including cancer recurrence, drug resistance, and side effects. Hence, the
discovery of alternative medicines with desirable properties is always necessary. In this regard, Gaba
was emerged as a promising compound that is able to regulate cancer due to the induction of apoptosis
and inhibition of proliferation and metastasis (Table 5). Gaba-enriched brown rice extract significantly
retarded the proliferation rates of L1210 and Molt4 leukemia cells and enhanced apoptosis of the
cultured L1210 cells [77]. Moreover, Schuller et al. [78] suggested that Gaba had a tumor suppressor
function in small airway epithelia and pulmonary adenocarcinoma, providing the approach for the
prevention of pulmonary adenocarcinoma in smokers. According to Huang and colleagues, Gaba
was determined to inhibit the activity and expression of MMP-2 and MMP-9 in cholangiocarcinoma
QBC939 cells, suggesting its role in prevention of invasion and metastasis in cancer [79]. Song and
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colleagues also found the inhibitory effects of Gaba on the proliferation and metastasis of colon
cancer cells (SW480 and SW620 cells) due to the up-pressing cell cycle progression (G2/M or G1/S
phase), attenuating mRNA expression of EGR1-NR4A1 and EGR1-Fos axis, and disrupting MEK-EGR1
signaling pathway [80]. Especially, the co-treatment of Gaba and Celecoxib significantly inhibited
systemic and tumor VEGF, PGE2, and cAMP molecules and down-regulated COX-2 and p-5-LOX
protein in pancreatic cancer cells [81]. Moreover, the prolonged administration of Gaba at 1000 mg/kg
body weight significantly decreased the number of gastric cancers of the glandular stomach in Wk
52 rats. In parallel, the histological method also revealed the role of Gaba on decreasing the labeling
index of the antral mucosa and increasing the serum gastrin level [82]. Likewise, the pre-treatment of
Gaba also significantly reduced intrahepatic liver metastasis and primary tumor formation in mice
and inhibited human liver cancer cell migration and invasion via the induction of liver cancer cell
cytoskeletal reorganization [83]. Meanwhile, the increase in the activity of GabaA receptor contributed
to the down-regulation of alpha-fetoprotein mRNA expression and cell proliferation in malignant
hepatocyte cell line [84].

Table 5. Anti-cancer effect of Gaba.

STT Source Dose/Model
Time of

Treatment/
Administration

Effect Ref.

1 Gaba-enriched
brown rice extract

20 µL extract/well (1 ×
105 cells/200 mL/well),

leukemia cells and
HeLa cells

48 h

Retarding the
proliferation rates of
leukemia cells and

enhancing apoptosis of
leukemia cells

[77]

2
Gaba from Sigma

Company (St.
Louis, MO, USA)

Gaba (1–1000 µmol/L),
cholangiocarcinoma

QBC939 cells
24 h

Inhibiting the activity
and expression of

MMP-2 and MMP-9
[79]

3

Gaba was
purchased from
Sigma-Aldrich,

Shanghai, China

Gaba (100 µM), Colon
cancer cells 72 h

Inhibiting on cell
proliferation and

metastasis
[80]

4
Gaba from Sigma

Company (St.
Louis, MO, USA)

Gaba (1000 mg/kg), rat 25 weeks
Decreasing the number
of gastric cancers of the

glandular stomach
[82]

5
Gaba from Sigma

Company (St.
Louis, MO, USA)

Gaba (10 µM), Human
liver cancer cells 24 h

Reducing intrahepatic
liver metastasis and

inhibiting human liver
cancer cell migration

and invasion

[83]

2.6. Antioxidant Effect

The free radicals contain one or more unpaired electrons that are generated from the living
organisms and external sources. The high level of free radicals could cause the damage of the body’s
tissues and cells, leading to human aging and various diseases [85,86]. Thus, consumption of natural
products with high anti-oxidant effect is useful for the prevention of free radical-caused diseases [86].
Herein, the antioxidant property of Gaba has been evidenced in numerous studies (Figure 4). It was
shown that Gaba was able to trap the reactive intermediates during lipid peroxidation and react
readily with malondialdehyde under physiological conditions [87]. Moreover, the administration of
Gaba significantly decreased malondialdehyde concentration and increased the activity of superoxide
dismutase and glutathione peroxidase in the cerebral cortex and hippocampus of acute epileptic
state rats [88]. In other studies, the protective effect of Gaba against H2O2-induced oxidative stress
in pancreatic cells [89] and human umbilical vein endothelial cells [90] was observed via reducing
cell death, inhibiting reactive oxygen species (ROS) production, and enhancing antioxidant defense
systems. Similarly, gamma rays-induced oxidative stress in the small intestine of rats was significantly
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ameliorated via decreasing malondialdehyde and advanced oxidation protein productions, increasing
catalase and glutathione peroxidase activities, preventing mucosal damage and hemorrhage, and
inducing the regeneration of the small intestinal cells [91]. Gaba also attenuated brain oxidative
damage associated with insulin alteration in streptozotocin-treated rats [92]. On the other hand, Gaba
from L. brevis-fermented sea tangle solution was observed to exhibit stronger antioxidant activity than
positive control BHA in scavenging DPPH and superoxide radicals and inhibiting xanthine oxidase [93].
Meanwhile, the Gaba-rich germinated brown rice extract considerably scavenged hydroxyl radical
and thiobarbituric acid-reactive substances in both cell-free medium and post-treatment culture
media, indicating its radical scavenging capacity in both direct and indirect action [94]. Recently,
brew-germinated pigmented rice vinegar was also suggested as a new product with high antioxidant
activity [95].

 

 

β α

β
α

β

Figure 4. Modulatory activity of Gaba for antioxidant promotion.

2.7. Anti-Inflammatory Effect

Inflammation response is triggered by the stimulation of various factors such as physical damage,
ultra violet irradiation, microbial invasion, and immune reactions [96]. It is associated with the
production of a large range of pro-inflammatory mediators such cytokine, NO, and PGE2 [97]. Notably,
Gaba was indicated as an inhibitor of inflammation via decreasing pro-inflammatory mediator
production and ameliorating inflammatory symptom (Figure 5). At the early time, Han et al. [98]
have determined the anti-inflammatory activity of Gaba via inhibiting the production and expression
of iNOS, IL-1β, and TNF-α in LPS-stimulated RAW 264.7 cells. As the result, it contributed to the
reduction of the whole healing period and enhancement of wound healing at the early stage. Likewise,
Gaba suppressed inflammatory cytokine production and NF-kB inhibition in both lymphocytes and
pancreatic islet beta cells [99]. Recently, Gaba-enriched sea tangle L. japonica, Gaba-rich germinated
brown rice, and Gaba-rich red microalgae Rhodosorus marinus were reported for their inhibitory
capacities on inflammatory response. Gaba-enriched sea tangle L. japonica extract suppressed nitric
oxide production and inducible nitric oxide synthase expression in LPS-induced mouse macrophage
RAW 264.7 cells [100]. Gab-rich germinated brown rice inhibited IL-8 and MCP-1 secretion and ROS
production from Caco-2 human intestinal cells activated by H2O2 and IL-1β [101]. Gaba-rich red
microalgae Rhodosorus marinus extract negatively modulated expression and release of pro-inflammatory
IL-1α in phorbol myristate acetate-stimulated normal human keratinocytes, therefore indicating the
potential treatment of sensitive skins, atopia, and dermatitis [102]. Besides, the roles of Gaba in
the attenuation of gut inflammation and improvement of gut epithelial barrier were suggested via
inhibiting IL-8 production and stimulating the expression of tight junction proteins as well as the
expression of TGF-β cytokine in Caco-2 cells [103].
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Figure 5. Therapeutic targets for anti-inflammatory activity of Gaba.

2.8. Anti-Microbial Effect

Gaba tea is a kind of Gaba-enriched tea by the repeating treatments of alternative anaerobic and
aerobic conditions. The Gaba tea extract exhibited inhibitory activity against Vibrio parahaemolyticus,

Staphylococcus aureus, Bacillus cereus, Salmonella typhimurium, and Escherichia coli [104]. Gaba could
increase Pseudomonas aeruginosa virulence due to stimulation of cyanogenesis, reduction in oxygen
accessibility, and overexpression of oxygen-scavenging proteins. Gaba also promotes specific changes
in the expression of thermostable and unstable elongation factors involved in the interaction of the
bacterium with the host proteins [105]. Recently, the role of Gaba in anti-microbial host defenses was
elucidated by Kim and colleagues [106]. Treatment of macrophages with Gaba enhanced phagosomal
maturation and anti-microbial responses against mycobacterial infection. This study identified the
role of Gabaergic signaling in linking anti-bacterial autophagy to enhance host innate defense against
intracellular bacterial infection including Mycobacteria, Salmonella, and Listeria.

2.9. Anti-Allergic Effect

Allergy is a disorder of the immune system associating with an exaggerated reaction of the
immune system to harmless environmental substances. Allergic reaction is characterized by the
excessive activation of mast cells and basophils, leading to release various mediators such as histamine
and an array of cytokines [107]. Among them, histamine is considered as the major target for potential
anti-allergic therapeutics. Herein, the inhibitory activity of Gaba on histamine release from the activated
mast cells was investigated in vitro [108,109]. Rat basophilic leukemia cells and rat peritoneal exudate
cells sensitized with anti-dinitrophenyl (DNP) IgE and challenged with DNP-conjugated bovine
serum albumin resulted in the release of histamine in a cell culture medium. However, IgE-mediated
histamine release was inhibited by Gaba treatment in both cells. Conversely, the inhibitory activities
of Gaba were lowered by the addition of CGP35348, a GabaB receptor antagonist. It indicated that
Gaba inhibited degranulation from basophils and mast cells via GabaB receptor on the cell surface.
On the other hand, Hokazono et al. [110] have evaluated the protective effect of Gaba against the
development of atopic dermatitis (AD)-like skin lesions in NC/Nga mice. It was observed that Gaba
could prevent the development of AD-like skin lesions in mice via alleviating serum immunoglobulin
E (IgE) and splenocyte IL-4 production. The combined administration of Gaba and the fermented
barley extract remarkedly increased splenic cell interferon-γ production, indicating the domination of
Th1/Th2 balance to Th1 response. Hence, the simultaneous intake of Gaba and the fermented barley
extract was encouraged to ameliorate allergic symptoms such as atopic dermatitis (Figure 6).
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Figure 6. Therapeutic targets for anti-allergic activity of Gaba.

2.10. Hepatoprotective Effect

The long-term use of ethanol can cause liver damage and unfavorable lipid profiles in humans. The
toxic acetaldehyde is formed from alcohol under catalysis of alcohol dehydrogenase, causing various
adverse effects such as thirst, vomiting, fatigue, headache, and abdominal pain [111]. For the first time,
Oh and colleagues have evaluated the protective effect of Gaba-rich germinated brown rice against
the toxic consequences of chronic ethanol use [112]. Interestingly, serum low-density lipoprotein
cholesterol, liver aspartate aminotransferase, and liver alanine aminotransferase levels were decreased
in mice fed both ethanol and brown rice extract for 30 days. Furthermore, the brown rice extract
significantly increased serum and liver high-density lipoprotein cholesterol concentrations and reduced
liver triglyceride and total cholesterol concentrations. In the same trend, Lee et al. [113] have reported
that Gaba-rich fermented sea tangle (GFST) could prevent ethanol and carbon tetrachloride-induced
hepatotoxicity in rats. The oral administration of GFST decreased the serum levels of glutamic pyruvate
transaminase, gamma glutamyl transpeptidase, and malondialdehyde levels and increased antioxidant
enzyme such as superoxide dismutase, catalase, and glutathione peroxidase [113]. Moreover, GFST
increased the activities and transcript levels of major alcohol-metabolizing enzymes, such as alcohol
dehydrogenase and aldehyde dehydrogenase, and reduced blood concentrations of alcohol and
acetaldehyde [114]. In an in vitro study, the protective effects of GFST against alcohol hepatotoxicity
in ethanol-exposed HepG2 cells were revealed by preventing intracellular glutathione depletion,
decreasing gamma-glutamyl transpeptidase activity, and suppressing cytochrome P450 2E1 enzyme
expression [115]. These results indicated that Gaba-rich foods might have a pharmaceutical role in the
prevention of chronic alcohol-related diseases (Figure 7).

 

 

Figure 7. Mechanism of the action of Gaba for hepatoprotection.
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2.11. Renoprotective Effect

Acute kidney injury is involved in kidney damage and cell death, causing high morbidity and
mortality worldwide [116]. The renoprotective agents derived from natural products may be essential
for the prevention or treatment of kidney injury-related diseases. Indeed, numerous studies have
evidenced the protective effect of Gaba against acute kidney injury (Figure 8). According to Kim et al.
(2004), the physiological changes caused by acute renal failure such as body weight and kidney weight
gain, urea nitrogen and creatinine elevation, creatinine clearance reduction, sodium FE(Na) secretion,
and urine osmolarity decrease in rats were significantly improved by oral administration of Gaba [117].
Moreover, the status of serum albumin decrease, urinary protein increase, and serum lipid profile
was completely improved by Gaba. In addition, Gaba alleviated nephrectomy-induced oxidative
stress by increasing superoxide dismutase and catalase, and decreasing lipid peroxidation in rats [118].
Furthermore, Gaba reduced tubular fibrosis, tubular atrophy, and the transforming growth factor-beta1
and fibronectin expression [119]. The acute tubular necrosis was also apparently reduced to normal
proximal condition by Gaba treatment [120]. In another study, Talebi and colleagues have shown the
protective effect of Gaba on kidney injury induced by renal ischemia-reperfusion in ovariectomized rats
via decreasing serum levels of creatinine and blood urea nitrogen, kidney weight, and kidney tissue
damage [121]. Meanwhile, the increases in alanine amino transferase and aspartate amino transferase
activities, urea and creatinine levels, malondialdehyde and advanced oxidation protein levels, and
oxidative damage to the kidney tissues induced by γ-irradiated- and streptozotocin-treated rats were
markedly attenuated by Gaba administration in rats [122]. Especially, Gaba was observed to ameliorate
kidney injury induced by renal ischemia/reperfusion injury in a gender dependent manner [123]. These
results emphasized the protective effect of Gaba against the renal damage involving in renal failure.

 

γ

 

⁺ ⁺

⁺ ⁺

Figure 8. Mechanism of the action of Gaba for renoprotection.

2.12. Intestinal Protective Effect

Chen and colleagues have examined the beneficial roles of Gaba on intestinal mucosa
in vivo [124,125]. It was shown that heat stress-induced chicken decreased the activity of
Na+-K+-ATPase, maltase, sucrase, and alkaline phosphatase enzymes in intestinal mucosa [124].
Moreover, heat stress caused the marked decline in villus length, mucosa thickness, intestinal
wall thickness, and crypt depth in the duodenum and ileum [125]. However, the treatment of
Gaba administration markedly increased the activity of maltase, sucrase, alkaline phosphatase, and
Na+-K+-ATPase [124]. Furthermore, Gaba enhanced villus length, mucosa thickness, intestinal wall
thickness, and crypt depth in the duodenum and ileum [125]. It indicated that Gaba could effectively
alleviate heat stress-induced damages of the intestinal mucosa. In a further study, they investigated the
effect of Gaba supplementation on the growth performance, intestinal immunity, and gut microflora of
the weaned piglets [126]. Notably, Gaba supplementation improved the growth performance, inhibited
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proinflammatory cytokines (IL-1 and IL-18) expression, promoted anti-inflammatory cytokines (IFN-γ,
IL-4, and IL-10) expression, and increased the dominant microbial populations, the community richness,
and diversity of the ileal microbiota. On the other hand, Xie and colleagues also investigated the effect
of Gaba on colon health in mice [127]. It was observed that the female Kunming mice administrated
with Gaba at doses of 40 mg/kg/d for 14 days could increase the concentrations of acetate, propionate,
butyrate, and total short chain fatty acids, and decreased pH value in colonic and cecal contents.
Recently, Kubota and colleagues have revealed that Gaba attenuated ischemia reperfusion-induced
alterations in intestinal immunity via increasing IgA secretion, alpha-defensin-5 expression, and
superoxide dismutase activity in the rat small intestine [128]. Besides, Jiang and colleagues also
showed the protective effect of Gaba against intestinal mucosal barrier injury of colitis induced by
2,4,6-trinitrobenzene sulfonic acid and alcohol [129]. These results have evidenced the physiological
function of Gaba in improvement and promotion of intestinal health.

2.13. Other Pharmaceutical Properties

Yang et al. [130] have examined the modulatory effects of Gaba on
cholesterol-metabolism-associated molecules in human monocyte-derived macrophages (HMDMs).
It was found that Gaba was effective in the reduction of cholesterol ester in lipid-laden HMDMs
via suppressing the expression of scavenger receptor class A, lectin-like oxidized low-density
lipoprotein receptor-1, and CD36, and promoting the expression of ATP-binding cassette transporter 1,
ATP-binding cassette sub-family G member 1, and scavenger receptor class B type I. Moreover, the
production of TNF-α was decreased and the activation of signaling pathways (p38MAPK and NF-κB)
was repressed in the presence of Gaba. The inhibitory effect of Gaba on the formation of human
macrophage-derived foam cells suggests its role in the prevention of atherosclerotic lesions.

Yang et al. [131] have investigated whether Gaba ameliorate fluoride-induced a thyroid injury
in vivo. The model of hypothyroidism was conducted by exposing NaF (50 mg/kg) to adult male mice
for 30 days. Thereafter, thyroid hormone production, oxidative stress, thyroid function-associated
genes, and side effects during therapy were measured. Interestingly, Gaba supplementation remarkedly
promoted the expression of thyroid thyroglobulin, thyroid peroxidase, and sodium/iodide symporter.
Moreover, it improved the thyroid redox state, the expression of thyroid function-associated genes,
and liver metabolic protection. These findings indicate that Gaba has a therapeutic potential
in hypothyroidism.

In regarding to the growth hormone, the oral administration of Gaba was reported to elevate the
resting and post-exercise immunoreactive growth hormone and immunofunctional growth hormone
concentrations in humans [132]. Moreover, the administration of Gaba is likely to increase the
concentrations of plasma growth hormone and the rate of protein synthesis in the rat brain [133,134].
Recently, the role of Gaba in the enhancement of muscular hypertrophy in men after progressive
resistance training was also evaluated by Sakashita and colleagues [135]. They found that the
combination of Gaba and whey protein was effective in increasing whole body fat-free mass, thus
enhancing exercise-induced muscle hypertrophy.

Indeed, the excessive production of free radicals and oxidants causes oxidative stress that damages
cell membranes and other structures such as DNA, lipids, and proteins [136]. Particularly, the damage
of cell membranes and lipoproteins by hydroxyl and peroxynitrite radicals causes lipid peroxidation
and formation of cytotoxic and mutagenic agents such as malondialdehyde and conjugated diene
compounds [137]. Moreover, the free radicals and oxidants can change protein structure and lose enzyme
activity. Various mutations may also result from oxidants-induced DNA damages. Therefore, oxidative
stress can induce a variety of chronic and degenerative diseases such as cancer, cardiovascular disease,
neurological disease, pulmonary disease, rheumatoid arthritis, nephropathy, and ocular disease [138]. In
this sense, antioxidants play an important role in the neutralization of free radicals, protection of the cells
from toxic effects, and prevention of disease pathogenesis [139]. As a result, the antioxidant activity of
Gaba may partly contribute to its biological effects such as anti-hypertension, anti-diabetes, anti-cancer,
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antioxidant, anti-inflammation, anti-microbial, anti-allergy, hepato-protection, reno-protection, and
intestinal protection.

3. Conclusions

The fact that consumers have paid much attention to natural products in order to promote and
maintain their health. Simultaneously, various functional foods derived from natural products have
been developed along with the tendency of consumers. Herein, Gaba has been evidenced as a powerful
bioactive compound with numerous health beneficial effects. Thus, the functional foods produced from
Gaba are believed to be able to prevent and/or treat different diseases, especially hypertension, diabetes,
and neurological disorders. Whereby, the researches into large-scale production, biotechnological
techniques, and high Gaba-producing strains will be remarkedly increased in food industry. However,
the further testing and validation due to the safety and efficacy of Gaba consumption are necessary in
clinical trials.
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