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The health benefits of consuming certain foods have been commonly known since
ancient times. However, the study of foods as a source of healthy bioactive compounds
has been gaining interest over recent decades. At present, numerous research papers
have been focused on the beneficial role played by certain food components in the close
relationship between food intake and health status. In this sense, many foods, including
fruits, vegetables, fish, seaweeds, herbs, etc., are known to be excellent sources of bioactive
compounds such as carotenoids, phenolic compounds, terpenoids, fatty acids, peptides,
and saponins, among others.

On the other hand, the development of new foods or nutraceuticals with health bene-
fits is a current topic today and represents an appealing opportunity for the food and/or
pharmaceutical industries. However, this launch of new products should be endorsed by
strong scientific support on the health benefits attributable to the intake of these bioactive
food ingredients. To this end, an enlightenment about the most suitable source of a specific
bioactive compound is required. This study should include the most suitable sources
of bioactive compounds, the development of the most sustainable extraction techniques,
isolation, and also an accurate analysis of the bioactive compounds by using the most
adequate techniques. Moreover, the biological activities of these compounds should be
elucidated in vitro, in cells, and also in clinical trials. Studies focusing on changes during
storage, the digestion process, intestinal absorption rates, bioaccessibility, bioavailability,
biological mechanisms of action, or bioactivity of their metabolites are also required to
establish the real contribution of these compounds to the health status.

Within this context, food is usually exposed to various temperatures throughout the
food supply chain. Thus, research aimed at changes in bioactive compounds that occur dur-
ing food storage at different temperatures is a topic of interest. In this context, Lu et al. [1]
carried out a pilot study to investigate the changes of carotenoids, flavonoids, and vitamin
C in a “Cara-Cara” juice during 16 weeks of storage at 4, 20, 30, and 40 ◦C. The results
indicated that total flavonoids and carotenoids studied showed slight degradation at each
temperature, while vitamin C degraded intensively, especially at 40 ◦C storage. Another
work [2] also studied the bioactive compounds, antioxidant activity, and sensory analysis
of a cryoconcentrated calafate (Berberis microphylla) juice during refrigerated storage. This
study indicated that under a refrigerated storage time of 35 days, the cryoconcentrate sam-
ples retained bioactive compounds and the antioxidant components naturally presented in
calafate juice.

On the other hand, food processing techniques could also be related with the amount
of bioactive compounds present in foods. Thus, Janda et al. [3] determined the mineral
content, antioxidant activity, and acidity of coffee beverages depending on the brewing
technique. Their findings showed that the brewing method had a significant effect on the
antioxidant potential, polyphenol content, and redox potential of the beverage obtained.

Foods 2021, 10, 325. https://doi.org/10.3390/foods10020325 https://www.mdpi.com/journal/foods
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Use of the AeroPress coffee maker was the brewing method that resulted in the highest
content of health-promoting compounds in a coffee beverage. Besides, there are other
processes such as enzyme treatment and fermentation of cereals that enhance the release of
bound bioactive compounds and make them available for bioactivity. Authors of [4] found
that enzyme-treated destarched rice samples with subsequent fermentation contained
known antihypertensive phenolic compounds and peptides that make these samples a
promising material for developing cheap antihypertensive foods.

Moreover, many foods have been described to possess different biological activities
beyond their nourishing properties, linked to the presence of some constituents. In this
Special Issue, the health benefits of donkey milk, quinoa, bee products, and ginger have
been included. In that way, quinoa is known to contain some constituents (saponins or di-
etary fiber polysaccharides, among others) that exert an anti-obesity activity. Nevertheless,
its mechanism of action needs to be ascertained. Teng et al. [5] characterized an anti-obesity
polysaccharide from quinoa using gas chromatography coupled to mass spectrometry, the
structure of which was confirmed by nuclear magnetic resonance. Moreover, they demon-
strated that this fructose- and glucose-based polysaccharide inhibited 3T3-L1 adipocyte
differentiation by suppressing specific genes’ expression. In other work [6], Equus asinus is
presented as a novel and improved alternative to cow’s milk due to its great similarity with
human milk and its low allergenic properties. However, the properties of donkey milk are
not limited to its provision of valuable nutrients, as a wide range of biological activities
such as antioxidant, antimicrobial, anti-tumoral, anti-proliferative and anti-diabetic activi-
ties compared to other sources of milk have been described, especially associated to whey
protein fraction. Moreover, these promising activities might be used by the food industry
for the production of novel foods with healthy properties, contributing to immune system
stimulation, regulation of intestinal flora, or prevention of inflammatory-based diseases.
Regarding foods based on bee products such as royal jelly, propolis, or bee pollen, they
have been used since a long time ago to ameliorate some chronic physical states involving
increased muscle weakness. In that respect, Ali and Kunugi [7] reviewed that numerous
mechanisms at many different levels could be related to a beneficial effect on sarcope-
nia, including an improvement of inflammation and oxidative damage, enhancement of
satellite stem cell responsiveness and muscle blood supply, or promotion of peripheral
neuronal regeneration, without ruling out other promising mechanisms. Mao et al. [8]
present an up-to-date review concerning the biological activities of ginger, a commonly
used spice, that are mainly related to the presence of phenolic compounds such as gingerol
and shogaols. In this sense, there are numerous activities that have been described for this
spice, from the most known antioxidant or anti-inflammatory activities to anti-diabetic,
anti-obesity, or anti-emetic activities. Moreover, the different mechanisms of action to exert
these health benefits have been illustrated in this review.

Currently, the valorization of by-products derived from food processing is considered
a hot topic. Thus, distilled spent grain, the main residue of baijiu making, is presented as
a potential source of melanoidins with antioxidant and antihypertensive activity [9]. In
this context, the sequential extraction of melanoidins using water and NaOH at different
extraction conditions from dry distilled spent grain, and the subsequent ultrafiltration
of the most enriched fraction, makes up a useful technique to obtain fractions enriched
in melanoidins with different molecular weights and activities. Melanoidins of high
molecular weight (>100 kDa) showed a high antioxidant activity, whereas low molecular
weight (3–10 kDa) melanoidins exhibited a high antihypertensive activity against the
angiotensin-converting enzyme. Nieto et al. [10] proposed the use of pressurized liquid
extraction with green solvents (ethanol:water mixtures) in order to use grape stems as a
source of antioxidant phenolics. They optimized the extraction conditions by using an
experimental design along with response surface methodology to obtain an extract with
high antioxidant activity and high phenolic content. The results pointed out the presence
of 42 phenolic compounds, mainly polymer procyanidins, in the optimal extract, where
the antioxidant activity was mainly attributed to the presence of the latter. Therefore, this
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study valorizes this side stream as a source of natural and antioxidant phenolics as part of
a sustainable food system.

On the other hand, the encapsulation of bioactive compounds as a strategy to improve
their solubility and preserve their chemical integrity and successful delivery in physiologi-
cal targets has been proposed recently. In that regard, Taha et al. [11] evaluate the efficacy
of different milk proteins as nanocarriers for curcumin. Their results revealed that the
developed nanoparticles presented an antimicrobial activity much higher compared to
curcumin and the native milk proteins.

Nowadays, the colonic microbiota has emerged as a factor in the relationship between
diet and health, since increasing evidence connects imbalances in the gut microbiota (dys-
biosis) with pathologies. Consequently, there is growing interest in exploring the potential
modifications of the gut microbiota by bioactive compounds in foods and their relationship
with some pathologies. The study carried out by Ramos-Romero et al. [12] explored the
potential modifications in the microbiota profile induced by grape pomace (a product
rich in both dietary fiber and polyphenols) supplementation. The authors explored the
possible ways in which grape pomace supplementation might have differentially induced
a reduction in insulin secretion in responder individuals—specifically changes in repre-
sentative gut bacterial populations. However, the results obtained in this study indicated
that the decrease in insulin levels in subjects at cardiometabolic risk upon supplementation
appeared not to be related to modifications in the major subgroups of gut microbiota.

In conclusion, this Special Issue comprises nine original research papers and three
review articles addressing recent advances in the health benefits of the bioactive compounds
of foods, including new sources of bioactive compounds, valorization of side streams as
sources of bioactive compounds, molecular mechanisms of these bioactive compounds,
their analysis, isolation, food processing influence on bioactive compounds of food, or the
influence of intestinal microbiota, among other related aspects.
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Stability of Flavonoid, Carotenoid, Soluble Sugar and
Vitamin C in ‘Cara Cara’ Juice during Storage

Qi Lu 1,2, Lu Li 1, Shujin Xue 1, De Yang 1 and Shaohua Wang 1,*

1 Institute of Agro-Products Processing and Nuclear Agricultural Technology, Hubei Academy of Agricultural
Sciences, Wuhan 430064, China; luqihzau@126.com (Q.L.); Lulilu2662@163.com (L.L.);
xsj2000@163.com (S.X.); yde0537@163.com (D.Y.)

2 College of Food Science and Technology, Huazhong Agricultural University, Wuhan 430070, China
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Abstract: In view of understanding the stability of sterilized ‘Cara Cara’ juice during storage,
the changes of specific quality parameters (flavonoid, carotenoid, vitamin C, soluble sugar and
antioxidant activities) of ‘Cara Cara’ juice were systematically investigated over the course of 16 weeks
in storage at 4, 20, 30 and 40 ◦C. Total flavonoid and carotenoid indexes showed slight degradation at
each temperature, while vitamin C and soluble sugar degraded intensively, especially at 40 ◦C storage
with a great amount of HMF (5-hydroxymethylfurfural) accumulated. There were 29 carotenoids
detected during storage, including carotenes and carotenoid esters. Carotenes were kept stable,
while the degradations of carotenoid esters were fitted by biexponential function. Carotenoid ester
group 2 contained epoxy structures that quickly decreased in the first four weeks at all storage
temperatures, while the ester group 1 (belonged to β-cryptoxanthin ester) was degraded gradually.
The 13- or 15-cis-lycopene, isomerized from all-(trans)-lycopene, increased with storage time at each
temperature. Total flavonoid and carotenoid indexes in stored ‘Cara Cara’ juice were positively
correlated with hydrophilic and lipophilic antioxidant abilities.

Keywords: ‘Cara Cara’ juice; storage; hydrophilic and lipophilic antioxidant; carotenoid; flavonoid;
degradation

1. Introduction

Citrus juice possesses an attractive natural color, with a sweet and sour taste, making it popular with
food consumers around the world [1]. Intake of citrus juice is confirmed to be effective for prevention of
human chronic-degenerative diseases [2,3], and micronutrients of carotenoids, flavonoids and ascorbic
acid are responsible for the physiological function of citrus juice [4,5]. Orange cv. ‘Cara Cara’, a bud
mutation of navel orange (Citrus. sinensis L. Osbeck) originating in Venezuela in the 1980s, displays an
attractive bright red color due to the accumulation of lycopene [6], and it has been widely planted in
China [7]. Changes of food sensorial and nutritional quality during storage limits the date of food
consumption. ‘Cara Cara’ juice products have not been commercially available in China, and the
nutritional changes of ‘Cara Cara’ juice during storage have not been investigated.

Citrus juice products are usually exposed to various temperatures in the food supply chain. It is
necessary to investigate the changes of carotenoid, flavonoid and ascorbic acid during storage at
different temperatures, since these components play an important role in the healthy function of citrus
juice. Rapisarda reported that the flavanone in sweet orange juice decreased about 50% after storage
at 4 ◦C for 20 days [8], while Klimczak found that the flavanone in commercial pure orange juice
was rather stable during storage with only minor changes observed [9]. Apigenin-6,8-di-C-glucoside,
narirutin-4’-O-glucoside, narirutin, hesperidin and didymi were confirmed as typical flavonoids in

Foods 2019, 8, 417; doi:10.3390/foods8090417 www.mdpi.com/journal/foods5
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‘Cara Cara’ juice [10]. There is little information on the influence of storage temperature and duration
on flavonoid content in ‘Cara Cara’ juice.

Due to the complex composition of carotenoids in oranges, the saponification procedure has
typically been applied to simplify the analysis, by transferring esterified carotenoids into free
cartoenoids [11,12]. The stability of carotenoids can be influenced by temperature, time, and the
availability of light and oxygen [13]. Previous studies have mainly focused on the degradation of free
carotenoids during storage [12,14], while the change of carotenoid esters in citrus juice during storage
has not been reported. There have been 19 carotenoid esters inferred in ‘Cara Cara’ fruit, with the
9-cis-violaxanthin ester confirmed as the dominant component [7], and esterified β-cryptoxanthin
considered to be the most stable ester during thermal treatment [15]. The change of free and esterified
cartoenoids in ‘Cara Cara’ juice needs to be further explored.

Non-enzymatic browning, frequently observed in citrus juice, plays an important role in the
color, flavor and nutritional quality of the stored citrus juice [1]. Non-enzymatic browning is also
strongly connected to the degradation of ascorbic acid and sugar, with HMF (5-hydroxymethylfurfural)
detected as the indicator [1]. A previous report confirmed that vitamin C in citrus juice was affected
by the storage temperature and duration [9]. However, changes of flavonoid, carotenoids, vitamin C
and sugar in ‘Cara Cara’ juice during storage at different temperatures have been not investigated,
especially in terms of carotenoid esters.

We, therefore, carried out a pilot study to investigate the changes of carotenoid, flavonoid and
vitamin C in ‘Cara Cara’ juice during 16 weeks of storage at different temperatures. In addition,
the lipophilic and hydrophilic antioxidant abilities of stored ‘Cara Cara’ juice were analyzed.

2. Materials and Methods

2.1. Sample Preparation

‘Cara Cara’ juice (15.3 ◦Brix, pH 3.70, titratable acidity 0.93%) was obtained from commercial
matured fruit of Orange cv. Cara Cara, harvested from the Fujian province of China in December 2017.
The fresh ‘Cara Cara’ fruit (50 kg) was immediately peeled and squeezed with a fruit extruder. Half of
the crude juice was stored at −80 ◦C and half was directly subjected to a rapid thermal sterilization.
Specifically, ‘Cara Cara’ juice was boiled in a stainless-steel container with an electronic thermometer
(F1, invisible, Guangdong, China) monitoring the internal temperature of the ‘Cara Cara’ juice (98 ◦C,
16 s). The sterilized juice was immediately filled into glass bottles (50 mL). These bottles and their
caps were disinfected before use. After cooling, the juice was stored at 4, 20, 30 and 40 ◦C for 16 weeks
without lights. At each sampling time, three bottles of juice were taken and frozen at −80 ◦C until use.

2.2. Chemicals and Reagents

The standards of narirutin, hesperidin, didymin, lycopene, β-carotene, fructose, glucose and
sucrose were acquired from Yuanye Bio-Technology Co., Ltd (Shanghai, China). Phytoene and
violaxanthin were purchased from CaroteNature (Lupsingen, Switzerland) and Sigma (St. Louis,
MO, USA), respectively. ABTS+ (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Yuanye Bio-Technology Co., Ltd (Shanghai,
China). High performance liquid chromatography purity solvents, including methyl tert-butyl ether
(MTBE), methanol and hexane were obtained from Thermo Fisher Scientific (Leicestershire, UK).
Other analytical grade chemicals, such as ethanol, hexane and sodium hydroxide were bought from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

2.3. Extraction of Carotenoid from ‘Cara Cara’ Juice

The extraction of carotenoids from ‘Cara Cara’ juice was performed according to our previous
study [15]. Briefly, ‘Cara Cara’ juice (10 mL) was homogenized with 10 mL ethanol/hexane (4:3, v/v, 0.1%
butylated hydroxytoluene) by stirring at 700 rpm for 0.5 h. The mixture was subsequently centrifuged
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(19,360× g, 4 min) to obtain the liquid phase. After extraction of the residue twice, all the liquid
phases were combined, and then washed by separatory funnel to collect the non-polar supernatants.
The obtained supernatant was evaporated to dryness, then re-dissolved by methyl tert-butyl ether and
filtered (0.22 μm polytetrafluoroethylene filter) for the analysis of carotenoids.

2.4. Extraction of Flavonoid from ‘Cara Cara’ Juice

Flavonoids in ‘Cara Cara’ juice were extracted based on our previous study, with minor
modification [15]. Briefly, ‘Cara Cara’ juice (1 mL) was homogenized with the extract solvent
(85% aqueous ethanol containing 0.1% HCl, 4 mL) by an ultrasonic cleaner (KQ-500E, Kun Shan
Ultrasound Instrument Co., Jiangsu, China) at 40 kHz for 30 min. The mixture was centrifuged (9680× g
for 5 min) and filtered through 0.22 μm PTFE filter for further analysis.

2.5. Antioxidant Assays

Based on a previous study [16], the antioxidant abilities of hydrophilic and lipophilic extracts in
‘Cara Cara’ juice were measured by DPPH and ABTS+ assays. The DPPH activity was evaluated as
previously described [10], and the final results were expressed as μmol ascorbic acid equivalent (AAE)
per milliliter ‘Cara Cara’ juice (μmol AAE/mL, y = 0.0012x + 0.0438, R2 = 0.9902). The ABTS+ assay
was conducted according to the existing protocol [17], while the final results were expressed as μmol
Trolox equivalent (TE) per milliliter ‘Cara Cara’ juice (μmol TE/mL, y = 0.3025x + 0.076, R2 = 0.9807).
The hydrophilic and lipophilic capacities of stored ‘Cara Cara’ juice were calculated every four weeks
(0, 4, 8, 12, 16 weeks).

2.6. Analysis of Carotenoids and Flavonoids in ‘Cara Cara’ Juice

The analysis of carotenoids was performed on HPLC (2695 system, Waters Corp., Milford, MA,
USA) using a C30 reversed phase column (250 × 4.6 mm, 5 μm; YMC, Inc. Wilmington, NC, USA) and
flavonoids were separated on the Waters Acquity UPLC system (Waters Corp., Milford, MA, USA) with
a BEH C18 column (100 mm × 2.1 mm, 1.7 μm). Their chromatographic separation, identification and
quantification procedures were conducted based on our previous study [15]. The content of flavonoids
in ‘Cara Cara’ juice during storage were analyzed every four weeks (0, 4, 8, 12, 16 weeks), and the
sampling times for carotenoids quantification in stored ‘Cara Cara’ juice were set at 0, 2, 4, 6, 8, 12 and
16 weeks.

2.7. Ascorbic Acid Measurement

The ascorbic acid was determined by the titration method, using 2,6-dichlorophenolindophenol
dye [18].

2.8. Sugar Measurement

Modified from a previous study [19], the soluble sugar in ‘Cara Cara’ juice was determined by
HPLC (2695 system, Waters Corp., Milford, MA, USA) with 2414 refractive index detector (Waters,
Milford, MA, USA), and an inertsil NH2 column (250 × 4.6 mm, 5 μm; Dikma Technologies Inc.,
Beijing, China) was used for sugar separation. Zinic acetate solution (21.9%, 0.1 mL) and potassium
ferrocyanide solution (10.6%, 0.1 mL) were added in ‘Cara Cara’ juice (1 mL) to precipitated proteins.
Afterwards, distilled water was added to 2 mL, and centrifuged to obtain the supernatant for HPLC
analysis. Mobile phase was acetonitrile/water (75/25) and the HPLC operating conditions were set as:
injection volume 20 μL; column temperature 40 ◦C; detector temperature 40 ◦C; flow rate 1 mL/min.
The contents of sugar in ‘Cara Cara’ juice during storage were detected every two weeks (0, 2, 4, 6, 8,
10, 12, 14, 16 weeks).
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2.9. Statistical Analysis

All the experiments were conducted in triplicate, and the data were presented as mean ± standard
deviation of triplicate independent experiments. One-way analysis of variance (ANOVA) was applied
to compare the means, and the differences between the means were analyzed by Duncan’s multiple
range tests at a significance level of 0.05. Correlation analysis of the matrix was analyzed by Pearson
correlation coefficient (t-test). All statistical analyses were processed by IBM SPSS Statistics version 20.0.
Carotenoid compounds were quantified in ‘Cara Cara’ juice during the 16 weeks of storage at different
temperatures. The data were arranged to have carotenoid components at different temperatures as
objects (rows) and storage weeks as variables (columns) and processed by principal component analysis
(XLSTAT 2016, Addinsoft, New York, NY, USA). The results were presented with graphs plotting the
projections of the units onto the components, and the loadings of the variables. Correlation between
variables was evaluated by Pearson’s correlation coefficient [20].

3. Results and Discussion

3.1. Changes of Flavonoids in ’Cara Cara’ Juice

Based on our previous study [10,15], flavonoids were confirmed to be the dominant phenolic
compounds in ‘Cara Cara’ juice, including apigenin-6,8-di-C-glucoside, narirutin-4’-O-glucoside,
narirutin, hesperidin and didymin. The content changes of individual flavonoids are shown in
Table 1. Compared with a previous study [21], the contents of narirutin and hesperidin reported in
this study were relatively higher. Each individual flavonoid was not significantly changed during
storage at 4 ◦C. Didymin and narirutin were stable with no significant decrease observed at all
storage temperatures, while other flavonoids (apigenin-6,8-di-C-glucoside, narirutin-4’-O-glucoside,
hesperidin) were significantly degraded during storage at 20, 30 and 40 ◦C. The degradation of
flavonoids in fruit juice was probably associated with the peroxidase activity, which might not be
completely inactive by sterilization [22].

Table 1. Changes in the content of flavonoids (μg/mL) in ‘Cara Cara’ juice during 16 weeks of storage
at different temperatures.

Weeks
Apigenin-6,8-

di-C-Glucoside
Narirutin-4′-O-

Glucoside
Narirutin Hesperidin Didymin

Total Flavonoid
Index

4 ◦C
0 30.37 ± 2.47 a 30.43 ± 1.69 a 140.62 ± 6.47 a 620.22 ± 22.86 a 76.15 ± 3.24 a 897.79 ± 36.73 a
4 26.46 ± 0.48 a 27.41 ± 1.93 a 137.64 ± 12.29 a 618.98 ± 29.43 a 76.45 ± 2.67 a 886.94 ± 46.80 a
8 27.48 ± 1.36 a 26.77 ± 2.38 a 136.84 ± 13.91 a 601.63 ± 16.38 a 76.16 ± 5.33 a 868.88 ± 39.39 a

12 25.49 ± 1.56 a 25.93 ± 2.58 a 134.51 ± 6.17 a 583.72 ± 5.90 a 74.34 ± 3.85 a 843.99 ± 20.06 a
16 25.04 ± 0.47 a 25.52 ± 1.42 a 129.25 ± 4.35 a 567.65 ± 13.95 a 72.91 ± 1.34 a 820.37 ± 21.53 a

20 ◦C
0 30.37 ± 2.47 a 30.43 ± 1.69 a 140.62 ± 6.47 a 620.22 ± 22.86 a 76.15 ± 3.24 a 897.79 ± 36.73 a
4 25.63 ± 2.35 ab 26.86 ± 3.25 ab 136.82 ± 4.57 a 614.16 ± 8.56 ab 75.28 ± 4.47 a 878.75 ± 23.20 a
8 25.35 ± 1.30 ab 24.66 ± 0.92 ab 133.32 ± 1.82 a 592.5 ± 17.68 ab 72.73 ± 2.45 a 848.56 ± 24.17 a

12 23.37 ± 0.53 b 24.65 ± 0.62 ab 125.89 ± 10.60 a 574.42 ± 10.99 ab 74.45 ± 1.34 a 822.78 ± 24.08 a
16 21.25 ± 1.24 b 21.77 ± 1.45 b 126.78 ± 5.32 a 556.75 ± 12.03 b 71.42 ± 1.38 a 797.95 ± 21.42 a

30 ◦C
0 30.37 ± 2.47 a 30.43 ± 1.69 a 140.62 ± 6.47 a 620.22 ± 22.86 a 76.15 ± 3.24 a 897.79 ± 36.73 a
4 27.33 ± 3.03 a 26.35 ± 1.65 ab 133.14 ± 6.59 a 603.28 ± 17.21 ab 74.15 ± 1.27 a 864.25 ± 29.75 a
8 26.25 ± 1.73 a 27.06 ± 1.25 ab 128.52 ± 12.45 a 569.28 ± 8.79 ab 73.10 ± 5.83 a 824.21 ± 30.05 a

12 23.71 ± 0.66 a 22.91 ± 0.92 b 121.33 ± 5.08 a 567.69 ± 10.58 ab 73.92 ± 0.75 a 809.56 ± 17.99 a
16 22.35 ± 2.62 a 23.26 ± 2.98 b 122.57 ± 9.82 a 550.59 ± 16.56 b 70.70 ± 3.23 a 789.47 ± 35.21 a

40 ◦C
0 30.37 ± 2.47 a 30.43 ± 1.69 a 140.62 ± 6.47 a 620.22 ± 22.86 a 76.15 ± 3.24 a 897.79 ± 36.73 a
4 24.63 ± 1.45 ab 26.19 ± 1.55 ab 131.68 ± 10.37 a 594.84 ± 14.22 ab 74.07 ± 4.63 a 851.41 ± 32.22 a
8 25.48 ± 0.93 ab 26.58 ± 1.12 ab 132.44 ± 4.75 a 579.33 ± 15.21 ab 72.25 ± 2.24 a 836.08 ± 24.25 a

12 23.36 ± 1.23 b 24.88 ± 1.69 ab 130.66 ± 8.46 a 570.12 ± 11.13 ab 73.33 ± 1.68 a 822.35 ± 24.19 a
16 23.59 ± 2.43 ab 24.09 ± 1.35 b 127.59 ± 10.68 a 552.17 ± 12.54 b 71.29 ± 3.36 a 798.73 ± 30.36 a

Values are expressed as mean ± SD, n = 3. Values followed by different letters in the columns are significantly
different (Duncan’s multiple range tests, p < 0.05). Total flavonoid index represents the sum of individual quantified
flavonoid concentrations.
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HMF eluted with flavonoids on UPLC was only detected at 40 ◦C storage, with a slow accumulation
in the first 12 weeks (y = 0.006x + 0.012, R2 = 0.778) and a rapid increase was found in the last four
weeks (y = 0.071x + 0.833, R2 = 0.871), with the final content reaching 285.74 μg/mL. HMF is generated
from the decomposition of vitamin C or sugar degradation, and it is typically used to evaluate the
deterioration severity of juice [23,24].

3.2. The Changes of Carotenoids in ‘Cara Cara’ Juice

3.2.1. Carotenoid Composition

Citrus was reported as a natural carotenoids source [25]. A total of 29 peaks
were detected by HPLC-DAD (Figure 1), and they were identified according to our
previous studies [7,15]. Peaks 1 to 27 existed in the sterilized ‘Cara Cara’ juice
before storage, and they were inferred as mutatoxanthin, zeaxanthin, β-cryptoxanthin,
luteoxanthin-C14:0, 9-cis-violaxthin-C18:1, ζ-carotene, violaxthin-C16:0, luteoxanthin-C16:0,
β-carotene, unknown ester, 9-cis-antheraxanthin-C16:0, 9-cis-violaxthin-C12:0-C14:0,
β-cryptoxanthin-C12:0, β-cryptoxanthin-C16:1, 9-cis-violaxthin-C14:0-C14:0, β-cryptoxanthin-C14:0,
13- or 15-cis-β-cryptoxanthin-C18:1, a mixture of 9-cis-violaxthin-C14:0-C16:0
and 9-cis-violaxthin-C16:0-C18:1, 13- or 15-cis-lycopene, β-cryptoxanthin-C16:0,
antheraxanthin-C14:0-C16:0, 9-cis-antheraxanthin-C16:0-C16:0, lycopene, phytoene, cis-phytofluene
1, cis-phytofluene 2 and cis-phytofluene 3, respectively. Peaks 28 and 29 were the newly formed
compounds, in trace amounts, during storage at 40 ◦C for 8 weeks, and they were identified as 13- or
15-cis-β-cryptoxanthin and cis-phytofluene 4, based on their mass spectrometry, elution order and
ultraviolet–visible spectra [15].

Figure 1. HPLC chromatograms (450 nm) of carotenoids detected in ‘Cara Cara’ juice before (A) and
after 16 weeks of storage at 40 ◦C (B); Peaks 24–29 displayed no significant absorbance at 450 nm,
while distinct absorption was detected at 285 nm (peak 24) and 350 nm (peak 25–29). AU represents the
absorbance unit of carotenoid.

It was confirmed that β-cryptoxanthin esters were more stable than their corresponding free
forms [26], whereas epoxy-carotenoid esters were liable to degrade in orange juice, since 5,6-epoxy
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xanthophylls could be triggered into their 5,8-epoxy counterparts with a trace amount of
acid [25,26]. Changes of carotenoids in ‘Cara Cara’ juice could be observed by comparing the
HPLC chromatograms before and after the storage. Several epoxy-carotenoid esters (peaks 4, 11,
12, 15, 18, 21 and 22; luteoxanthin-C14:0, 9-cis-antheraxanthin-C16:0, 9-cis-violaxthin-C12:0-C14:0,
9-cis-violaxthin-C14:0-C14:0, a mixture of 9-cis-violaxthin-C14:0-C16:0 and 9-cis-violaxthin-C16:0-C18:1,
antheraxanthin-C14:0-C16:0and 9-cis-antheraxanthin-C16:0-C16:0) disappeared completely during the
storage. The absence of epoxy-carotenoid esters in ‘Cara Cara’ juice was correlated with its long storage
period [25]. Carotenoid esters in ‘Cara Cara’ juice were classified in different groups to simplify their
quantification. Briefly, β-cryptoxanthin esters including peaks 13, 14, 16, 17 and 20 were categorized as
ester group 1; epoxy carotenoid esters including peaks 4, 5, 7, 8, 11, 12, 15, 18, 21 and 22 were sorted
as ester group 2; Peak 10 disappeared after saponification procedure, but its structure could not be
inferred by MS fragments and UV-Vis spectra. Therefore, peak 10 was defined as unknown ester and
was classified as ester group 3. The content of carotenoids in ‘Cara Cara’ juice during storage are
presented in the Supplementary Materials (Table S1).

3.2.2. Carotenoid Degradation

The total carotenoid index in the sterilized ‘Cara Cara’ juice before storage was
309.06 ± 11.28 μg/mL, and the dominate compound was phytoene (69.78%), followed by total
phytofluene (19.98%), carotenoid esters (4.15%), β-carotene (3.39%), lycopene (1.69%), and others
(1.01%). The total carotenoids showed a declining trend at all storage temperatures, but their
degradations did not reach a significant level. Carotenes of phytoene, β-carotene and lycopene
were kept stable during storage, while all-trans-phytofluenes and cis-phytofluenes were irregularly
fluctuated. Matrix protection might have been responsible for the stability of the carotenes in ‘Cara
Cara’ juice [15,27,28]. Carotenoid ester, especially ester group 2, decreased dramatically during storage,
and this might be related to their unstable xanthophyl structure which could be easily isomerized and
degraded. The content changes of ester group 1 and ester group 2 in ‘Cara Cara’ juice are presented in
Figure 2. Their degradation was fitted by biexponential function (Equation (1)) and the detailed kinetic
parameters are presented in the Supplementary Materials (Figures S1 and S2).

yt = y∞ + A1 exp(−αt) + A2 exp(−βt) (1)

yt, is the carotenoid concentration at real time; y∞, is the theoretical concentration of carotenoid at
infinite time. A1 and A2 represent the pre-exponential factors; α and β, are the observed rate constants
for fast and slow degradation. Biexponential degradation of carotenoid indicated both irreversible
(degraded into volatiles or epoxides) and reversible (isomerization) degradation were involved, and this
degradation form was also observed during thermal treatment of carotenoid juices [15,29]. Ester group
2 was quickly decreased in the first four weeks at all storage temperatures (Figure 2), while ester group
1 was degraded gradually. Therefore, the storage time of ‘Cara Cara’ juice could be estimated by
combining the degrading rates of ester group 1 and ester group 2 at each temperature, and this issue
will be explored in our future research.
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Figure 2. Changes in the content of ester group 1 and ester group 2 (μg/mL) in ‘Cara Cara’ juice during
16 weeks of storage at different temperature.

3.2.3. PCA Analysis

PCA was investigated to understand the segregation and correlation among carotenoid compounds
in ‘Cara Cara’ juice at all storage temperatures. According to the PCA results, three principal components
were obtained to account for the total variance. PC1 and PC2 accounted for 69.02% and 15.77% of
the total variance, respectively. Carotenoid compounds, decreased with the storage time (Table S1),
were sorted in the same group and they were strongly and positively correlated with PC1 (Figure 3A).
Other compounds including 13- or 15-cis-lycopenes (4, 20, 30, 40 °C), cis-phytofluenes (4, 20, 30,
40 ◦C), ester groups 3 (4, 20, 30, 40 ◦C) and ζ-carotenes (30, 40 ◦C) were classified into the other two
groups. The 13- or 15-cis-lycopene, derived from all-(trans)-lycopene by isomerization, was increased
with storage time at each temperature, and the contents of 13- or 15-cis-lycopenes (4, 20, 30, 40 ◦C)
were strongly and negatively correlated with PC1. The contents of cis-phytofluene, ester group
3 and ζ-carotene were irregularly changed in ‘Cara Cara’ juice during the overall storage period,
and their contents at 4, 20, 30, 40 ◦C were sorted into different groups. Wibowo et al. proved that
ζ-carotene increased during juice storage at different temperatures, while Cortés presented the opposite
view [12,30]. In this study, the increase of ζ-carotene was just observed at 40 ◦C.

As presented in the PCA score plot (Figure 3B), the carotenoid profiles of ‘Cara Cara’ juice stored
at different times were clearly divided into four groups. The sterilized juice at 0 week was grouped in
the lower right quadrant, showing a positive correlation with PC1 and a negative correlation with PC2.
Similarly, the other three groups (2 and 4 weeks, 6 and 8 weeks, 12 and 16 weeks) were distributed
in the different quadrants, indicating that they have different correlations with PCs. Storage time
of each group (2 and 4 weeks, 6 and 8 weeks, 12 and 16 weeks) had a similar impact on the change
of carotenoid.
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(A) 

(B) 

Figure 3. Principle component analysis (PCA) of carotenoid compounds in ‘Cara Cara’ juice during
16 weeks of storage at 4, 20, 30 and 40 ◦C. (A) Loading plot of PCA, (B) scores scatter plot of PCA. Note:
mut for mutatoxanthin, zea for zeaxanthin, β-cry for β-cryptoxanthin, ζ-car for ζ-carotene, β-car for
β-carotene, cis-lyc for 13- or 15-cis-lycopene, lyc for lycopene, pto for phytoene, pfl for phytofluene,
cis-pfl for cis-phytofluene, ester 1 for ester group 1, ester 2 for ester group 2, ester 3 for ester group 3.
PC1and PC2 represent the first principal component and the second principal component, respectively.
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3.3. The Changes of Soluble Sugars in ‘Cara Cara’ Juice

Changes of soluble sugar are shown in Table 2. The total soluble sugars were gradually decreased
with the improved temperature and prolonged storage. The total soluble sugars were decreased by
1.39%, 1.63%, 9.33% and 31.68% respectively when the juice was stored at 4, 20, 30 and 40 ◦C. It was
reported that fructose, glucose and sucrose were greatly degraded in grapefruit juice during its storage
at 37 ◦C for 16 weeks [19], and the loss of soluble sugars might be related to browning reactions.
In the present study, sucrose in ‘Cara Cara’ juice was minorly hydrolyzed at 4, 20 and 30 ◦C, but it
was completely degraded at 40 ◦C, with fructose and glucose being increased. It was shown that the
hydrolysis of sucrose was followed by pseudo first-order reaction, and the hydrolysis progress was
correlated with acid concentration and storage time [31]. The increased content of glucose and fructose
in ‘Cara Cara’ juice stored at 40 ◦C was not stoichiometrically in line with the hydrolyzed sucrose
(Table 2), indicating that hydrolyzate might be partly engaged in Maillard reactions [19].

Table 2. Changes in the content of soluble sugar concentrations (mg/mL) in ‘Cara Cara’ juice during
16 weeks of storage at different temperatures.

Weeks Fructose Glucose Sucrose Total

4 ◦C
0 6.96 ± 0.17 a 15.15 ± 0.90 a 23.22 ± 1.85 a 45.33 ± 2.92 a
2 6.95 ± 0.31 a 15.09 ± 0.30 a 23.16 ± 1.25 a 45.21 ± 1.86 a
4 6.90 ± 0.42 a 14.92 ± 0.28 a 23.52 ± 1.36 a 45.40 ± 2.06 a
6 7.02 ± 0.36 a 15.36 ± 0.44 a 23.04 ± 1.33 a 45.36 ± 2.13 a
8 6.94 ± 0.55 a 15.08 ± 0.54 a 22.89 ± 0.83 a 44.93 ± 1.92 a
10 7.11 ± 0.43 a 15.58 ± 0.65 a 22.68 ± 1.42 a 45.22 ± 2.50 a
12 6.75 ± 0.56 a 14.98 ± 0.36 a 22.74 ± 1.88 a 44.68 ± 2.80 a
14 6.48 ± 0.38 a 15.97 ± 0.45 a 22.88 ± 1.76 a 45.81 ± 2.59 a
16 6.54 ± 0.25 a 15.72 ± 0.23 a 22.02 ± 1.42 a 44.70 ± 1.90 a

20 ◦C
0 6.96 ± 0.17 a 15.15 ± 0.90 a 23.22 ± 1.85 a 45.33 ± 2.92 a
2 7.03 ± 0.12 a 15.13 ± 0.14 a 23.94 ± 1.67 a 46.03 ± 1.93 a
4 6.92 ± 0.42 a 15.29 ± 0.64 a 23.38 ± 1.79 a 45.63 ± 2.85 a
6 6.68 ± 0.88 a 15.23 ± 0.92 a 23.06 ± 1.15 a 45.25 ± 2.95 a
8 6.94 ± 0.37 a 15.11 ± 0.78 a 23.55 ± 1.84 a 45.62 ± 2.99 a
10 6.56 ± 0.21 a 15.64 ± 0.44 a 23.44 ± 1.38 a 46.04 ± 2.03 a
12 6.62 ± 0.54 a 15.79 ± 0.59 a 23.16 ± 1.47 a 45.91 ± 2.60 a
14 7.08 ± 0.52 a 16.07 ± 0.84 a 22.43 ± 1.15 a 45.46 ± 2.51 a
16 6.84 ± 0.35 a 16.13 ± 0.72 a 21.50 ± 1.55 a 44.59 ± 2.62 a

30 ◦C
0 6.96 ± 0.17 a 15.15 ± 0.90 a 23.22 ± 1.85 ab 45.33 ± 2.92 a
2 6.75 ± 0.29 a 15.16 ± 0.85 a 23.60 ± 1.13 a 45.72 ± 2.27 a
4 6.79 ± 0.50 a 15.71 ± 0.78 a 22.12 ± 2.05 ab 44.79 ± 3.33 a
6 7.14 ± 0.61 a 15.85 ± 0.69 a 21.81 ± 1.28 ab 44.62 ± 2.58 a
8 7.18 ± 0.65 a 16.00 ± 1.36 a 21.03 ± 1.11 ab 43.99 ± 3.12 a

10 7.15 ± 1.85 a 16.20 ± 0.46 a 20.37 ± 0.64 ab 43.53 ± 2.95 a
12 6.88 ± 0.47 a 16.68 ± 0.96 a 19.54 ± 1.57 ab 43.18 ± 3.0 a
14 7.17 ± 0.28 a 16.85 ± 1.27 a 19.00 ± 1.42 ab 42.81 ± 2.97 a
16 7.18 ± 0.17 a 16.05 ± 0.47 a 18.09 ± 1.54 b 41.10 ± 2.18 a

40 ◦C
0 6.96 ± 0.17 d 15.15 ± 0.90 c 23.22 ± 1.85 a 45.33 ± 2.92 a
2 8.10 ± 0.24 cd 17.32 ± 1.37 c 20.87 ± 1.59 a 45.15 ± 3.2 a
4 8.69 ± 0.22 bc 18.10 ± 1.04 cb 16.97 ± 1.21 b 42.03 ± 2.47 ab
6 9.05 ± 0.38 abc 21.89 ± 1.53 ab 9.77 ± 0.24 c 38.62 ± 2.15 abc
8 9.04 ± 0.81 abc 22.43 ± 1.38 a 5.82 ± 0.30 d 35.21 ± 2.49 bc
10 10.01 ± 0.66 ab 22.70 ± 0.79 a 4.06 ± 0.11 de 33.72 ± 1.56 bc
12 9.34 ± 0.75 abc 23.43 ± 1.50 a 2.77 ± 0.14 de 33.16 ± 2.39 c
14 9.45 ± 0.38 abc 23.42 ± 1.03 a 1.59 ± 0.06 e 31.88 ± 1.47 c
16 10.78 ± 0.38 a 24.01 ± 1.04 a nd 30.97 ± 1.42 c

Values are expressed as mean ± standard deviation, n = 3. Values followed by different letters in the columns are
significantly different (Duncan’s multiple range tests, p < 0.05).
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3.4. The Changes of Vitamin C in ‘Cara Cara’ Juice

The percent retention of vitamin C in ‘Cara Cara’ juice during storage is shown in Figure 4,
and vitamin C retention decreased with prolonged storage and increased temperature. No significant
loss of vitamin C was detected in the ‘Cara Cara’ juice stored at 4 ◦C for 16 weeks. The concentration
of vitamin C decreased by 23.93%, 35% and 69.58% respectively when ‘Cara Cara’ juice was stored at
20, 30 and 40 ◦C for 16 weeks. The degradation of vitamin C in citrus juice has been widely studied,
and the degradation mode has been fitted to the first-order reaction [32,33]. A similar result was found
in our study. The presence of vitamin C in citrus juice could protect carotenoids from oxidation, and a
lower loss of carotenoid was confirmed in vitamin C fortified juice [34].

 
Figure 4. Percent retention of vitamin C in ‘Cara Cara’ juice during 16 weeks of storage at
different temperatures.

3.5. The Changes of Antioxidants in ‘Cara Cara’ Juice

The antioxidants in ‘Cara Cara’ juice were evaluated in hydrophilic and lipophilic fractions,
which represented the antioxidant ability of flavonoids and carotenoids, respectively. It was reported
that lipophilic fractions usually displayed much lower antioxidant ability than the hydrophilic fraction
in common fruits and vegetables [16,35]. A similar phenomenon was also found in our present study,
which might be attributed to the higher content of total flavonoid index than that of the total carotenoid
index (Table 1 and Table S1). The changes in both hydrophilic and lipophilic antioxidant abilities in
‘Cara Cara’ juice during the 16 weeks of storage at different temperatures are shown in Table 3.
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Table 3. Changes of the hydrophilic and lipophilic antioxidant abilities in ‘Cara Cara’ juice during
16 weeks of storage at different temperatures.

Weeks Hydrophilic ABTS 1 Hydrophilic DPPH 2 Lipophilic ABTS Lipophilic DPPH

4 ◦C
0 6.42 ± 0.44 a 2.14 ± 0.06 a 0.88 ± 0.03 a 0.76 ± 0.02 a
4 6.23 ± 0.12 a 2.09 ± 0.06 a 0.81 ± 0.02 ab 0.75 ± 0.03 a
8 5.89 ± 0.31 a 2.1 ± 0.06 a 0.87 ± 0.02 a 0.74 ± 0.05 a
12 5.71 ± 0.21 a 2.04 ± 0.06 a 0.80 ± 0.03 ab 0.74 ± 0.04 a
16 5.54 ± 0.24 a 1.94 ± 0.05 a 0.77 ± 0.05 ab 0.72 ± 0.02 a

20 ◦C
0 6.42 ± 0.44 a 2.14 ± 0.06 a 0.88 ± 0.03 a 0.76 ± 0.02 a
4 5.84 ± 0.31 a 1.92 ± 0.05 b 0.82 ± 0.04 a 0.73 ± 0.06 a
8 5.89 ± 0.32 a 1.86 ± 0.05 b 0.87 ± 0.06 a 0.69 ± 0.02 a

12 5.81 ± 0.24 a 1.82 ± 0.04 b 0.76 ± 0.03 a 0.67 ± 0.03 a
16 5.48 ± 0.21 a 1.64 ± 0.03 c 0.75 ± 0.04 a 0.67 ± 0.04 a

30 ◦C
0 6.42 ± 0.44 a 2.14 ± 0.06 a 0.88 ± 0.03 a 0.76 ± 0.02 a
4 6.19 ± 0.27 a 1.84 ± 0.05 b 0.83 ± 0.06 a 0.74 ± 0.03 ab
8 6.06 ± 0.32 a 1.82 ± 0.03 b 0.82 ± 0.04 a 0.66 ± 0.05 ab

12 5.76 ± 0.28 a 1.64 ± 0.04 c 0.76 ± 0.05 a 0.68 ± 0.03 ab
16 5.53 ± 0.34 a 1.56 ± 0.05 c 0.73 ± 0.03 a 0.62 ± 0.02 b

40 ◦C
0 6.42 ± 0.44 a 2.14 ± 0.06 a 0.88 ± 0.03 a 0.76 ± 0.02 a
4 6.35 ± 0.31 cd 1.96 ± 0.06 ab 0.86 ± 0.03 ab 0.72 ± 0.01 ab
8 6.26 ± 0.32 bc 1.80 ± 0.05 bc 0.79 ± 0.02 ab 0.73 ± 0.03 ab

12 6.18 ± 0.24 abc 1.72 ± 0.03 c 0.75 ± 0.05 b 0.64 ± 0.05 ab
16 5.91 ± 0.26 abc 1.61 ± 0.06 c 0.74 ± 0.03 b 0.63 ± 0.04 b

1 DPPH: expressed as ascorbic acid equivalent (μmol AAE/mL); 2 ABTS: expressed as Trolox equivalent (μmol
TE/mL). Values are expressed as mean± SD, n= 3. Values followed by different letters in the columns are significantly
different (Duncan’s multiple range tests, p < 0.05).

The ABTS+ and DPPH values for both hydrophilic and lipophilic antioxidants were decreased
during storage at different temperatures. After storage for 16 weeks, ABTS+ assay values for hydrophilic
antioxidants decreased by 13.70%, 14.64%, 13.86% and 7.94% respectively, under 4, 20, 30, 40 ◦C,
while DPPH assay values for hydrophilic antioxidants decreased by 9.34%, 23.36%, 27.10% and 24.76%
at corresponding storage temperatures. The ABTS+ and DPPH values for lipophilic antioxidants were
relatively stable, and their significant decrease was only observed at the end of storage at 40 ◦C.

A correlation between flavonoid compositions and antioxidant activity in hydrophilic extracts
from ‘Cara Cara’ juice was explored. A positive correlation was found between the total flavonoid
index and hydrophilic antioxidant ability (Table 4), in accordance with a previous study [36].
Each individual flavonoid was significantly and positively correlated with tested antioxidant activities
at p < 0.01 level (Table 4). Therefore, flavonoid compounds in ‘Cara Cara’ juice were the important
contributions to the hydrophilic antioxidant ability. Correlations between carotenoid compositions and
lipophilic antioxidant activities of ‘Cara Cara’ juice are presented in Table 5. Consisting of zeaxanthin,
β-cryptoxanthin, lycopene, phytoene, phytofluene, ester group 1, ester group 2 and the total carotenoid
index were significantly and positively correlated with the tested bioactivities at p < 0.01. β-carotene
correlated with ABTS+ capacity and DPPH scavenging at p < 0.01 level and p < 0.05 level, respectively.
ζ-carotene, 13- or 15-cis-lycopene, cis- phytofluene and ester group 3 were negatively correlated with
the tested bioactivities. The result suggested that zeaxanthin, β-cryptoxanthin, lycopene, phytoene,
phytofluene, ester group 1 and ester group 2 were contributors to the lipophilic antioxidant ability of
‘Cara Cara’ juice.
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Table 4. Correlation matrix between flavonoid compositions and antioxidant activity in hydrophilic
extracts from stored ‘Cara Cara’ juice.

Hydrophilic ABTS+ Hydrophilic DPPH

apigenin-6,8-di-C-glucoside 0.752 ** 0.857 **
narirutin-4’-O-glucoside 0.808 ** 0.870 **

narirutin 0.702 ** 0.901 **
hesperidin 0.699 ** 0.874 **
didymin 0.608 ** 0.882 **

total flavonoid index 0.742 ** 0.910**

** indicated the correlated factors with each other reached significant level, p < 0.01.

Table 5. Correlation matrix between carotenoid compositions and antioxidant activity in lipophilic
extracts from stored ‘Cara Cara’ juice.

Lipophilic ABTS+ Lipophilic DPPH

mutatoxanthin 0.420 0.391
zeaxanthin 0.724 ** 0.634 **

β-cryptoxanthin 0.704 ** 0.604 **
ζ-carotene −0.178 −0.195
β-carotene 0.640 ** 0.558 *

13- or 15-cis-lycopene −0.655 ** −0.666 **
lycopene 0.652 ** 0.600 **
phytoene 0.698 ** 0.619 **

phytofluene 0.760 ** 0.848 **
cis-phytofluene −0.629 ** −0.764 **

ester group 1 0.865 ** 0.799 **
ester group 2 0.703 ** 0.645 **
ester group 3 −0.225 −0.293

total carotenoid index 0.732 ** 0.664 **

* indicated the correlated factors with each other reached significant level, p < 0.05. ** indicated the correlated
factors with each other reached significant level, p < 0.01.

4. Conclusions

The micronutrients in ‘Cara Cara’ juice were investigated during storage at 4, 20, 30 and 40 ◦C
for a period of 16 weeks. Total flavonoid and carotenoid indexes showed slight degradation at each
temperature, while vitamin C and soluble sugar degraded intensively, especially at 40 ◦C storage.
Although the total carotenoids were stable at each storage temperature, most carotenoid esters were
significantly degraded and fitted by biexponential function. Specifically, the ester group 2 with epoxy
structures quickly decreased in the first four weeks at all storage temperatures, while the ester group 1
(belonged to β-cryptoxanthin ester) degraded gradually. The combined degrading rates of the two
type of esters might be further applied to estimate the storage time of ‘Cara Cara’ juice. Total flavonoid
and carotenoid indexes in stored ‘Cara Cara’ juice were positively correlated with hydrophilic and
lipophilic antioxidant abilities. This study provided information on changes of flavonoid, carotenoids,
vitamin C and sugar in ‘Cara Cara’ juice during storage at moderate and elevated temperatures, which
might be useful for the quality prediction of ‘Cara Cara’ juice during storage.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/417/s1,
Figure S1: Biexponential fitting with eq 1 of the experimental data obtained for the degradation of ester group 1 in
Cara Cara juice during 16 weeks storage at 4 ◦C (A), 20 ◦C (B), 30 ◦C (C) and 40 ◦C (D), respectively. Figure S2:
Biexponential fitting with eq 1 of the experimental data obtained for the degradation of ester group 2 in Cara Cara
juice during 16 weeks storage at 4 ◦C (A), 20 ◦C (B), 30 ◦C (C) and 40 ◦C (D), respectively. Table S1: Changes in the
content of carotenoids (μg/mL) in ‘Cara Cara’ juice during 16 weeks of storage at different temperature.
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Abstract: This study aimed to evaluate the potential of centrifugal block cryoconcentration (CBCC)
at three cycles applied to fresh calafate juice. The fresh juice and cryoconcentrate at each cycle
were stored for five weeks at 4 ◦C and quality attributes were analyzed every 7 days. CBCC had
significant effects in the calafate juice, since in the last cycle, the cryoconcentrate reached a high value
of total soluble solids (TSS, ≈42 ◦Brix), with final attractive color, and an increase of approximately
2.5, 5.2, 5.1, 4.0 and 5.3 times in relation to the fresh juice values, for total bioactive compounds
(TBC), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), ferric reducing antioxidant power (FRAP) and oxygen radical absorbance capacity (ORAC),
respectively. However, at 35 days under storage, these values decreased by 5%, 13%, 15%, 19%, 24%
and 27%, for TSS, TBC, DPPH, ABTS, FRAP and ORAC, respectively. Additionally, until the day 14,
the panelists indicated a good acceptability of the reconstituted cryoconcentrate. Therefore, CBCC
can be considered a novel and viable technology for the preservation of quality attributes from fresh
calafate juice with interesting food applications of the cryoconcentrates due to their high stability
during storage time in comparison to the fresh juice.

Keywords: cryoconcentration; calafate juice; storage time; physicochemical properties; bioactive
compounds; antioxidant activity; sensorial analysis

1. Introduction

Calafate (Berberis microphylla) has presented unique properties due to the high variety of health
associated compounds, such as phenols, vitamins, minerals and amino acids [1]. Calafate belongs
to the family Berberidaceae, and the fruits are harvested in numerous Chilean and Argentinian
Patagonian sectors [2]. However, calafate production is still low compared to other berries (2019:
0.2 hectares calafate versus 970.6, 9.0 and 2.9 hectares of blueberries (Vaccinium corymbosum), maqui
(Aristotelia chilensis) and michay (Berberis darwinii), respectively). Therefore, different technologies have
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been applied to keep this fruit available throughout the year. Thus, processed products from fresh
calafate fruits such as juice, jellies, jams and wines can be found in local markets [3].

In recent decades, traditional thermal methods (evaporation, pasteurization and/or sterilization)
have been used in fresh juice, and thus, the thermally treated concentrate products achieve a significant
improvement in quality and prolonged shelf-life when compared to the fresh juice. Unfortunately,
these technologies use high temperatures that cause undesirable changes on different properties
(nutrients, flavor and color, among others), since these quality properties contain endless thermolabile
and thermostable compounds that are degraded, and thus, the organoleptic properties are affected,
resulting in possible rejection by consumers [4]. Hence, emerging non-thermal technologies have
been investigated in the food processing sector to concentrate liquids, and thus, to retain their quality
attributes [5].

Cryoconcentration (CC) is a non-thermal concentration technology which has demonstrated
numerous advantages to preserve important properties in liquid foods [6]. Specifically, CC concentrates
a liquid solution by total or partial freezing of water, and thus, as the temperature decreases the solutes
are rejected from the ice phase and accumulate at the solid–liquid interphase, i.e., the cryoconcentrated
(unfrozen liquid fraction) is between the ice crystals (solid water). Once the freezing process is finished,
the cryoconcentrate is removed from the ice fraction, which allows lower energy consumption than
thermal processing (0.33 versus 2.26 kJ/g, respectively) [7].

Different CC techniques can be found in the literature, with block CC (BCC) characterized by the
easier fraction separation, equipment used and operation procedures [8]. Specifically, in BCC, a liquid
solution is completely frozen, which is equivalent to a frozen block solution. Later, the block sample is
thawed and separated by a natural (gravitational) method [9] or by employing assisted techniques to
improve the process parameters involved in BCC, among them, efficiency, solute yield and percentage
of concentrate [10–12].

Hence, BCC has proven to be an environmentally friendly emerging technology with great potential
to retain various quality characteristics in fresh fruit juice, including physicochemical parameters [13],
phenolic content [14], antioxidant activity [15] and volatile compounds [16]. In addition, sensory
panelists did not find differences between reconstituted cryoconcentrate samples and fresh juice [17].
Nevertheless, to our knowledge, no researches have been published on quality characteristics obtained
from a fresh native juice such as calafate juice by BCC. Therefore, the novelty of this study is the
concentration of calafate juice, an endemic species of the Patagonian Andes of Chile and Argentina
considered as a “superfruit” with high polyphenol content and high antioxidant capacity through a
green and non-thermal technology called cryoconcentration.

Therefore, the aim of the study was to investigate the stability of fresh calafate juice and
cryoconcentrate samples, in quality attributes terms, during 35 days of storage after applied centrifugal
BCC (CBCC) technology. The physicochemical parameters, bioactive compounds content, antioxidant
activity and sensory analysis were studied in each week of the storage period.

2. Materials and Methods

2.1. Calafate Juice Preparation

Fresh calafate (Berberis microphylla) were harvested in southernmost Chile (XI Región de Aysén)
(December 2019), and the fruits were transferred in a refrigerated truck to Chillán (Región del Ñuble,
Chile). The fruits were pressed, and then, the juice was filtered through nylon cloth (0.8 mm fine-mesh)
to discard solid parts (peel and seeds) that might interfere with the CBCC process. The liquid sample
was stored at 4 ◦C and processed within 24 h.

2.2. CBCC Protocol

The CBCC process was carried out as described in our previous study [18]. Thus, the prepared
calafate juice (45 mL) was placed in plastic centrifugal tubes with foamed polystyrene (around the
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tube) to produce an axial freezing. The samples were frozen at −20 ◦C (overnight) in a vertical static
freezer (280, M and S Consul, Sao Paulo, Brazil), and at the end of the freezing stage, the frozen samples
were transported to centrifuge equipment (Eppendorf 5430R, Hamburg, Germany). Specifically,
two centrifugation conditions (15 min with 4000 rpm and 20 min with 4000 rpm) were performed to
determine the best separation condition, considering total soluble solids (TSS), efficiency (Eff, %) and
final cryoconcentrate volume (mL). Thereby, the centrifugation was used as an assisted technique to
force the extraction of the cryoconcentrated fraction (Cs) from the frozen matrix (Cf). The CBCC was
performed at three cycles, i.e., the Cs at the first cycle was used as feed solution for the second cycle
and the second Cs was used for the third cycle.

2.3. Physicochemical Analysis

The TSS was determined using a digital refractometer PAL-3 (range: 0–93 ◦Brix, precision:
±0.1 ◦Brix, Atago Inc., Tokyo, Japan). The density (kg/m3) of the samples was determined by the
pycnometric method at 20 ◦C using distilled water as a model liquid [19]. A digital pH meter HI 2221
(Hanna Instruments, Woonsocket, RI, USA) was used to determine the pH of the samples, and the
mean pH values were calculated on the International Union of Pure and Applied Chemistry (IUPAC)
recommendation [20]. The titratable acidity (TA) was measured by using 5 mL of sample mixed
with 50 mL of degassed deionized water, pH of samples was adjusted to 8.2 with sodium hydroxide
solution (0.1 M NaOH) and the TA was expressed as grams of malic acid (MA) per liter of sample
(g MA/L). The color parameters were calculated on the International Commission on Illumination
(CIE) with L* (Lightness), a* (Green–red axis) and b* (Blue–yellow axis) space (CIELAB) using a
spectrophotometer CM-5 (Konica Minolta, Osaka, Japan). The standard illuminant and observer angle
were D65 and 10◦, respectively. In addition, the total color difference (ΔE*) between fresh calafate juice
and cryoconcentrated samples was calculated according to Equation (1).

ΔE∗ =
√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (1)

where ΔL*, Δa* and Δb* are differences between fresh calafate juice and cryoconcentrated samples at
each week of the storage period.

TSS, pH, acidity, density and color determinations of fresh juice and cryoconcentrated samples
were performed in triplicate at ambient temperature (≈22 ◦C). Three replicates for each treatment
were analyzed.

2.4. Quantification of Total Bioactive Compound (TBC)

The total polyphenol content (TPC), total anthocyanin content (TAC) and total flavonoid content
(TFC) of fresh calafate juice and cryoconcentrated samples were measured at each CBCC cycle and
each storage period.

TPC was determined through the Folin–Ciocalteau method [21]. Wherein, 200 μL of sample
and 1500 μL of diluted (1:10) Folin–Ciocalteau reagent were mixed. After 5 min, 1500 μL of sodium
carbonate solution (20% (w/v), Na2CO3) was added to the solution. After 90 min in the dark at room
temperature (incubation), the absorbance was measured at 760 nm. Gallic acid (GA) was used for
the standard curve construction, and the TPC results were expressed as mg of gallic acid equivalents
(GAE) per grams (g) of dry matter (mg GAE/g d.m.).

TAC was quantified using the pH differential method [22]. Therefore, 200 μL of sample was added
to 1800 μL of potassium chloride (pH 1.0, 0.025 M, KCl) and 1800 μL of sodium acetate (pH 4.5, 0.4 M,
CH3COONa). After 30 min in the dark at room temperature (incubation), the absorbance was measured
at 520 and 700 nm. Cyanidin-3-glucoside (C3G) was used for the standard curve construction, and the
TAC results were expressed as mg of C3G equivalent per grams (g) of dry matter (mg C3G/g d.m.).

TFC was measured by the aluminum chloride colorimetric method [23]. As such, 250 μL of
sample was mixed with 1000 μL of distilled water and 75 μL of sodium nitrite solution (5% (w/v),
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NaNO2). After 10 min, 75 μL of aluminum chloride (10% (w/v), AlCl3), 500 μL of sodium hydroxide
(1 M, NaOH) and 600 μL of distilled water were added. After 30 min in the dark at room temperature
(incubation), the absorbance was measured at 510 nm. Catequin (C) was used for the standard curve
construction, and the results were expressed as mg of catechin equivalent (CE) per grams (g) of dry
matter (mg CE/g d.m.).

All TBC determinations were evaluated using a spectrophotometer T70 UV–VIS (Oasis Scientific
Inc., Greenville, SC, USA), and were done in triplicate at ≈22 ◦C.

2.5. Total Antioxidant Activity (TAA) Determinations

Four methods were used to quantify antioxidant activity, the 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), ferric reducing antioxidant
power (FRAP) and oxygen radical absorbance capacity (ORAC) assays, with minor modifications.

DPPH assay was determined using the protocol described by Brand–Williams et al. [24]. Thereby,
100 μL of sample was added to 2900 μL of DPPH solution (0.1 mM). The solution was incubated in the
dark at room temperature (≈22 ◦C) for 30 min, and then, the absorbance was measured at 515 nm.

ABTS assay was performed according to Re et al. [25]. Therein, 10 μL of sample was added to
990 μL of ABTS solution. The sample was incubated in the dark at room temperature for 30 min,
and then, the absorbance was measured at 734 nm.

FRAP assay was done according to the method described by Benzie and Strain [26]. As such,
100 μL of sample, 3000 μL of FRAP reagent and 300 μL of water were mixed. The sample was incubated
in the dark at 37 ◦C for 10 min, and then, the absorbance was measured at 593 nm.

DPPH, ABTS and FRAP assays were quantified on a spectrophotometer T70 (UV–VIS
spectrophotometer, Oasis Scientific Inc., Greenville, SC, USA).

ORAC assay was determined using the method reported by Ou et al. [27]. Specifically, 30 μL
of sample and 20 μL of fluorescein solution (10 nM) were placed into black 96-well microplates and
incubated at 37 ◦C for 30 min. Then, 50 μL of 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH,
600 mM) and 2900 μL of phosphate buffer (75 mM, pH 7.4) were added to the solution. The absorbance
was measured every 1 min for 60 min at an excitation wavelength of 485 nm and an emission set of
520 nm using a multimode plate reader (Victor X3, Perkin Elmer, Hamburg, Germany).

For all assays, Trolox (T) (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used for
the standard curve construction, and the TAA results were expressed as mM Trolox equivalents (TE)
per gram (g) of dry matter (mM TE/g d.m.) and the TAA determinations were performed in triplicate.

2.6. Storage Study

The fresh calafate juice and each cryoconcentrate sample were deposited in glass jars previously
rinsed with distilled water and UV exposed for 1.5 h. All the samples were stored at 4 ± 1 ◦C in a
refrigerated incubator (FOC 215E, Velp Scientific Inc., Milano, Italy) for 35 days. The physicochemical
properties, TBC and TAA determinations were analyzed at day 0 (control) and after 7, 14, 21, 28 and
35 days, as previously described.

2.7. Sensory Evaluation

A sensorial analysis was done to measure the degree of acceptance or rejection between
reconstituted cryoconcentrated samples (third cycle with similar TSS value than the fresh juice)
and fresh calafate juice. The evaluations were performed at day 0, 7, 14 and 21 of the storage period by
a trained sensory panel consisting of ten males and ten females with an average age of 33 years old
(from 27 to 39 years old). The samples were rated according to a 5-score hedonic scale system, in which
1 = dislike extremely and 5 = like extremely. Thus, odor, aroma, flavor and overall acceptability were
evaluated. Specifically, 20 mL of samples at 22 ◦C were placed in transparent cups, labeled with three
random numbers. Cold water and crackers were supplied to each panelist in each test for rinsing their
mouths between the samples. Three replicates were performed on each sample.
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2.8. Statistical Analysis

The results were expressed as means ± standard deviation. All statistical analysis was evaluated
by analysis of variance (ANOVA) test and the treatment means were compared via least significant
difference (LSD) or Student’s t-test at level of significance (p ≤ 0.05). Statgraphics Centurion XVI
software version 16.2.04 (StatPoint Technologies Inc. Warrenton, VA, USA) was used for analysis
of data. Correlations between TBC, TAA and among them were evaluated by Pearson’s correlation
coefficient test.

3. Results and Discussion

3.1. Preliminary Centrifugation Results

In order to determine an adequate CBCC process, two centrifugation time conditions (15 min
and 20 min) were used to identify the best separation performance. The other conditions were similar
to that previously reported in our laboratory, i.e., 4000 rpm and 20 ◦C as centrifugation speed and
separation temperature, respectively [16–18].

The centrifugation time had an important effect in TSS, efficiency and final cryoconcentrate
volume, with significant differences (p ≤ 0.05) at each cycle (Table 1). Firstly, a gradual increase in TSS
values was observed as cycles progressed, in both 15 min and 20 min conditions. However, at 15 min
of centrifugation, the TSS values (27, 38 and 45 ◦Brix) were higher than those at 20 min (24, 31 and
37 ◦Brix), in the first, second and the third cycle, respectively. These results could be attributed to the
centrifugation which remained relatively intact the ice fraction (without thawing and/or breaking)
using 15 min as centrifugation time, and thus, only cryoconcentrate was extracted from the ice fraction.

Table 1. Preliminary results obtained at different centrifugation conditions.

Centrifugation
Cycle

TSS Efficiency 1 Cryoconcentrated Volume

Condition (◦Brix) (Eff, %) (CV, mL)

Fresh juice 0 14.6 ± 0.2 a - -
1 27.2 ± 0.8 b 68.9 ± 0.9 a 28.6 ± 0.2 a

15 min, 4000 rpm, 20 ◦C 2 37.6 ± 0.4 c 57.9 ± 0.4 b 22.4 ± 0.6 b

3 44.5 ± 0.5 d 52.3 ± 1.1 c 15.2 ± 0.8 c

1 23.7 ± 0.7 b 75.7 ± 1.0 a 34.4 ± 0.6 a

20 min, 4000 rpm, 20 ◦C 2 31.1 ± 0.6 c 69.7 ± 0.9 b 29.1 ± 1.0 b

3 36.6 ± 0.3 d 63.0 ± 0.5 c 21.6 ± 0.7 c

Total soluble solids (TSS), efficiency (Eff) and cryoconcentrate volume (CV). Different superscripts in a column are
significantly different (p ≤ 0.05) according to least significant difference (LSD) test. 1 Eff(%) = ((Ccs − Ccf)/Ccs) * 100,
where Ccs and Ccf are the solutes in cryoconcentrated and ice fraction, respectively.

An inverse behavior was observed in efficiency, since 20 min presented better results than 15 min,
with 63% and 52%, in the last cycle, respectively. This phenomenon can be described by the TSS
concentration values in the Cs and Cf fractions in each cycle, since a high TSS value produces an
increase in viscosity and thus, an increase the difficulty of solute extraction from the ice matrix, which
produces a reduction in the separation efficiency [28].

An important point to determine the best centrifugation condition is the cryoconcentrate volume
(CV), which decreased as the cycles advanced. In our case, centrifugation for 20 min presented higher
CV post-centrifugation by tube than 15 min, from ≈34 to ≈22 mL and ≈29 to ≈15 mL, respectively.
These results can be correlated with the previously results obtained in TSS, since, as mentioned above,
a high TSS value increases the viscosity, and this behavior influences the CV obtained due to the high
viscosity preventing the solutes movement outside from the frozen phase.

Therefore, we defined 20 min as centrifugation time for the separation between Cs and Cf at each
cycle, since it allows a higher CV extraction than 15 min. In addition, calafate (Berberis microphylla) is
still a fruit with low production in Chile compared to other berries [29], and to date, these fruits present

25



Foods 2020, 9, 1314

a high price per kilogram due to recent knowledge acquired on different quality properties [1–3],
which encourages the cryoconcentrated juice study and stability over time for the elaboration of
different products such as fruit juice.

3.2. TSS Results

The fresh juice has an initial TSS value close to 13.9 ◦Brix (Figure 1), which is a value within
the range established by Mariangel et al. [3], who studied the variability in numerous attributes of
calafate fruit harvested from four sectors in Southern Chile, with TSS values between 9.3 to 22.9 ◦Brix,
which reflects the influence of different agricultural and climatic conditions on the fruit growth pattern.

Figure 1. Effect of storage on TSS in fresh and cryoconcentrated calafate juice.

Firstly, in relation to day 0, the TSS in the fresh juice increased significantly cycle to cycle
with values of 23.1, 35.6 and 42.0 ◦Brix in the first, second and third cycle, which is equivalent to
a concentration index (CI, ratio Cs/C0) of 1.7, 2.6 and 3.0 times, compared to the initial TSS value
(13.9 ◦Brix), respectively. Thus, the TSS results at each cycle have higher values than those achieved
in previous investigations with other fresh fruit juice samples such as blueberry juice [18,30], orange
juice [10] and pineapple juice [16] under similar conditions in our laboratory, with final concentration
values (third cycle) close to 41, 33, 40 and 36 ◦Brix, respectively. Furthermore, the TSS values were
superior to those described by Moreno et al. [31] and Ding et al. [32], who used BCC and suspension CC
(SCC) to cryoconcentrate coffee extract and apple juice, respectively. Hence, the TSS values variation
could be explained by the freezing conditions and sized tubes capacity used in the present study.
Specifically, we used an axial freezing front propagation with moderate freezing rate temperature
(−20 ◦C), which allows an improved counter-diffusion of solutes from the growing crystal surface.
Additionally, the centrifugal equipment has a sized tubes capacity of 50 mL-tube, which favors the
cryoconcentrate extraction from the ice frozen in the centrifugation step [18].

During the first week (day 7) under storage, the TSS in the fresh juice presented a slight increase
(with statistical differences) compared with control juice (day 0). However, a continuous decline in
TSS was observed in the next weeks, with a final value of approximately 6.0 ◦Brix at day 35 (week 5),
which is equivalent to a decrease of more than 57% of the initial TSS value (day 0). A similar effect was
observed for all CBCC cycles, with a slight increase until day 7, and then, TSS decreased significantly
until day 35, where it reached values close to 17.8, 31.8 and 40.0 ◦Brix, for the first, second and third
cycle, which indicates a decrease of 23%, 11% and 5%, with respect to the correspondent value at day
0, respectively.

The TSS decrease at each cycle under storage could be associated with sugar consumption by
microorganisms, since as time progresses, there exists a possibility of microbial growth, and thus,
as days passed, the microorganisms consume higher sugar amount than in the first days (first week),
reflecting in a gradual TSS decrease [33]. Comparable results were described by Wahia et al. [34],
who studied melon juice and their quality properties preservation at various days during storage.
Additionally, Chia et al. [35] mentions that, in terms of consumption safety, the unpasteurized products
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has a shelf life up to two weeks, since, in general, the fresh fruits have a microbial load close to 3 to 5
log CFU per mL and the limit is 6 log CFU per mL.

3.3. Physicochemical Analysis

Statistical differences (p ≤ 0.05) were found in density, pH and acidity values between the fresh
juice and their respective CBCC cycle, and in turn, significant differences (p ≤ 0.05) were observed
between the samples (at day 0) and their correspondent at each week under storage (Table 2).

Firstly, the initial pH and TA values in the calafate juice (day 0) were equivalent to those previously
reported by Arena et al. [36], who studied the organic acids content of calafate in different growing
seasons, specifying that the physicochemical properties of calafate depends on various aspects such as
climate, place of growth, type of harvest and processing procedures.

Specifically, in the fresh juice (day 0) and as the cycles advanced, a gradual decrease in the pH
values were observed, with a decrease close to 2.3%, 5.5% and 8.7% in relation to the initial pH value
(pH ≈3.09), for the cycle one, cycle two and cycle three, respectively. While, an opposite effect was
denoted in TA values, since it presented a considerable increase, with values of approximately 2.1, 2.8,
4.1 and 4.6, from fresh juice to the final CBCC cycle, respectively. This contrary performance has been
linked to the TSS and their values cycle by cycle, i.e., as TSS increased, an increase in the organic acid
content was generated, affecting the pH and TA values [37]. Besides, the results are in accordance with
those obtained in CC applied to pineapple juice [16], apple juice [17] and blueberry juice [38], in which
all the cryoconcentrated juices had antagonistic values in pH and TA with the increase in solutes as the
cycles passed.

On the days under storage, an opposite behavior was observed in each sample among pH and
TA values, since a progressive increase was detected in pH and a significant decline was identified
in TA, with values from 3.1 to 3.4 and 2.1 to 1.7 for fresh juice, 3.0 to 3.3 and 2.8 to 2.3 for cycle one,
2.9 to 3.2 and 4.1 to 3.6 for cycle two and 2.8 to 3.2 and 4.6 to 4.0 for cycle three, from the day 0 to day
35, respectively. In this case, this phenomenon has been attributed to the acid hydrolysis of various
polysaccharides, in which the non-reducing sugars are transformed into reducing sugars, as well as
the use of malic acid as an energy source by microorganisms [39].

In general terms, the fruit juices are a good media for microbial multiplication and spoilage,
with a usual microbial increase during storage time. In these conditions, the microorganisms use
nutrients and cause enzymatic changes, contributing to creating off-flavor by breakdown or synthesis
of new compounds [40]. In the case of unpasteurized fruit juices, the microbial spoilage is most
commonly the result of aciduric microbes such as lactic acid bacteria and yeasts that produce copious
quantities of carbon dioxide and off-flavors [41].

Similar trends were perceived in fruit juices such as sugarcane juice [42], grape juice [43] and
apple juice [44] during storage.

In terms of density, the values showed an overall increasing trend from the fresh juice to the
last cycle at day 0, and thus, the density values presented an increase close to 5%, 8% and 12% in
comparison to the respective initial value. This behavior can be justified by the TSS concentration
reached post-centrifugation step at each cycle [45] and the performance was comparable with the
results informed for different cryoconcentrated juices [16,17,38,45]. In addition, a similar behavior
was observed throughout storage, since at day 35, the density showed an increment of approximately
12–14% to the respective sample at day 0. These trends might be explained by the water evaporation
in the sample under storage period, which lead to a decrease in the volume of the sample, as it was
explained in studies on physicochemical properties under storage conditions for watermelon juice [33]
and grape juice [46].
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Color parameters of fresh calafate juice and for each CBCC cycle during storage are shown in
Table 3. The samples exhibited significant changes at each cycle, mentioning that the differences among
the samples were quantitative and qualitative.

Table 3. CIELAB values of fresh calafate juice and cryoconcentrate samples during storage.

Day Sample L* a* b* ΔE*

0

Fresh juice 33.95 ± 0.61 a 31.21 ± 2.72 a 3.11 ± 0.08 a -
C1 21.71 ± 1.01 b 39.58 ± 0.47 b 2.68 ± 0.24 b 14.84 ± 1.07 a

C2 10.41 ± 0.51 c 43.40 ± 0.34 c 2.32 ± 0.21 b,c 26.52 ± 0.34 b

C3 7.22 ± 0.19 d 46.71 ± 0.29 d 1.71 ± 0.08 d 30.92 ± 0.30 c

7

Fresh juice 32.05 ± 0.09 a 33.71 ± 1.00 a 3.04 ± 0.05 a -
C1 16.85 ± 0.23 b 41.44 ± 0.29 b 2.02 ± 0.02 b 17.08 ± 0.31 a

C2 8.37 ± 0.14 c 44.85 ± 0.25 c 1.41 ± 0.13 c 26.22 ± 0.24 b

C3 5.49 ± 0.26 d 48.45 ± 0.28 d 0.99 ± 0.03 d 30.44 ± 0.26 c

14

Fresh juice 31.12 ± 0.15 a 34.07 ± 0.13 a 3.00 ± 0.01 a -
C1 16.05 ± 0.05 b 41.94 ± 0.08 b 1.65 ± 0.06 b 17.05 ± 0.06 a

C2 7.97 ± 0.03 c 45.07 ± 0.07 c 1.32 ± 0.01 c 25.68 ± 0.04 b

C3 4.96 ± 0.02 d 49.18 ± 0.06 d 0.91 ± 0.02 d 30.28 ± 0.03 c

21

Fresh juice 25.84 ± 0.82 a 37.36 ± 0.32 a 2.79 ± 0.05 a -
C1 13.10 ± 0.60 b 43.41 ± 0.35 b 1.17 ± 0.04 b 14.20 ± 0.45 a

C2 6.37 ± 0.16 c 46.48 ± 0.35 c 1.06 ± 0.06 c 21.58 ± 0.27 b

C3 3.10 ± 0.05 d 50.46 ± 0.31 d 0.75 ± 0.05 d 26.32 ± 0.17 c

28

Fresh juice 20.25 ± 0.30 a 39.60 ± 0.33 a 2.33 ± 0.27 a -
C1 9.49 ± 0.14 b 45.30 ± 0.27 b 0.92 ± 0.04 b 12.26 ± 0.16 a

C2 5.04 ± 0.07 c 48.31 ± 0.33 c 0.85 ± 0.04 c 17.58 ± 0.20 b

C3 1.97 ± 0.02 d 52.34 ± 0.28 d 0.50 ± 0.05 d 22.36 ± 0.18 c

35

Fresh juice 13.57 ± 0.45 a 41.73 ± 0.24 a 1.99 ± 0.04 a -
C1 6.13 ± 0.02 b 47.67 ± 0.46 b 0.53 ± 0.03 b 9.63 ± 0.28 a

C2 3.69 ± 0.15 c 51.00 ± 0.41 c 0.33 ± 0.03 c 13.65 ± 0.38 b

C3 0.51 ± 0.37 d 55.00 ± 0.26 d 0.06 ± 0.01 d 18.72 ± 0.37 c

Different letters in the same column show significant differences at 5% between homogeneous groups in each
variable to a LSD. C1, C2 and C3 represents cycle 1, cycle 2 and cycle 3, respectively. “-” corresponds to a control
sample on the day of analysis.

At day 0, the fresh calafate juice presented a light reddish violet color (L* ≈ 34.0, a* ≈ 31.2 and
b* ≈ 3.1). However, to date, there are no studies that report the CIELAB color coordinates for calafate
juice, but the color can be related to other fruit juices with comparable tonality such as strawberry
juice [15], blueberry juice [18] and pomegranate juice [47]. Thus, at each CBCC cycle, a remarkable
modification with respect to the fresh juice was observed, since L* and b* values decreased, i.e., the
concentrate samples were darker with a slight brown tone, while a* values had a significant increase,
demonstrating a trend from the light red to dark red color (Figure 2). This behavior could be accredited
to the increase in TSS values, since as the cycles advanced; more concentrated solute was separated
from the ice fraction, leading to an intensification of the natural fruit juice color. These CIELAB
values presented concordance with previous results for cryoconcentrated orange juice [10], strawberry
juice [15], blueberry juice [18] and apple juice [48,49], in which the juices were darker with marked
increase in a* and/or b* coordinates, depending on the initial juice color, as the cycles increased.
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(a) (b) (c) (d) 

Figure 2. Visual appearance of samples: (a) fresh calafate juice; (b) cycle 1; (c) cycle 2; and (d) cycle 3.

In storage terms, at day 35, the fresh juice offered a considerable decrease in the L* and b* values
by 60% and 36%, and a* values had an increase by 34% with respect to the initial CIELAB values (day 0),
respectively. Similarly, in the last cycle, a pronounced decrease by 93% and 97% was observed in L* and
b* values in comparison to the values in the same cycle at day 0 (L* = 7.22 and b* = 1.21), respectively.
On the contrary, a* indicates an increase by 18% with respect to the third cycle at day 0 (a* = 46.71).
Comparable performances, under different days of storage, were reported by Igual et al. [46] for grape
juice, Yildiz and Aadil [50] for strawberry juice and Wurlitzer [51] for tropical fruit juices, specifying
that the darkening and tendency to brown color is due to the compounds degradation by factors such
as nonenzymatic Maillard reaction, exposure to air and light, pH changes and enzymatic activities,
which leads to the oxidation in the sample that alters the visual appearance of the juice. Furthermore,
the visual color of fresh calafate juice and each cycle during storage are presented in the Supplementary
Materials (Figure S1), in which it is possible to observe the change from light reddish violet (fresh
juice, day 0) to an attractive dark reddishness color due to the components concentration in the fresh
calafate juice, as the cycles advanced. However, as the days passed, the color had a darker tone, which
turned a brown color (cycle two) and a dark brown color (cycle three), which displays the degradation
throughout the storage period, as mentioned above.

According to ΔE* evaluation (Table 3), at day 0, the values were over 14 CIELAB units, indicating
that the human eye can find differences between fresh juice with each CBCC cycle, based on the scale
proposed by Pankaj et al. [52] (ΔE* ≥ 3, the color is humanly perceptible). The difference was more
pronounced between fresh juice and the third cycle, since the ΔE* value was close to 31 units, indicating
that the tendency to a dark reddish color generates a significant visual change to the fresh juice. As storage
time passed, the ΔE* values were less noticeable than the samples at day 0. These ΔE* values were clearly
depending on the TSS in the sample, since a high ΔE* between the fresh juice and cryoconcentrates was
obtained by increasing the TSS cycle to cycle, and in turn, it can be related with the change in L* values.
As an important point, the decrease in the ΔE* values under storage time in comparison at day 0 is due to
the progressive component degradation as days passed, with the color going from a light reddish violet to
a red color, and from dark red to a dark brown, for the fresh juice and third cycle, from the day 0 to day 35,
respectively, reducing the visual perception when the samples were compared.

3.4. TBC of Fresh and Cryoconcentrated Samples

TBC values at day 0 and during storage time of fresh juice and cryoconcentrated samples are
presented in Table 4.

The TBC values (TPC, TAC and TFC) in fresh calafate juice (day 0) were close to 54.7 mg GAE/g
d.m., 41.2 mg C3G/g d.m. and 31.9 mg CE/g d.m., respectively. These results were superior to those
found by Brito et al. [53], who studied various bioactive components of native berries from VIII Region
of Chile. The variations in TBC values could be due to the geographical characteristics in each Region,
since there is a distance of approximately 1200 km between VIII Region and XI Region, which leads
to diverse environmental conditions, genetic and species variabilities, affecting the time and form of
fruit maturity and harvest-type method used by farmers, and thus, all these factors could explain the
disparity between TBC values.
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At day 0, the TBC values significantly increased as the cycles progressed, with an increase of
approximately 1.2, 2.0 and 2.7, 1.1, 1.9 and 2.5 and 1.1, 1.8 and 2.4 times in relation to the initial TBC value,
for TPC, TAC and TFC, for cycle 1, cycle 2 and cycle 3, respectively. Various studies showed a similar
upward trend for TBC in the cryconcentration of orange juice [10], maqui juice [14], strawberry juice [15],
pineapple juice [16], apple juice [17,32], blueberry juice [38] and broccoli extract [54], i.e., since as
liquid food was concentrated at low temperatures, the thermolabile components were highly protected
in comparison to high thermal concentration technology as evaporation, which seriously affects the
bioactive composition of the liquid food due to the high processing temperatures [6].

In the first week of storage, all the samples presented a significant increase in TBC values, which
exceeded the initial TBC value between 4% to 11%. This effect could be associated to the TSS behavior
(Figure 1), since in the same week (day 7), the TSS values were higher than the initial results, and
later, it decreased considerably during the weeks. Therefore, TSS and TBC are directly proportional.
A clear and drastic decrease in TBC values was observed in the next weeks, and at the end of 35 days of
storage, there was a reduction of up to 22%, 16%, 7% and 4% for TPC, 31%, 25%, 14% and 8% for TAC
and 44%, 41%, 31% and 25% for TFC, with respect to the initial TBC value (day 0) for fresh juice, cycle
one, cycle two and cycle three, respectively. This decline in the TBC values can be linked by factors as
oxidation and/or polymerization of phenolic compounds with various proteins, and condensation of
pigments with phenolic compounds present in the juice. Besides, the TBC degradation during storage
time has been related to peroxidase enzyme activity [55]. However, to date, there are no studies on
CC and enzymes that degrade bioactive components such as peroxidase, allowing the opening to
future research.

3.5. TAA of Fresh and Cryoconcentrated Samples

The TAA values (mM TE in 100 g, on dry matter) in the fresh juice were approximately 6.9, 14.7,
23.0 and 21.4 for DPPH, ABTS, FRAP and ORAC, respectively (Table 5). These values are in line with
values reported by Ruiz et al. [1], Mariangel et al. [3] and Brito et al. [53], who studied the antioxidant
activity of calafate from different harvest seasons and geographical areas in Southern Chile, indicating
that the variation in TAA values could be due to specific climatic and agricultural environments, since
each Region presents endless characteristics that affect the genetic and growth of the fruits, pre-harvest
phases, ripening, post-harvest processing, among other conditions, and thus, all these conditions
impacts on the composition of the fruit.

As in TSS and TPC, as the cycles advanced, the differences in TAA values were statistically
significant between the fresh juice and each cycle, with an increase of 2.5, 3.9 and 5.2-fold, 2.6, 3.9 and
5.1-fold, 1.9, 2.9 and 4.0-fold and 3.0, 4.1 and 5.3-fold, in comparison to the initial TAA values (fresh
juice, day 0), for cycle one, cycle two and cycle three, for DPPH, ABTS, FRAP and ORAC, respectively.
This upward behavior indicates a direct relationship with TSS and TBC values, since both values
increased as the cycles progressed. The results are in agreement with CC reports applied to different
liquid foods [15,48,56]. Hence, our results confirm that the conditions used to concentrate calafate juice
allows an increase of TAA values, and thus, the sensitive components, as total anthocyanin content, are
preserved, and these contribute to a high TAA [16,17,57,58].

As weeks passed, the TAA was progressively degraded, and at day 35, the fresh calafate juice was
the sample most affected by storage time, with a decrease close to 40%, 42%, 48% and 50%, while, the
third cycle gave lower TAA losses than the other samples, with reduction of approximately 15%, 19%,
24% and 27% in relation to the fresh juice value (day 0), for DPPH, ABTS, FRAP and ORAC, respectively.
The downward trend of TAA values during the storage for several weeks are in agreement with other
studies on fruit juices, which have described continuous TAA degradation such as sugarcane juice [42],
grape juice [43,46], strawberry juice [50,59] and orange juice [60], which indicate that the oxidation
of bioactive compounds and polymerization reactions of anthocyanins could be linked to the loss of
antioxidant activity as the days passed.
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Table 5. Total antioxidant activity (TAA) values of fresh calafate juice and cryoconcentrate samples
during storage.

Day Sample DPPH * ABTS * FRAP ** ORAC **

0

Fresh juice 6.86 ± 0.51 a 14.74 ± 2.73 a 23.01 ± 1.87 a 21.40 ± 1.25 a

C1 17.28 ± 1.47 b 38.91 ± 3.23 b 43.95 ± 3.04 b 63.77 ± 3.79 b

C2 26.61 ± 1.51 c 57.04 ± 1.11 c 67.19 ± 2.57 c 87.95 ± 1.22 c

C3 35.61 ± 2.04 d 75.47 ± 7.34 d 93.19 ± 5.74 d 113.21 ± 5.96 d

7

Fresh juice 7.11 ± 0.91 a 15.25 ± 0.77 a 23.91 ± 2.12 a 22.10 ± 1.77 a

C1 18.36 ± 1.30 b 41.42 ± 2.15 b 46.64 ± 1.41 b 68.06 ± 1.14 b

C2 28.95 ± 1.74 c 61.71 ± 4.39 c 72.51 ± 5.01 c 95.20 ± 2.65 c

C3 39.51 ± 1.62 d 82.92 ± 2.55 d 102.23 ± 5.39 d 124.12 ± 3.24 d

14

Fresh juice 6.12 ± 0.25 a 12.02 ± 0.37 a 17.97 ± 1.71 a 15.96 ± 2.11 a

C1 16.23 ± 0.91 b 35.41 ± 1.84 b 37.21 ± 3.27 b 52.18 ± 4.16 b

C2 25.36 ± 1.01 c 53.62 ± 2.41 c 59.32 ± 4.91 c 74.63 ± 2.54 c

C3 34.57 ± 2.21 d 72.36 ± 1.99 d 85.70 ± 3.22 d 101.12 ± 5.37 d

21

Fresh juice 5.33 ± 0.33 a 10.98 ± 0.78 a 16.34 ± 1.41 a 14.42 ± 1.24 a

C1 15.08 ± 1.41 b 33.08 ± 1.02 b 35.28 ± 4.34 b 49.26 ± 2.04 b

C2 24.24 ± 1.07 c 50.99 ± 2.01 c 56.76 ± 3.80 c 71.88 ± 1.95 c

C3 33.41 ± 2.57 d 69.15 ± 2.07 d 83.43 ± 4.51 d 97.95 ± 3.35 d

28

Fresh juice 4.69 ± 0.40 a 9.81 ± 0.81 a 13.80 ± 1.71 a 12.36 ± 1.23 a

C1 13.26 ± 1.02 b 29.14 ± 2.17 b 31.51 ± 2.36 b 42.99 ± 3.04 b

C2 22.33 ± 2.14 c 45.48 ± 1.06 c 51.04 ± 3.25 c 62.45 ± 2.06 c

C3 32.27 ± 0.43 d 65.73 ± 1.94 d 78.70 ± 2.74 d 92.52 ± 4.33 d

35

Fresh juice 4.11 ± 0.72 a 8.54 ± 1.99 a 12.04 ± 1.95 a 10.69 ± 2.54 a

C1 12.33 ± 1.36 b 26.25 ± 0.77 b 28.49 ± 1.21 b 37.85 ± 1.74 b

C2 20.96 ± 4.02 c 42.11 ± 1.67 c 45.38 ± 2.85 c 57.12 ± 3.23 c

C3 30.22 ± 2.74 d 60.96 ± 7.25 d 71.18 ± 4.14 d 82.16 ± 4.47 d

Different letters in the same column show significant differences at 5% between homogeneous groups in each
variable to a LSD. C1, C2 and C3 represents cycle 1, cycle 2 and cycle 3, respectively. * Free radical scavenging
capacity and ** Ferric reducing antioxidant power. All were determined as (mM TE/g d.m.)

3.6. Correlation between TBC and TAA

Correlation coefficients between TBC and TAA for cycle three are shown in Table 6. Furthermore,
the correlation coefficients for fruit juice, cycle one and cycle two are presented in the Supplementary
Materials (Tables S1–S3).

Table 6. Pearson’s correlation coefficients (r) between biological active compounds content (TBC and
TAA) obtained by centrifugal block cryoconcentration (CBCC) process (third cycle).

TPC TAC TFC DPPH ABTS FRAP ORAC

TPC 1.00
TAC 0.97 * 1.00
TFC 0.96 * 0.96 * 1.00

DPPH 0.94 * 0.99 * 0.98 * 1.00
ABTS 0.90 * 0.98 * 0.99 * 1.00 * 1.00
FRAP 0.91 * 0.97 * 0.98 * 0.99 * 1.00 * 1.00
ORAC 0.90 * 0.96 * 0.97 * 0.98 * 0.99 * 1.00 * 1.00

* Significant at 5%.

In all the samples, a positive and significant correlation was found between the biological active
compounds content. The values (r) between 0.9 to 1.0, indicating the direct and proportional results
between TBC and TAA, i.e., each component increased or decreased, as the cycles or the days under
storage progressed, respectively. A similar trend was distinguished by Casas–Forero et al. [38] and
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Correa et al. [57], who reported a high correlation (0.9 to 1.0) between antioxidant activity and bioactive
compound in CC applied to blueberry juice and aqueous coffee extract, respectively.

3.7. Sensorial Analysis

The acceptance scores attributed by the panelists between fresh calafate juice and reconstituted
cryoconcentrated juice (third cycle) are represented in Figure 3.

 
(a) (b) 

 
(c) (d) 

Figure 3. Sensory attributes between fresh calafate juice and reconstituted cryoconcentrated sample at
the third cycle: (a) day 0; (b) day 7; (c) day 14; and (d) day 21.

In relation to the day 0, there were no significant differences in odor, aroma, flavor and global
assessment between the fresh juice and reconstituted cryoconcentrated sample. Specifically, all the
values were assessed as “like”, since the evaluations were superior to four points, i.e., the panelists
specified a pleasure when tasting the fresh and cryoconcentrated juices, without finding differences
when comparing the quality sensorial characteristics.

At day 7, the hedonic scale scores decreased significantly compared at day 0, with values between
3.0 and 3.8 points, which is equivalent to the category “liked slightly”. Therefore, the samples were
considered as accepted for the sensorial panelists. Despite the decline, there were no statistical
differences between the scores assigned by the panelists for the sensory attributes among the samples.

Nonetheless, as days advanced, the panelists reported an increase in the degree of rejection
between samples, since the scores decreased considerably, and in addition, the points between the fresh
juice and cryoconcentrated varied significantly. Specifically, the cryoconcentrated had better acceptance
than the fresh juice, with scores of approximately 2.8–3.0 versus 2.4–2.9 and 2.1–2.5 versus 1.1–2.0,
for day 14 and day 21, respectively. Thus, these scores designated a negative impression of the samples
with respect to their sensorial characteristics. However, from 14 days in storage, the cryoconcentrates
were more accepted to the sensory panel than the fresh juice, reinforcing that CC maintains better
sensory attributes in the reconstituted concentrates than fresh juice during refrigerated storage.
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Based on these results, at day 14 and day 21, the cryoconcentrated samples presented better scores
than the fresh juice, since, as mentioned above, previous studies have shown that CC technology
allowed the obtaining of high TSS values, and in turn, these increases the volatile compounds
release [17]. Therefore, the reconstituted juice contains a high organoleptic acceptance that can be
connected to taste and aroma, and thus, it resist storage time better than fresh juice, since the fresh
juice possibly had a high fermentation level, generating more rancid odors and flavors on day 21 [61],
i.e., the fresh juice was more vulnerable to external factors [62], which eventually led to a high degree
of rejection. However, to date, there are no studies that compare a fruit juice with a reconstituted
cryoconcentrated juice in terms of bioactive components, antioxidant capacity, volatile compounds
and physicochemical properties. Therefore, a very interesting study about the commercialization of
cryoconcentrated juice could be realized with similar concentration that a fresh juice.

Sensory analysis results on days 28 and 35 were not presented, since on day 21, the panelists
indicated a high disgust and complete rejection, with values less than 2.5 point for all the
characteristics evaluated.

Therefore, CC technology allows the preservation of different sensory attributes, and in turn,
its concentration at low temperatures proves a high similarity in the reconstituted concentrate to
the original sample. Analogous trends were observed in CC studies applied to apple juice [17],
coffee extract [31], black currant juice [63] and Andes berry pulp [64].

4. Conclusions

CBCC positively affects the quality properties of fresh calafate juice, as exemplified by the high
TSS values obtained in the last cycle (42 ◦Brix). Additionally, this non-thermal technology intensifies
the natural juice color to an attractive dark reddish color. Subjecting fresh calafate juice to CBCC
resulted in high TBC content, with values over 2.4 times the initial TBC values. Moreover, the TAA
presented a similar behavior, since these increased between 4.0 to 5.3 times, in comparison to the initial
TAA values. These values indicate the advantages of CBCC application as a green technology to extract
a high amount of concentrated liquid from the ice matrix without the use of high temperatures.

Under refrigerated storage time of 35 days, the CBCC samples showed better stability than the
fresh juice, since the cryoconcentrated samples showed a low decreasing rate in their nutritional
properties, inferring that CBCC allows to concentrate and to retain various bioactive and antioxidant
components naturally present in calafate juice.

Additionally, until the day 21, sensory panelists reported acceptability of the reconstituted
cryoconcentrated sample, while the fresh juice was totally rejected, reinforcing that CBCC also
concentrate and preserve volatile components that are perceived by the panelists as an important
quality parameter.

Therefore, CBCC can be considered a novel and viable technology for the preservation of quality
attributes from fresh native juice with interesting food application of the cryoconcentrates due to its
high stability during storage time and low bioactive components degradation in comparison to the
fresh juice.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1314/s1,
Figure S1: Visual appearance of fresh juice and concentrate samples at each cycle during storage., Table S1:
Pearson’s correlation coefficients (r) between biological active compounds content of fresh calafate juice., Table S2:
Pearson’s correlation coefficients (r) between biological active compounds content (TBC and TAA) obtained by
CBCC process (first cycle), Table S3: Pearson’s correlation coefficients (r) between biological active compounds
content (TBC and TAA) obtained by CBCC process (second cycle).
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Abstract: Coffee, being one of the world’s most popular beverages, is a rich source of dietary
antioxidants. The aim of this study was to determine the mineral content and antioxidant activity as
well as acidity of coffee beverages depending on the brewing technique. We tested coffee brews made
and served at a popular urban coffee shop (Szczecin, Poland). Five coffee brewing techniques were
used: Aeropress, drip, espresso machine, French press, and simple infusion. Our findings showed
that the brewing method had a significant effect on all parameters tested in the study. The antioxidant
activity of the beverages was high (31%–42% inhibition of DPPH (2,2-diphenyl-1-picrylhydrazyl);
reduction potential from 3435.06 mol Fe3+/mL to 4298.19 mol Fe3+/mL). Polyphenolic content ranged
from 133.90 g (French press) to 191.29 g of gallic acid/L (Aeropress brew), depending on the coffee
extraction method. Mineral content was also found to differ between brewing methods. Coffees
prepared by simple infusion and Aeropress provided a valuable source of magnesium, manganese,
chromium, cobalt, and potassium, whereas the drip brew was found to be a good source of silicon.

Keywords: beverages; brewing method; antioxidant potential; total polyphenols content;
mineral composition

1. Introduction

Along with changes in modern society, as people’s lives are getting faster and more intense,
stimulant beverages are becoming increasingly popular. These products have been found to diminish
fatigue, enhance concentration, boost productivity, and generally improve performance [1]. Coffee is
one of such substances and, in parallel, is one of the most popular beverages [2]. For many people,
coffee drinking is part of their lifestyle and a daily habit. Every day, millions of people—about 40% of
the world population—begin their day with a morning cup of coffee [3]. Coffee beverages are consumed
for various reasons, including their stimulatory effects resulting from the presence of caffeine, health
benefits attributed to their rich phytochemistry, and, predominantly, due to excellent taste and aroma.
Although flavor, aroma, and the content of caffeine (1,3,7-trimethylpurine-2,6-dione) play a role in its
popularity, coffee (both beans and beverages) is a complex chemical mixture, reported to contain more
than a thousand of different chemical compounds, including carbohydrates, lipids, nitrogen, vitamins,
minerals, alkaloids, and phenolic compounds [2–4]. Various studies have suggested that coffee
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consumption helps to reduce the risk of number of health conditions, including Alzheimer’s disease,
Parkinson’s disease, heart disease, type 2 diabetes mellitus, liver cirrhosis, as well as certain types of
disorders [3,4]. Regular consumption of coffee, both green and roasted, is recommended in order to
lower the risk of metabolic syndrome [5]. These health-promoting properties of coffee have been linked
with its antioxidant content. Indeed, coffee is one of the richest sources of these compounds [4]. Coffee
beverages are also a dietary sources of minerals [2,4,6]. The concentrations of minerals and biologically
active substances depend of the place of origin of the beans, the degree/intensity of roasting, as well as
the brewing method [5–10].

There are no reports in the literature linking the brewing method to the antioxidant and mineral
content. In this study, an attempt was made to determine the correlation between the antioxidant
activity and the content of minerals in coffee brews.

2. Materials and Methods

In this study, we tested coffee brews (espresso blend—100% arabica) made and served at a popular
urban coffee shop (an outlet in Szczecin, Poland).

2.1. Coffee Brewing Methods

Filtered water was used to make coffee beverages.
Aeropress: The Aeropress coffee maker was used. For 250.0 mL of the infusion, 18.0 g of quite

coarsely ground coffee was used. The water had a temperature of 93 ◦C, and the pressure was 2–4 bars.
The brewing lasted 2 min.

Drip: A drip coffee maker device was used. Medium ground coffee beans (18.0 g) were placed in
a paper filter. A total of 300.0 mL of water at 92 ◦C was added to the tank and the machine was turned
on. After 2.5 min, when the coffee was ready, samples were taken for measurement.

Espresso: An espresso machine was used. For 250 mL of the brew, 17.0 g of the most finely ground
coffee was used. The water had a temperature of 92 ◦C. The coffee machine was set to 9 bars with
regards to pressure.

Simple infusion: A total of 17.0 g of very finely ground coffee was placed inside the beaker, 250 mL
of hot water (92 ◦C) poured inside, and it was left to steep. After 5 min, coffee samples were taken
for analysis.

French press: A French press device, also called a press pot or a coffee plunger, was used. The pot
was placed on a flat surface, with the plunger pulled out, and 17.0 g of medium ground coffee was
added and then 300.0 mL of hot water (92 ◦C) was gently poured inside. Then the plunger was
reinserted into the pot on the surface of the beverage and plunged down after 5 min. Under these
conditions, a pressure of 1–2 bars was reached. Once the press plunger was pushed down, coffee
samples were taken for analysis.

2.2. Spectrophotometric Assay

Determination of antioxidant activity, the reduction potential, and polyphenol content were
determined using spectrophotometer Agilent 8453UV. All assays were performed in triplicate.
For analysis, infusions were diluted 20 times.

2.2.1. Determination of Antioxidant Activity

The antioxidant activity of samples was measured with spectrophotometric method using synthetic
radical DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma Aldrich, Darmstadt, Germany). Antioxidant
potential (antioxidant activity, inhibition) of tested solutions has been expressed by the percent of
DPPH inhibition [6].
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2.2.2. Determination of Total Polyphenol Content

Determination of polyphenols was performed according ISO (International Organization for
Standarization) 14502-1 using Folin–Ciocalteu reagent [11]. A total of 5.0 mL of a 10% Folin–Ciocalteau
solution and 1.0 mL of test sample were successively introduced into the vial. The sample was shaken
vigorously, and after 5 min, 4.0 mL of 7.5% Na2CO3 solution was added. The prepared solution was
incubated for 60 min at room temperature. Reference solution was prepared the same way, but distilled
water was added instead of the tested sample. Absorbance at 765 nm was measured. Total polyphenols
content (ppm) was determined from the calibration curve using gallic acid as the reference standard.

2.2.3. Determination of the Reduction Potential by the FRAP (Ferric Reducing of Antioxidant
Power) Method

The FRAP method, used to determine the total reduction potential, is based on the ability of the
test sample to reduce Fe3+ ions to Fe2+ ions. The FRAP unit determines the ability to reduce 1 mole
Fe3+ to Fe2+ [12]. Absorbance at 593 nm was measured.

2.3. Determination of Total Acidity by Titration

The total acidity of coffee beverages subjected to analysis was determined by titrating the sample
with a standard solution of NaOH in the presence of phenolphthalein until the color changed to light
pink and stayed pink for at least 30 s [13]. The result was reported in grams per 100 mL of the infusion
and expressed in units of malic acid.

2.4. Determination of Mineral Content

Samples (coffee beans: n = 3; coffee beverages: n = 3 of each type of coffee drink) were analyzed
using inductively coupled plasma optical emission spectrometry (ICP-OES, ICAP 7400 Duo, Thermo
Scientific (Waltham, MA, USA) equipped with a concentric nebulizer and cyclonic spray chamber to
determine their Ca, Fe, Mg, K, Na, Sr, Zn, and P content. Analysis was performed in radial and axial
mode. The samples were mineralized using microwave digestion system MARS 5 (CEM, Matthews,
NC, USA). The weight of solid samples given to analysis was at least 0.1 g. The volume of liquid
samples was 0.75 mL. The samples were transferred to clean polypropylene tubes. Then, 4 mL of
65% HNO3 (Suprapur, Merck, Darmstadt, Germany) was added to each vial and each sample was
allowed 30 min pre reaction time in the clean hood. After completion of the pre-reaction time, 1 mL of
non-stabilized 30% H2O2 solution (Suprapur, Merck, Darmstadt, Germany) was added to each vial.
Once the addition of all reagents was complete, the samples were placed in special Teflon vessels and
heated in a microwaved digestion system for 35 min at 180 ◦C (15 min ramp to 180 ◦C and maintained
at 180 ◦C for 20 min). At the end of digestion, all samples were removed from the microwave and
allowed to cool to room temperature. In the clean hood, samples were transferred to acid-washed
15 mL polypropylene sample tubes. A further 20-fold (for solids) and 5-fold (for liquids) dilution was
performed prior to ICP-OES measurement. The samples were spiked with an internal standard to
provide a final concentration of 0.5 mg/L ytrium, 1 mL of 1% Triton (Triton X-100, Sigma), and diluted
to the final volume of 10 mL with 0.075% nitric acid (Suprapur, Merck). Samples were stored in a
monitored refrigerator at a nominal temperature of 4 ◦C until analysis. Blank samples were prepared
by adding concentrated nitric acid to tubes without sample and subsequently diluted in the same
manner described above. Multielement calibration standards (ICP multi-element standard solution IV,
Merck, Germany; phosphorus standard for ICP, Inorganic Ventures, United States) were prepared with
different concentrations of inorganic elements in the same manner as in blanks and samples. Samples
of reference material (NIST SRM (National Institute of Standards and Technology-Standard Reference
Material) 1486 bone meal; n = 3) were prepared in the same manner as the samples (Table 1). Deionized
water (Direct Q UV, Merck Millipore Corporation, approximately 18.0 MΩ) was used for preparation
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of all solutions. The wavelengths (nm) were P 178.284, K 766.490, Ca 315.887, Fe 239.562, Zn 213.856,
Sr 421.552, Na 589.592, and Mg 285.213.

Table 1. Analysis of reference material bone meal NIST-SRM (National Institute of Standards and
Technology-Standard Reference Material)1486 using inductively coupled plasma optical emission
spectrometry (ICP-OES).

Chemical Element
NIST-SRM 1486
Certified (mg/kg)

NIST-SRM 1486
Measured (mg/kg)

Recovery (%)

P 178.284 123,000.00 131,500.00 107%
K 766.490 412.00 417.00 101%
Ca 315.887 265,800.00 247,021.00 93%
Fe 239.562 99.00 102.15 103%
Zn 213.856 147.00 143.60 98%
Sr 421.552 264.00 258.17 98%
Na 589.592 5000 4826.33 97%
Mg 285.213 4600 4382.13 95%

2.5. Statistical Analysis

In all the experiments, three individually extracted samples were analyzed and all the analyses
were carried out at least in triplicate (nine replications). The statistical analysis was performed using
Stat Soft Statistica 13.0 (StatSoft Polska Sp. z o.o., Kraków, Poland) and Microsoft Excel 2017 (Microsoft,
Poland). The results are expressed as mean values and standard deviation (SD). To assess the differences
between examined parameters, one-way analysis of variance (ANOVA) and Tukey’s post-hoc test
(StatSoft Polska Sp. z o.o., Kraków, Poland) were used. Differences were considered significant at
p ≤ 0.05.

3. Results

The content of mineral elements in ground coffee beans is shown in Table 2.

Table 2. Mineral composition of coffee beans.

Elements
Mineral Content (mg/kg)

Mean SD

Ca 1441.20 49.49
Fe 48.36 3.30
Mg 2133.91 43.42
K 18,634.66 538.67

Na 83.75 10.01
Sr 16.25 0.80
Zn 9.93 0.42
P 2154.23 41.80

However, from a practical point of view, infusions are products that can be considered in terms of
health-promoting properties, or as sources of minerals in the daily diet.

The brews included in the study underwent quantitative and qualitative analysis for mineral
content, which showed that the highest level of calcium (Ca) was found in coffee from the espresso
machine (25.71 mg/L), and the lowest level was found in the drip brew (16.34 mg/L) (Figure 1a). The Ca
concentrations in individual coffee preparations were significantly different, except the comparison
between the French press and simple infusion (p = 0.7552).
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(a) (b) 

  
(c) (d) 

Figure 1. Concentrations of Ca (a), Mg (b), Mn (c), and Cr (d) in coffee beverages made using
different methods.

Magnesium (Mg) content ranged from 77.15 mg/L (French press) to 116.30 mg/L (Aeropress)
(Figure 1b). The differences in Mg content in the respective brews were statistically significant, except
for drip vs. simple infusion (p = 0.0573).

The highest level of manganese (Mn) was found in Aeropress coffee (0.640 mg/L), and the lowest
was found in the coffee from the French press (0.443 mg/L) (Figure 1c). The differences were mainly
statistically significant. The exceptions were in the simple infusion vs. Aeropress (p = 0.4960), simple
infusion vs. drip (p = 0.0878), and in the French press vs. espresso (p = 0.9532).

In the case of chromium (Cr), the highest content thereof was again found in Aeropress coffee
(0.037 mg/L) (Figure 1d). The differences in the content of the mineral element between tested samples
were statistically significant only regarding coffee from the espresso machine (vs. Aeropress, p = 0.0001;
vs. drip, p = 0.0077; vs. simple infusion, p = 0.0039; vs. French press, p = 0.0232).

Coffee from the espresso machine was found to be the richest source of Zn (0.235 mg/L), the lowest
level of which was determined in Aeropress coffee (0.123 mg/L) (Figure 2a). Statistically significant
differences were observed for espresso vs. Aeropress (p = 0.0001), espresso vs. drip (p = 0.0002),
espresso vs. simple infusion (p = 0.0002), and in espresso vs. French press (p = 0.0001).

  
(a) (b) 

Figure 2. Cont.
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Figure 2. Concentrations of Zn (a), Cu (b), Fe (c), and Co (d) in coffee beverages made using
different methods.

In the analysis of copper (Cu) levels, it was demonstrated that coffee from the espresso machine
was the best source of that mineral (0.085 mg/L), whereas in Aeropress and drip brews its levels were
below the detection limit (Figure 2b). Statistically significant differences in Cu levels were found in
Aeropress vs. espresso (p = 0.000129), Aeropress vs. simple infusion (p = 0.0072), drip vs. espresso
(p = 0.0001), drip vs. simple infusion (p = 0.0072), espresso vs. simple infusion (p = 0.0017), and in
French press vs. simple infusion (p = 0.0276).

In the case of iron (Fe), the lowest levels were observed in coffee from the French press (0.346 mg/L),
and the highest in the drip brew (0.439 mg/L) (Figure 2c). Significant differences were found between
the coffee from the French press and the remaining methods (vs. Aeropress, p = 0.0002; vs. drip,
p = 0.0001; vs. espresso, p = 0.0001; vs. simple infusion, p = 0.0001).

The highest content of cobalt (Co) was determined in the coffee made by simple infusion
(0.012 mg/L), and the lowest in coffee from the espresso machine (0.006 mg/L) (Figure 2d). The differences
were statistically significant for the following coffee preparations: espresso vs. drip (p = 0.00039),
simple infusion vs. Aeropress (p = 0.0494), simple infusion vs. espresso (p = 0.000136), French press vs.
drip (p = 0.002342), and in French press vs. simple infusion (p = 0.000271).

The lowest levels of phosphorus (P) were observed in the coffee from the French press (49.64 mg/L),
and the highest in the Aeropress coffee (81.58 mg/L) (Figure 3a). The differences between the respective
coffee preparations were statistically significant, except for the difference between drip and simple
infusion (p = 0.2176).

The lowest level of silicon (Si) was observed in the coffee from the French press (2.55 mg/L),
and the highest (3.44 mg/L) in the drip coffee (Figure 3b). The majority of differences between the
observed results were statistically significant. The exception was the insignificant difference in silicon
content between French press and espresso (p = 0.8914).

  
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Concentrations of P (a), Si (b), K (c), and Na (d) in coffee beverages made using
different methods.

Potassium (K) levels in coffee preparations ranged from 887.38 to 1540.70 mg/L (Figure 3c).
The highest K content was found in Aeropress coffee, and the lowest was found in the coffee from the
French press. All differences between these results were statistically significant (p = 0.0001; p = 0.0003).

In the case of sodium (Na), the highest levels were found in coffee made by simple infusion
(27.810 mg/L), and the lowest were found in the drip brew (24.736 mg/L) (Figure 3d). Statistically
significant differences in Na content were found for Aeropress vs. espresso (p = 0.00159), Aeropress
vs. simple infusion (p = 0.0003), drip vs. espresso (p = 0.0002), drip vs. simple infusion (p = 0.0001),
espresso vs. French press (p = 0.0421), and simple infusion vs. French press (p = 0.0076).

The coffee beverages made using different methods were also analyzed for the content of toxic
elements (Figure 4). Starting with nickel (Ni), the drip brew was found to contain the highest levels
thereof (0.0271 mg/L), and coffee from the French press had the lowest source of exposure (0.0213 mg/L).
The following differences were statistically significant: simple infusion vs. drip (p = 0.0069), simple
infusion vs. Aeropress (p = 0.0402), French press vs. drip (p = 0.0015), French press vs. espresso
(p = 0.0397), and French press vs. Aeropress (p = 0.0098).

In the case of strontium (Sr), coffee from the Espresso machine was the predominant source
of exposure (0.734 mg/L), and the lowest concentrations were found in the drip brew (0.278 mg/L).
The differences in Sr content were statistically significant between brewing methods (p = 0.0001).

The highest exposure to aluminum (Al) came from the drip coffee (1.55 mg/L), and the lowest
concentrations were found in the brew from the espresso machine (0.31 mg/L). Statistically significant
differences were found only for the drip brew vs. the remaining brewing methods (p = 0.0001).

The concentrations of molybdenum (Mo) and cadmium (Cd) in the coffee beverages were below
the detection limit.

  

(a) (b) 

Figure 4. Cont.
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(c) 

Figure 4. Concentrations of Ni (a), Sr (b), and Al (c) in coffee beverages made using different methods.

3.1. Analysis of Antioxidant Properties of Coffee Preparations

The antioxidant potential of the coffee preparations included in the study, expressed as DPPH
inhibition percentage, ranged from 31% to 42% (Figure 5a). The lowest figure is representative of
coffee from the espresso machine, and the highest refers to the Aeropress brew. The differences were
statistically significant for the following samples: Aeropress vs. espresso (p = 0.0001), Aeropress vs.
simple infusion (p = 0.0001), and Aeropress vs. French press (p = 0.0001), as well as drip vs. espresso,
drip vs. simple infusion, and drip vs. French press (p = 0.0001).

  
(a) (b) 

  
(c) (d) 

Figure 5. Antioxidant potential (a), total polyphenol content (b), reduction potential (c), and acidity (d)
of coffee beverages made using different methods. DPPH: 2,2-diphenyl-1-picrylhydrazyl.

The lowest total polyphenol content was found in the coffee from the French press (133.90 g
gallic acid/L) and the highest was observed in the Aeropress brew (191.29 g gallic acid/L) (Figure 5b).
The differences between the respective coffee brews were statistically significant, except for the
difference between the coffee from the French press vs. espresso (p = 0.4733).

The reduction potential of the coffee brews ranged from 3435.06 mol Fe 3+/mL for the coffee from
the French press to 4298.19 mol Fe 3+/mL in the Aeropress coffee (Figure 5c). The differences in the
respective brews were statistically significant. The differences between Aeropress vs. drip (p = 0.5799)
and espresso vs. French press (p = 0.2392) were demonstrated to be statistically insignificant.

The acidity of coffee brews ranged from 0.14% (espresso) to 0.6% (Aeropress) (Figure 5d). The only
statistically insignificant differences in acidity were drip vs. French press (p = 0.4602), drip vs. simple
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infusion (p = 0.8514), and simple infusion vs. French press (p = 0.9617). The differences observed
between the remaining brewing methods were statistically significant.

3.2. Correlations between the Analysed Parameters for Individual Brewing Methods

Statistical analysis of the results demonstrated significant positive correlations between the
antioxidant potential parameters in the following brews:

- Between percentage DPPH inhibition and polyphenol content in Aeropress (r = 0.828),
drip (r = 0.949), espresso (r = 0.752), and French press (r = 0.731).

- Between DPPH and FRAP for Aeropress (r = 0.919), drip (r = 0.990), and espresso (r = 0.932).
- Between polyphenol content and FRAP for Aeropress (r = 0.972), drip (r = 0.982), and espresso

(r = 0.972).
- The only correlation found in simple infusion was between DPPH and FRAP (r = 0.914).

A significant positive correlation between acidity and the levels of Mg, K, and P was observed in
Aeropress, espresso, simple infusion, and French press brews (Table 3).

Table 3. Statistically significant (at p ≤ 0.05) correlation (r) between elements in coffee: (a) Aeropress,
(b) drip, (c) espresso, (d) simple infusion, and (e) French press.

(a) Aeropress

Correlations (r) between Elements

Positive Negative

Ca and Zn; Co Fe; Cr; Ni
Mg and K; Na; Co; Sr; Si Fe; Cr; Ni; Al
Mn and Zn; Al P; Na; Sr; Si
P and K; Na; Sr; Si Zn; Al
K and Na; Co; Sr; Si Fe; Cr; Ni; Al

Zn and Fe
Fe and Cr; Ni Co
Na and Co; Sr; Si Cr; Al
Cr and Ni; Al Co; Sr; Si
Ni and Co
Co and Sr
Sr and Si Al
Al and Si

(b) Drip

Ca and Mg; Mn; P; K; Na;
Co; Al; Si

Mg and Mn; P; K; Na; Co; Sr; Al; Si
Mn and P; K; Na; Co; Al; Si Zn; Ni
P and K; Na; Co; Sr; Al; Si
K and Na; Co; Sr; Al; Si

Zn and Fe; Cr; Ni
Fe and Cr; Ni; Sr
Na and Co; Al; Si
Cr and Ni; Sr
Co and Sr; Al; Si
Sr and Al; Si
Al and Si
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Table 3. Cont.

(c) Espresso

Ca and Mg; Mn; P; K; Na; Ni; Sr; Si Zn; Cr; Co; Al

Mg and Mn; P; K; Na;
Ni; Sr; Si Zn; Fe; Co; Al; Cu

Mn and P; K; Na; Ni; S; Si Zn; Cr; Co; Al

P and K; Na; Ni; Sr
Si

Zn; Fe Co; Al
Cu

K and Na; Ni; Sr; Si Zn; Fe; Cr; Co; Al
Zn and Cr; Al Na; Ni; Sr; Si
Fe and Co; Cu Na; Sr
Na and Ni; Sr; Si Cr; Co; Al
Cr and Al (r = 0.875) Ni; Si
Ni and Sr; Si Al
Co and Al; Cu Sr; Si
Sr and Si Al
Al and Si

(d) Simple infusion

Ca and Zn; Co Fe; Cr; Ni
Mg and K; Na; Co; Sr; Si Fe; Cr; Ni; Al
Mn and Zn; Al P; Na; Sr; Si
P and K; Na; Sr; Si Zn; Al
K and Na; Co; Sr; Si Fe; Cr; Ni; Al

Zn and Fe
Fe and Cr; Ni Co
Na and Co; Sr; Si Cr; Al
Cr and Ni; Al Co; Sr; Si
Ni and Co
Co and Sr
Sr and Si Al
Al and Si

(e) French press

Ca and Cr; N; Sr
Mg and P; K; Na; Ni; Si; Cu
Mn and P; K; Na Zn; Fe; Cr; Sr
P and K; Na; Ni; Si; Cu Zn; Fe; Al
K and Na; Ni; Si; Cu Al

Zn and Fe; Cr; Sr; Al Na
Fe and Cr; Al
Na and Ni; Si; Cu
Cr and Co; Sr; Al
Ni and Co; Si; Cu
Co and Sr
Sr and Al
Si and Cu

No significant correlations with acidity were found for the drip coffee. The individual coffee
brews were also examined for statistically significant correlations between mineral levels. Individual
brews were characterized by diverse, both positive and negative, correlations between mineral levels.
The results are presented in Table 4.
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Table 4. Statistically significant (at p ≤ 0.05) correlation (r) between mineral content and acidity in
coffee infusions.

Correlations (r) between Mineral Content and Acidity:

Positive Negative

(a) in Aeropress coffee infusion

acidity and Mg; P; K; Na; Sr; S Mn; Al

(b) in espresso coffee infusion

acidity and Mg; P; K; Na Fe; Co; Cu

(c) in simple infusion coffee

acidity and Ca; Mg; P; K; Fe; Ni Co

(d) in French press coffee infusion

acidity and Mg; Mn; P; K; Na Zn; Fe; Cr; Sr; Al

4. Discussion

Coffee is one of the most widely consumed beverages in the world. It is known for its organoleptic
qualities and is appreciated by countless coffee aficionados [2]. Because of its popularity, it attracts the
interest of researchers, who continue to examine its impact on human health. The body of research
has so far pointed to the safety of coffee consumption by the majority of social groups, as well as its
positive impact on health. Studies have highlighted the relationship between coffee consumption and
reduced risk for certain cancers, cardiovascular diseases, type 2 diabetes, and Parkinson’s disease [14].
However, the preparation method has a significant impact on many properties of the obtained brew [7].
For instance, it affects the aromatic compounds profile, acidity, fatty acid profile [15], caffeine and
chlorogenic acid content [7,15], levels of diterpenic esters [16], furan [17], and isoflavones [18], as well
as the extraction of biogenic and toxic elements into the coffee brew [10]. The biochemical properties of
coffee preparations are determined by factors including brewing temperature, extraction time, and
coffee grind size [7,16]. Recent research has indicated that the homogenization of the 30 ground coffee
samples affected the extraction of lignans belonging to polyphenols. Comparison of lignan extraction
yield in espresso coffee and ground coffee showed that these molecules seem to be completely extracted
during espresso coffee percolation [19]. Judging by the present findings, it may be concluded that the
levels of bioactive compounds and minerals in coffee also depend on the brewing method.

In present study, it was observed that the mineral composition changed depending on the brewing
method, which may be of high importance from a nutritional point of view. The beverages included
in the study were found to contain not only minerals that are essential for body functions, but also
toxic elements.

Calcium plays a range of important functions in the body, and in order to maintain normal serum
Ca levels, adults over the age of 25 require an intake of 750 mg/day for women and 950 mg/day for
men [20]. Therefore, it seems that coffee may not be regarded as a significant source of Ca in the daily
diet, as by consuming on average two cups of the beverage a day (approximately 360 mL) one can
provide no more than about 1.3% and 1.0% (for women and men, respectively) of the daily requirement
for that mineral (using the espresso machine). Magnesium acts as a cofactor for a vast number of
enzymes, especially in energy metabolism. The daily requirement for Mg in an adult is 400 mg, and
so consuming two cups of coffee provides about 7%–10% of the required amount [20]. Therefore, in
nutritional terms, the coffee beverages included in the study may be regarded as a significant source of
that mineral, predominantly prepared with simple infusion and Aeropress, with these being identified
as the best brewing methods.

Taking into account the daily requirement for phosphorus, which in adults may be up to 550 mg [20],
it was demonstrated that drinking Aeropress coffee provides approximately 3.2% of this mineral.
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Silicon is not essential for humans. The estimated typical dietary intake (20–50 mg silicon/day)
corresponds to 0.3–0.8 mg/kg body weight per day in a 60 kg person. These intakes are unlikely to
cause adverse effects [21]. In this context, drinking two cups of drip coffee accounts for between 2.4%
and 6.1% of the daily silicon intake.

Other elements found in considerable quantities in the coffee beverages included in the study
were manganese, chromium, cobalt, and potassium, with the highest quantities determined in the
Aeropress coffee and in simple infusion coffee. The recommended dietary allowance (RDA) for
manganese amounts up to 3.0 mg/day [20], and thus drinking two cups of Aeropress coffee may deliver
approximately 7.7% of the daily requirement for this mineral, which functions as a cofactor for a variety
of enzymes, including arginase, glutamine synthetase (GS), pyruvate carboxylase, and manganese
superoxide dismutase (Mn-SOD). Through these metalloproteins, Mn plays critically important roles
in development, digestion, reproduction, antioxidant defense, energy production, immune response,
and regulation of neuronal activities [22]. In the case of Cr, RDA guidelines differ from country to
country [23]. According to the World Health Organization (WHO), the average requirement for this
mineral amounts to 0.035 mg/day [24], and thus two cups of Aeropress coffee would correspond to
approximately 38% of this amount, making it a potentially significant source of chromium.

The body of an adult person contains on average approximately 150 g potassium, and nearly 90%
of that mineral is found inside cells. Potassium is responsible for maintaining normal water–electrolyte
balance of the body and osmotic equilibrium in cells. Importantly, its functions include the activation
of numerous enzymes and participation in carbohydrate and protein metabolism [25]. Serum levels of
the mineral and overall body content make it impossible to determine its daily requirement, but it
should be supplied in sufficient quantities to reduce the risk of diseases such as arterial hypertension,
stroke, and ischaemic heart disease [19,23]. According to the experts from the European Food Safety
Authority (EFSA) [20], the RDA for potassium should be 3500 mg/day, and thus coffee would provide
approximately 15.8% of the daily K requirement for an adult. Considering the fact that potassium is
present in practically all food products, with large quantities found in potatoes and cereal products,
which are the most common food staples, the quantities supplied with coffee may account for a
significant source of the mineral in the daily diet.

According to EFSA, evaluation of the average requirements for sodium and chloride is on-going [20].
The WHO, in turn, advises that the daily intake of sodium in adults should not exceed 2 g [24].
Consumption of two cups of the coffee brew that had the highest sodium content, that being the simple
infusion, accounts for about 10.0% of that amount.

Cobalt and its compounds are widely distributed in nature and are part of numerous anthropogenic
activities. Although cobalt plays a biologically necessary role as a metal constituent of vitamin B12
and is also needed to keep the body’s nervous system healthy, excessive exposure has been shown to
induce various adverse health effects [26]. The average adult intake of cobalt is 5–8 μg/day, and even a
single cup of coffee (180 mL) prepared by simple infusion may supply approximately 2.16 μg of the
mineral, which accounts for up to 43% of the daily intake. Although a safe RDA for cobalt has not
been established to date [26], the lethal dose of cobalt (LD50) is thought to be about 150–500 mg/kg of
body weight [27].

Coffee beverages in our study were also analyzed for the content of zinc and copper, with low
quantities observed for both minerals. Considering the RDA for Zn, which amounts to approximately
11 mg/day [20], it may be concluded that two cups of coffee from the espresso machine would deliver
up to 0.8% of the daily requirement for that mineral and up to about 2% RDA for copper, for which
the daily requirement is 1.5 mg/day [20]. Iron levels in the analyzed beverages fell in a similar range.
Taking into account the daily requirement for Fe, amounting to 11 mg [20], the intake of the mineral in
the drip brew corresponded to approximately 1.4% RDA.

Some of the minerals supplied to the body with the diet are required in large amounts to ensure
normal body function (e.g., Ca and Mg), whereas others, such as Cu, Zn, K, Na, Fe, Cr, and Co, are only
needed in small concentrations. However, there are also some elements, for example, strontium or
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aluminum, whose functions in the body are unknown [28]. In the case of toxic elements, their content
in the diet should preferably stay below certain levels, due to the risk of adverse effects in response to
excessive exposure. The presence of aluminum in soil is a natural phenomenon, but current studies
suggest that the natural environment is significantly exposed to elevated levels of this mineral [29],
whereas excessive accumulation of aluminum in brain tissue manifests itself primarily by memory
deficit and posture dysfunction [29]. Vegetables cultivated in areas contaminated with heavy metals
may include large amounts of aluminum, but it seems that the main source of human exposure comes
from the public water supply [29,30]. For the general population, the intake of aluminum from food is
7.2 mg/day for females and 8.6 mg/day for males on average [31]. According to our findings, drinking
two cups of coffee with the highest Al content, this being the drip brew (1.55 mg/L), supplies 0.55 mg
of the mineral, and so the beverage does not constitute a significant source of aluminum in daily diet.

Nutritional requirements or RDA for nickel have not been established. The role and adverse
health effects of nickel and nickel compounds have been assessed by several authors [32–34], but the
role of nickel in the physiology of living organisms has not been fully explained. Most likely, Ni in
animals and humans participates in erythropoiesis by influencing vitamin B12 metabolism and is
regarded as a trace element in nutrition. Although there have been no reports in the literature to date
on nickel deficiency, it is good to remember that nickel-rich foodstuffs include lentils, cocoa, chocolate,
and nuts [35]. The daily intake of nickel from the average diet is about 150 μg, which corresponds to
2.5 μg/kg body weight per day in a 60 kg adult. Consumption of foods with a high nickel content and
additional exposure from first-run drinking water and kitchen utensils may result in intake higher
than the critical dose of this substance [21]. In terms of epidemiology, the most critical nickel-related
issue to human health is nickel allergy. In those with a strong response, dermatitis may be caused
by oral administration of 300 μg of nickel. This amount corresponds to doubled daily intake of this
element [35]. In our study, Ni levels determined in coffee beverages made using different methods were
more or less on a par. Two cups of coffee could supply about 6.5% of the daily intake of this element.

With respect to strontium, coffee from the espresso machine was the highest source of exposure
(0.734 mg/L), and the lowest concentrations were found in the drip brew (0.278 mg/L). The Environmental
Protection Agency (EPA) recommends that drinking water levels of stable strontium should not be
more than 4 mg/L [36]. In the light of the aforementioned recommendation, coffee beverages contain
considerable amounts of strontium, and the consumption of two cups a day may supply even 6.6% of
this element.

The data obtained in this study are mostly consistent with other studies regarding elemental
composition of coffees [10,37]. Potassium is the most abundant element in coffee beans and also in
brews mainly due to its high water solubility [37,38]. Other studies show that the concentration of Ca
in coffee beans is indeed high (about 1400 mg/kg); however, the percentage of this element travelling
from the beans to the infusion is low, similarly to P and Mg. Debastiani et al. [37] reported that levels of
Ca, K, P, and Mg in the drinking coffee were similar to our results, and the authors suggested that coffee
is a good source of these substances [37]. Low levels of Si, Ca, Fe, Cu, and Zn in brews, despite their
presence in coffee beans and their higher concentrations in spent coffee, suggest that coffee behaves as
a sponge by absorbing part of these elements from the hot water [10,37]. The concentrations of Mn, Cu,
Zn, and Fe in the present research were similar to other studies; however, we found lower levels of Al
(except in drip coffee) in our coffee samples [37].

The very high polyphenolic content found in the studied coffee beverages suggests that they
are a rich source of biologically active compounds. Polyphenolics are credited with a broad range of
health-promoting properties, including antioxidant, antimicrobial, anti-inflammatory, prebiotic, and
anticarcinogenic activity [39]. Phenolic acids have been also demonstrated to be inversely associated
with hypertension [40]. The most abundant and important polyphenols found in coffee are chlorogenic
acids [41]. According to research findings, these compounds have anti-diabetic, anti-inflammatory,
anti-carcinogenic, and anti-obesity effects [42]. In our study, the lowest total polyphenol content was
found in the coffee from the French press (133.90 g gallic acid/L) and the highest was observed in
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the Aeropress brew (191.29 g gallic acid/L). These results are similar or lower than those reported by
other authors but the infusions were made by traditional methods [43–45]. In soft and hard infusion,
the total phenolic content for Arabica coffee was in the range of 94 to 96 mg QE/g of coffee, and in
French Press was 100.78 mg QE/g of coffee [45]. Out of all coffee brewing methods investigated in the
present study, the highest antioxidant potential, polyphenol content, and redox potential was observed
in the brew made in the Aeropress. It was also characterized by the highest acidity. These findings
lend themselves to the conclusion that this brewing method is responsible for the highest content of
health-promoting compounds in a coffee beverage.

The antioxidant potential of coffee preparations is also affected by several factors, including the
brewing method and bean variety. Wolska et al. [6] investigated percentage DPPH inhibition in Robusta,
Arabica, and green coffee beans subjected to brewing using five different methods. The antioxidant
activity of the beverages was high—71.97% to 83.21% inhibition of DPPH depending on bean type
and extraction method. Ramadan-Hassanien [46] studied the antioxidant potential of instant coffee,
Turkish coffee, and cappuccino. Cappuccino had the highest antioxidant activity—66.0% inhibition
of DPPH—with instant coffee producing merely 14.0% inhibition of DPPH. A study by Caporaso et
al. [47], which included a comparison of the antioxidant potential of coffee preparations made using
different methods (espresso, moka, and American brews) demonstrated that the brewing technique
has a significant effect on the chemical composition and quality of the resulting beverage. Please note
that the literature is elusive regarding Aeropress brewing.

This study confirmed that the type of coffee preparation has a significant impact on the antioxidant
potential of coffee beverages. According to Vicente et al. [48], coffee beverages can reduce the
consequences of oxidative stress in the human body. Our results confirm that coffee infusions are a
rich source of antioxidant compounds.

In conclusion, it was demonstrated that coffee brewing technique has a significant effect on both
the antioxidant potential of the beverage and the levels of specific minerals. Coffee prepared by simple
infusion and Aeropress provided a valuable source of magnesium, manganese, chromium, cobalt, and
potassium, whereas the drip brew was found to be a good source of silicon. In addition, coffee was
found to be a rich source of polyphenols with powerful antioxidant properties.
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Abstract: Enzyme treatment and fermentation of cereals are known processes that enhance the
release of bound bioactive compounds to make them available for bioactivity. In this study, we tested
the angiotensin converting enzyme (ACE) inhibitory ability of destarched rice, Prozyme 2000p
treated destarched rice (DP), and fermented DP samples. Prozyme 2000p treatment increased the
ACE inhibitory ability from 15 ± 5% to 45 ± 3%. Fermentation of the Prozyme 2000p treated
samples with Enterococcus faecium EBD1 significantly increased the ACE inhibitory ability to 75 ± 5%,
while captopril showed an ACE inhibition of 92 ± 4%. An untargeted metabolomics approach using
Ultra-high-performance liquid tandem chromatography quadrupole time of flight mass spectrometry
revealed the abundance of vitamins, phenolic compounds, antioxidant peptides, DPP IV inhibitory
peptides, and antihypertensive peptides in the fermented samples which may account for its strong
ACE inhibition. Although fermented DP had decreased fatty acid levels, the amount of essential
amino acid improved drastically compared to destarched rice. Our results show that fermenting
Prozyme-treated destarched rice with Enterococcus faecium EBD1 generates abundant bioactive
compounds necessary for developing antihypertensive functional foods.

Keywords: bioactive peptides; hypertension; phenolic compounds; functional food

1. Introduction

In recent years, cereal grains such as rice have attracted much scientific attention [1] because
they contain phenolic compounds such as quercetin, ferulic acid, and salicylic acid [2] which have
strong antioxidant abilities [3]. Over the years, oxidative stress has been shown to play a key
role in the pathogenesis of hypertension [4,5] since reactive oxygen species can cause endothelial
dysfunction [6] leading to arterial stiffness in humans [7,8]. One popular physiological mechanism
of hypertension is the renin-aldosterone-angiotensin system (RAAS) [9]. In the RAAS, renin cleaves
angiotensinogen to release angiotensin I which is then hydrolyzed by angiotensin 1-converting enzyme
(ACE) to generate angiotensin II (a vasoconstrictor) [10]. Interestingly, phenolic compounds have
been shown to strongly inhibit angiotensin 1-converting enzyme (ACE) [11,12] and the strength of
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inhibition is directly proportional to the number of hydroxyl groups they possess [13]. In addition
to polyphenols, rice contains proteins which when hydrolyzed, generate bioactive peptides [10].
Many potent antihypertensive peptides such as IHRF [14], VNP, and VWP [15] have been identified
in rice. These peptides may reduce hypertension by inhibiting ACE and/or renin activities [16],
triggering nitric oxide production, or blocking angiotensin II receptors [17]. Antihypertensive peptides
are usually generated in foods either by enzyme hydrolysis or fermentation of protein samples.
Lactic acid bacteria have been effective in fermenting food materials to release polyphenols [18] and to
generate antihypertensive peptides [19]. In recent years, metabolomic techniques such as 1H-NMR
(1H-nuclear magnetic resonance), GC-MS (gas chromatography-mass spectrometry), and LC-MS
(liquid chromatography-mass spectrometry) have been used to identify metabolites in foods [20].
Among the techniques commonly used, LC-MS is the most used in metabolomic studies due to its
detection sensitivity, high resolution, and nonderivatization of samples [21]. Ultra-high-performance
liquid tandem chromatography quadrupole time of flight mass spectrometry (UHPLC-QTOF/MS) is a
new approach in chromatography and was developed based on LC-MS to determine and quantify
more metabolites [22]. In this study, we determined the ACE inhibitory ability of destarched rice
before and after Prozyme 2000p treatment and after fermentation. We then used UHPLC-QTOF/MS to
analyze the metabolite changes that occurred after Prozyme 2000p treatment and after fermentation to
identify bioactive compounds generated by the processing methods.

2. Materials and Methods

2.1. Chemicals and Cultures

All chemical reagents were of analytical grade. ACE-1 Assay Kit (Fluorometric) was purchased
from Biovision (Milpitas, CA 95035, USA). All other reagents, unless specified, were purchased from
Sigma-Aldrich, Seoul, Korea. Two rice powder samples (Oriza sativa L. variety Japonica) were received
from Erom Company Limited (Chuncheon-si, Kangwon-do, Korea). One sample (destarched rice)
was composed of rice powder treated with α-amylase to hydrolyze the starch present. The second
sample (destarched rice + Prozyme (DP)) consisted of destarched rice treated with Prozyme 2000p.

Enterococcus faecium EBD1 was obtained from the Department of Food Science and Biotechnology,
Kangwon National University, Korea to be used for fermentation. This bacterium was used in the
current study because it demonstrated strong proteolytic ability in our previous study (data not shown).
The bacteria stock culture was stored at −80 ◦C in de Man, Rogosa and Sharpe (MRS) broth (Difco),
containing 20% glycerol (v/v). The bacterium was spread on MRS agar and incubated at 37 ◦C overnight
to obtain single colonies. MRS broth (10 mL) was then inoculated with a single bacteria colony and
incubated at 37 ◦C. The cells were harvested at the exponential phase of growth. The number of viable
bacterial cells was determined by the plate count on MRS agar.

2.2. Rice Fermentation

The bacteria growth medium for the lactic acid bacteria consisted of 10% (w/v) Prozyme 2000p
treated destarched rice powder in distilled water. The growth media was sterilized by autoclaving
at 121 ◦C for 15 min before inoculating with lactic acid bacteria. E. faecium EBD1 (2 × 108 cfu/mL)
was transferred from an overnight culture to a 200 mL of autoclaved growth media (pH 6). The media was
incubated at 37 ◦C with 150 rpm agitation for 48 h. The media was then centrifuged at 10,000× g for 10 min
and the supernatant was freeze-dried using TFD5505 table top freeze dryer (ilshinBioBase Co. Ltd.,
Gyeonggi-do, Korea) and the dried samples were stored at −20 ◦C for further analysis. The final
fermented product was labelled as Fermented DP.

2.3. Determination of Angiotensin 1-Converting Enzyme Inhibitory Ability

ACE inhibitory activities of destarched rice, Prozyme treated distarched rice (DP), and fermented
Prozyme-treated rice (fermented DP) powder were measured using an ACE-1 Assay Kit according
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to the manufacture’s instructing with some modifications (Table S1). Briefly, 10 μL of diluted ACE-1
solution was transferred to a 96 well plate and the volume was adjusted to 50 μL/well with ACE-1 assay
buffer. An aliquot of the rice samples (20 μL, 5 mg/mL) was added to the wells and mixed thoroughly.
Captopril (20 μL, 5 mg/mL) was used as a positive control. ACE-1 substrate (50 μL) was added to the
wells and mixed. Fluorescence (Ex/Em = 330/430 nm) was measured in a kinetic mode for 2 h at 37 ◦C.
A standard curve was prepared using the Abz-standard solution. The ACE1 activity was calculated as:

ACE1 activity = B×D/(ΔT×P) = pmol/minute/mg,

where:
B = Abz in sample based on standard curve slope (pmol),

ΔT = reaction time (minutes),

P = sample used into the reaction well (in mg),

D = sample dilution factor.

One unit of ACE-1 activity is the amount of enzyme that catalyzes the release of 1 nmol of Abz
per min from the substrate under the assay conditions at 37 ◦C. The extent of inhibition was calculated
as 100% × [(B − A)/B] where A is the ACE-1 activity in the presence of ACE and ACE inhibitor, B is the
ACE-1 activity without ACE inhibitory component.

2.4. Metabolomics Analysis

Each rice sample (1 g) was extracted with 20 mL of 50% methanol and placed on a mini rocker
(Clinical Diagnostics, Gangnam, Korea) overnight. The samples were mixed completely for 30 s using a
vortex and subsequently centrifuged at 12,000× g for 12 min at 4 ◦C. Aliquots (1 mL) of the supernatants
were filtered through 0.25 μm pore size Millex syringe filters (Merck KGaA, Darmstadt, Germany)
and transferred into LC-MS vials. LC-MS/MS analysis was carried out using a UHPLC (SCIEX ExionLC
AD system, Framingham, MA, USA) connected to a controller, a pump, a degasser, an autosampler,
column oven, and a photodiode array detector (ExionLC) coupled to a quadrupole time-of-flight mass
spectrometer (Q-TOF-MS) (X500R QTOF). The analytical column used was a 100 × 3 mm, Accucore
C18 column (Thermo Fisher Scientific, Waltham, MA, USA). Solvent A consisted of water with 0.1%
formic acid and solvent B was methanol. The chromatography was carried at a flow rate of 0.4 mL/min.
A linear gradient was programmed for 25 min as follows: 0–3.81 min, 9% to 14% B; 3.81–4.85 min,
14% to 15% B; 4.85–5.89 min, 15% B; 5.89–8.32 min, 15% to 17% B; 8.32–9.71 min, 17% to 19% B;
9.71–10.40 min, 19% B; 10.40–12.48 min, 19% to 26% B; 12.48–13.17 min, 26% to 28% B; 13.17–14.21
min, 28% to 35% B; 14.21–15.95 min, 35% to 40% B; 15.95–16.64 min, 40% to 48% B; 16.64–18.37 min,
48% to 53% B; 18.37–22.53 min, 53% to 70% B; 22.53–22.88 min, 70% to 9% B; 22.88–25.00 min, 9% B.
The injection volume was 5 μL. The Q-TOF-MS was set for the negative mode through a mass range of
100–1000 and a resolution of 5000. The capillary and cone voltages used to record full mass spectra
were 1.45 kV and 30 V, respectively. The flow rate of Helium (the cone gas) was 45 L/h, while the
flow rate of the desolvation gas (N2) was 900 L/h. The temperature of N2 was 250 ◦C, the ion source
temperature was 120 ◦C, while the collision energies needed to obtain the MS/MS spectra were set at
15, 20, and 30 V.

2.5. Data Analysis

All data were obtained and processed using SCIEX OS 1.0 software. A non-target algorithm was
used for peak finding. Matrix and sample specific signals were separated from true contaminations
using an automatic sample-control comparison algorithm. Compound identification was done by using
empirical formula finding, MS/MS library searching, and online database searching. Compound names,
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peak area, retention time, similarity to metabolites in the database, and mass (m/z) were ultimately
imported into Microsoft Excel.

2.6. Statistical Analysis

For ACE inhibitory ability tests, all experiments were carried out in triplicates and the results were
expressed as mean± standard deviation. The statistical analysis of data was performed using GraphPad
Prism 5.0 (2007) statistical software system (GraphPad Software Inc., San Diego, CA 92037 USA).
p < 0.05 was considered significant as evaluated by Student’s t-test.

ClustVis software (http://biit.cs.ut.ee/clustvis/) was used in multivariate statistical analyses,
including principal component analysis (PCA) and heat maps [23]. PCA was performed to visualize
the changes in metabolite composition in destarched rice, Prozyme treated destarched rice (DP),
and fermented DP. Heat maps and PCA plots were drawn by using identified compounds and their
peak area. We used peak areas because it is widely accepted that the peak area of an analyte in a
chromatograph is directly proportional to its concentration [24–26].

3. Results and Discussion

Rice consists of about 90% carbohydrate, up to 8% protein, and about 2% fat [27]. These major
components are bound together in the food matrix and hence, hydrolyzing rice starch with α-amylase
enables the release of bound proteins and other biomolecules from the food matrix, making them
available for subsequent reactions.

3.1. ACE Inhibitory Activity of Rice Samples

Prozyme treatment significantly (p < 0.05) increased the ACE inhibitory ability of destarched rice
from 15 ± 5% to 45 ± 3% (Figure 1). This could be due to the release of ACE inhibitory compounds
from the rice proteins during Prozyme proteolysis. Our observation agrees with earlier studies that
showed that hydrolysis of rice proteins enhances the generation of ACE inhibitory hydrolysates [28].
Subsequent fermentation of the Prozyme hydrolysate with E. faecium EBD1 further increased the
inhibitory effect up to 75 ± 5%, while Captopril (a standard ACE inhibitory peptide) demonstrated a
92 ± 4% inhibitory ability.

Figure 1. ACE inhibitory activities of destarched rice, Prozyme treated destarched rice (DP),
and fermented DP. Data show mean SD (n = 3). Each bar represents the means of three replicates ± S.D.
* denotes a significant difference between the ACE inhibitory ability of the samples.

During lactic acid bacteria fermentation, a number of organic acids are generated from the sugars
and lipids available in the growth media and this affects the flavor and pH of the final product [29].
ACE activity is best at a pH of ~8.3 [11] and hence, the increased acidity of fermented food may
contribute to inhibition of the enzyme. In this study, a total of twenty organic acids were detected in all
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the rice samples (Figure 2A). Ten organic acids were detected in destarched rice, 14 in DP, and 19 in
fermented DP (Table S2). Only the fermented samples contained homocitric acid, citric acid, binicotinic
acid, dioxoheptanoic acid, oxobutyric acid, and hydroxybutanoic acid. Meanwhile, butyric acid [30],
nicotinic acid [31], and citric acid are known antihypertensive compounds and hence, their enrichment
in the fermentate makes it a potential antihypertensive functional food. Although the types and levels
of organic acids in the three samples were different (Figure 2B), organic acid profiles of destarched rice
and DP were similar (Figure 2C).

Figure 2. Relative levels of organic acids and volatile compounds in destarched rice, Prozyme treated
destarched rice (DP), and fermented DP. (A) Heat map shows the different levels of organic acids present
in the three samples. The color range from red to blue represents higher to lower levels of organic acids.
(B,C) are principal component analysis (PCA) plots. (B) consists of PC1 and PC2, while (C) consists of
PC1 and PC3. Red circles represent fermented DP, black represents Prozyme treated destarched rice
(DP), and green represents destarched rice samples.

3.2. Amino Acid Levels in the Rice Samples

A total of sixteen amino acids were detected in the analyzed samples (Figure 3A, Table S3).
In this study, destarched rice contained the least free amino acids contents since most of the amino
acids might have remained bound to their parent proteins. Hydrolysis of rice proteins with Prozyme
resulted in the cleavage and release of high amounts of essential amino acids such as phenylalanine,
threonine, methionine, histidine, and tryptophan (Figure 3). The levels of these essential amino acids
reduced drastically after fermentation except for histidine and methionine. Glutamine, cysteic acid,
tryptophan, and pyroglutamic acid, though present in the Prozyme treated sample, were not detected
in the fermented sample (Table S3) probably because they were consumed by the bacteria to meet their
nitrogen requirements during the fermentation process. Meanwhile, the level of leucine (an essential
amino acid) and some conditionally essential amino acids such as ornithine, arginine, and serine were
increased after fermentation (Figure 3). As shown in the PCA plot (Figure 3B), the amino acid profiles
of DP were similar to those of fermented DP but different from destarched rice (Figure 3C).

3.3. E. faecium EBD1fermentation Increases the Amount of Phenolic Compounds in Rice

Recent studies have shown that a strong hydrophobic interaction exists between phenolic
compounds and other rice components [32]. In this study, 10 out of the 17 detected phenolic compounds
were present in destarched rice, while 9 were detected after Prozyme treatment (Figure 4, Table S4).
In the fermented samples however, 16 phenolic compounds were present and this implies that the
fermentation process effectively enhanced the liberation of phenolic compounds that remained bound to
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the rice matrix even after α-amylase and Prozyme treatments. Fermentation resulted in the enrichment
of strong antioxidant and antihypertensive phenolic compounds such as vanillic acid [33], eugenol [34],
veratric acid [35], ethyl gallate [36], epigallocatechin [37], apigenin [38], and chrysophanol [39].
Our observation agrees with an earlier study that demonstrated that microbial fermentation increases
the polyphenol contents of cereals [40,41].

Figure 3. Relative levels of amino acids in destarched rice, Prozyme treated destarched rice (DP),
and fermented DP. (A) Heat map shows the different levels of organic acids present in the three samples.
The color range from green to white represents higher to lower levels of amino acids. (B,C) are principal
component analysis (PCA) plots. (B) consists of PC1 and PC2, while (C) consists of PC1 and PC3.
Red circles represent fermented DP, black represents Prozyme treated destarched rice (DP), and green
represents destarched rice samples.

Figure 4. Relative levels of phenolic compounds in destarched rice, Prozyme treated destarched (DP),
and fermented DP. (A) Heat map shows the different levels of phenolic compounds present in the three
samples. The color range from blue to white represents higher to lower levels of phenolic compounds.
(B,C) are principal component analysis (PCA) plots. (B) consists of PC1 and PC2, while (C) consists of
PC1 and PC3. Red circles represent fermented DP, black represents Prozyme treated destarched rice
(DP), and green represents destarched rice samples.
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3.4. E. faecium EBD1fermentation Reduces Lipid Levels in Rice

Oxidation of lipids during fermentation results in the generation volatile compounds such as
aldehydes and alcohols which contribute to flavor [42]. In this study, E. faecium EBD1fermentation
caused a general reduction in the fatty acid levels in the rice sample (Figure 5). The levels of stearic acid
(an antioxidant fatty acid) [43] slightly increased, while lauric acid (an antihypertensive fatty acid) [44]
was still detectable in the fermentate. Our results are different from an earlier study which found no
significant changes in lipid content during millet fermentation [45].

Figure 5. The relative levels of fatty acids in destarched rice and fermented DP.

3.5. E. faecium EBD1fermented Rice Is Enriched with Antihypertensive Peptides

Lactic acid bacteria possess cell envelop proteinases that hydrolyze proteins in media into
oligopeptides after which they are absorbed to meet their nutritional needs [9]. For this reason,
we analyzed the peptides generated in the fermented samples and determined their potential functions
by comparing them with similar peptides already reported in literature (Table 1). In all, 32 peptides were
identified in the fermented rice samples among which 16 are reported in literature as antihypertensive
peptides. Nine peptides had their carboxyl or amino-terminal amino acid sequences similar to reported
antihypertensive peptides, while 3 peptides, namely VPL [46], MV, and HR [47] were found to be
dipeptidyl peptidase-4 (DPP IV) inhibitors. Many studies have shown the ability of DPP IV inhibitors
to reduce hypertension [48,49]. One antioxidative peptide EL, was also found in the peptide profile
of the fermented samples. The presence of these bioactive peptides in the fermented sample may
contribute to the strong ACE inhibitory activity observed in this study. Meanwhile, functional analysis
is required to confirm the antihypertensive activity of peptides in the fermented sample that contain
sequences of already known antihypertensive peptides at their C and N terminals. Our findings are
similar to other studies that reported that phenolic compounds [50,51] and bioactive peptides [52]
in food can inhibit ACE activity.
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4. Conclusions

Using untargeted metabolomics, we found that Prozyme treatment and subsequent fermentation
enhanced the generation of organic acids (flavor compounds) and essential amino acids. The fermented
DP samples also contained known antihypertensive phenolic compounds as well as antihypertensive
peptides which make the sample a promising material for developing cheap antihypertensive foods.
Despite the antihypertensive potential of the fermented product, further studies regarding the ability
of Enterococcus faecium EBD1 fermented Prozyme-treated destarched rice to reduce high blood pressure
in vivo is warranted.
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destarched rice (DP) and fermented DP. Table S4: Phenolic compounds in destarched rice, Prozyme treated
destarched rice (DP) and fermented DP.

Author Contributions: Conceptualization, E.B.-M.D. and D.-H.O.; Formal analysis, E.B.-M.D. and J.-R.K.;
Investigation, F.K.O.; Methodology, R.C. and D.Y.; Resources, J.-H.K.; Supervision, D.-H.O.; Writing—original draft,
E.B.-M.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Korea Institute of Planning and Evaluation for Technology in Food,
Agriculture and Forestry. Grant number 119014032SB010.

Conflicts of Interest: The authors declare that they have no conflict of interest. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

References

1. Zhu, F. Anthocyanins in cereals: Composition and health effects. Food Res. Int. 2018, 109, 232–249. [CrossRef]
[PubMed]

2. Das, A.J.; Das, G.; Miyaji, T.; Deka, S.C. In vitro antioxidant activities of polyphenols purified from four plant
species used in rice beer preparation in Assam India. Int. J. Food Prop. 2016, 19, 636–651. [CrossRef]

3. Stagos, D. Antioxidant activity of polyphenolic plant extracts. Antioxidants 2020, 9, 19. [CrossRef] [PubMed]
4. Qu, W.; Du, G.-L.; Feng, B.; Shao, H. Effects of oxidative stress on blood pressure and electrocardiogram

findings in workers with occupational exposure to lead. Int. J. Med. Res. 2019, 47, 2461–2470. [CrossRef]
[PubMed]

5. Montezano, A.C.; Touyz, R.M. Molecular mechanisms of hypertension—Reactive oxygen species and
antioxidants: A basic science update for the clinician. Can. J. Cardiol. 2012, 28, 288–295. [CrossRef] [PubMed]

6. Alaaeddine, R.; Elkhatib, M.A.; Mroueh, A.; Fouad, H.; Saad, E.I.; El-Sabban, M.E.; Plane, F.; El-Yazbi, A.F.
Impaired endothelium-dependent hyperpolarization underlies endothelial dysfunction during early
metabolic challenge: Increased ROS generation and possible interference with NO function. J. Pharmacol.
Exp. Ther. 2019, 371, 567–582. [CrossRef] [PubMed]

7. Mathew, E.; Mukkadan, J. Clinical disparity of oxidative stress with blood pressure. J. Biomed. Sci. 2019, 3.
[CrossRef]

8. Kruger, R.; Schutte, R.; Huisman, H.; Van Rooyen, J.; Malan, N.; Fourie, C.; Louw, R.; Van der Westhuizen, F.;
Van Deventer, C.; Malan, L. Associations between reactive oxygen species, blood pressure and arterial
stiffness in black South Africans: The SABPA study. J. Hum. Hypertens. 2012, 26, 91–97. [CrossRef]

9. Daliri, E.B.-M.; Lee, B.H.; Oh, D.H. Current perspectives on antihypertensive probiotics. Probiotics Antimicrob.
2017, 9, 91–101. [CrossRef]

10. Daliri, E.B.-M.; Lee, B.H.; Oh, D.H. Current trends and perspectives of bioactive peptides. Crit. Rev. Food Sci.
Nutr. 2018, 58, 2273–2284. [CrossRef]

11. Dong, J.; Xu, X.; Liang, Y.; Head, R.; Bennett, L. Inhibition of angiotensin converting enzyme activity by
polyphenols from tea (Camellia sinensis) and links to processing method. Food Funct. 2011, 2, 310–319.
[CrossRef] [PubMed]

12. Persson, I.A.-L.; Persson, K.; Andersson, R.G. Effect of Vaccinium myrtillus and its polyphenols on
angiotensin-converting enzyme activity in human endothelial cells. J. Agric. Food Chem. 2009, 57, 4626–4629.
[CrossRef] [PubMed]

66



Foods 2020, 9, 1007

13. Al Shukor, N.; Van Camp, J.; Gonzales, G.B.; Staljanssens, D.; Struijs, K.; Zotti, M.J.; Raes, K.; Smagghe, G.
Angiotensin-converting enzyme inhibitory effects by plant phenolic compounds: A study of structure activity
relationships. J. Agric. Food Chem. 2013, 61, 11832–11839. [CrossRef] [PubMed]

14. Kontani, N.; Omae, R.; Kagebayashi, T.; Kaneko, K.; Yamada, Y.; Mizushige, T.; Kanamoto, R.; Ohinata, K.
Characterization of Ile-His-Arg-Phe, a novel rice-derived vasorelaxing peptide with hypotensive and
anorexigenic activities. Mol. Nutr. Food Res. 2014, 58, 359–364. [CrossRef] [PubMed]

15. Chen, J.; Liu, S.; Ye, R.; Cai, G.; Ji, B.; Wu, Y. Angiotensin-I converting enzyme inhibitory tripeptides from
rice protein hydrolysate: Purification and characterization. J. Funct. Foods 2013, 5, 1684–1692. [CrossRef]

16. Pinciroli, M.; Aphalo, P.; Nardo, A.E.; Añón, M.C.; Quiroga, A.V. Broken rice as a potential functional
ingredient with inhibitory activity of renin and angiotensin-converting enzyme. Plant Foods Hum. Nutr. 2019,
74, 405–413. [CrossRef]

17. Aluko, R.E. Antihypertensive peptides from food proteins. Annu. Rev. Food Sci. Technol. 2015, 6, 235–262.
[CrossRef]

18. Oboh, G.; Ademiluyi, A.; Akindahunsi, A. Changes in polyphenols distribution and antioxidant activity
during fermentation of some underutilized legumes. Food Sci. Technol. Int. 2009, 15, 41–46. [CrossRef]

19. Rubak, Y.T.; Nuraida, L.; Iswantini, D.; Prangdimurti, E. Production of antihypertensive bioactive peptides
in fermented food by lactic acid bacteria—A review. Carpath. J. Food Sci. Technol. 2019, 11, 29–44.

20. Zhao, S.; Zhao, J.; Bu, D.; Sun, P.; Wang, J.; Dong, Z. Metabolomics analysis reveals large effect of roughage
types on rumen microbial metabolic profile in dairy cows. Lett. Appl. Microbiol. 2014, 59, 79–85. [CrossRef]

21. Goldansaz, S.A.; Guo, A.C.; Sajed, T.; Steele, M.A.; Plastow, G.S.; Wishart, D.S. Livestock metabolomics and
the livestock metabolome: A systematic review. PLoS ONE 2017, 12, e0177675. [CrossRef] [PubMed]

22. Yang, Y.; Dong, G.; Wang, Z.; Wang, J.; Zhang, Z.; Liu, J. Rumen and plasma metabolomics profiling by
UHPLC-QTOF/MS revealed metabolic alterations associated with a high-corn diet in beef steers. PLoS ONE
2018, 13, e0208031. [CrossRef] [PubMed]

23. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using principal
component analysis and heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef] [PubMed]

24. Pinkard, B.R.; Gorman, D.J.; Rasmussen, E.G.; Maheshwari, V.; Kramlich, J.C.; Reinhall, P.G.; Novosselov, I.V.
Raman spectroscopic data from formic acid decomposition in subcritical and supercritical water. Data Brief
2020, 29, 105312. [CrossRef] [PubMed]

25. Tung, L. Method of calculating molecular weight distribution function from gel permeation chromatograms.
J. Appl. Polym. Sci. 1966, 10, 375–385. [CrossRef]

26. Berente, B.; De la Calle García, D.; Reichenbächer, M.; Danzer, K. Method development for the determination
of anthocyanins in red wines by high-performance liquid chromatography and classification of German red
wines by means of multivariate statistical methods. J. Chromatogr. A 2000, 871, 95–103. [CrossRef]

27. Zhou, Z.; Robards, K.; Helliwell, S.; Blanchard, C. Composition and functional properties of rice. Int. J. Food
Sci. Technol. 2002, 37, 849–868. [CrossRef]

28. Suwannapan, O.; Wachirattanapongmetee, K.; Thawornchinsombut, S.; Katekaew, S. Angiotensin-I-
converting enzyme (ACE)-inhibitory peptides from Thai jasmine rice bran protein hydrolysates.
Int. J. Food Sci. 2020, 55, 2441–2450. [CrossRef]

29. Cirlini, M.; Ricci, A.; Galaverna, G.; Lazzi, C. Application of lactic acid fermentation to elderberry juice:
Changes in acidic and glucidic fractions. LWT Food Sci. Technol. 2020, 118, 108779. [CrossRef]

30. Wang, L.; Zhu, Q.; Lu, A.; Liu, X.; Zhang, L.; Xu, C.; Liu, X.; Li, H.; Yang, T. Sodium butyrate
suppresses angiotensin II-induced hypertension by inhibition of renal (pro)renin receptor and intrarenal
renin–angiotensin system. J. Hypertens. 2017, 35, 1899–1908. [CrossRef]

31. Bays, H.E.; Maccubbin, D.; Meehan, A.G.; Kuznetsova, O.; Mitchel, Y.B.; Paolini, J.F. Blood pressure-lowering
effects of extended-release niacin alone and extended-release niacin/laropiprant combination: A post hoc
analysis of a 24-week, placebo-controlled trial in dyslipidemic patients. Clin. Ther. 2009, 31, 115–122.
[CrossRef] [PubMed]

32. Dai, T.; Chen, J.; McClements, D.J.; Hu, P.; Ye, X.; Liu, C.; Li, T. Protein–polyphenol interactions enhance the
antioxidant capacity of phenolics: Analysis of rice glutelin–procyanidin dimer interactions. Food Func. 2019,
10, 765–774. [CrossRef] [PubMed]

67



Foods 2020, 9, 1007

33. Kumar, S.; Prahalathan, P.; Raja, B. Antihypertensive and antioxidant potential of vanillic acid, a phenolic
compound in L-NAME-induced hypertensive rats: A dose-dependence study. Redox Rep. 2011, 16, 208–215.
[CrossRef] [PubMed]

34. Peixoto-Neves, D.; Wang, Q.; Leal-Cardoso, J.H.; Rossoni, L.V.; Jaggar, J.H. Eugenol dilates mesenteric
arteries and reduces systemic BP by activating endothelial cell TRPV 4 channels. Br. J. Pharmacol. 2015, 172,
3484–3494. [CrossRef] [PubMed]

35. Saravanakumar, M.; Raja, B. Veratric acid, a phenolic acid attenuates blood pressure and oxidative stress in
L-NAME induced hypertensive rats. Eur. J. Pharmacol. 2011, 671, 87–94. [CrossRef] [PubMed]

36. Jin, L.; Piao, Z.H.; Sun, S.; Liu, B.; Kim, G.R.; Seok, Y.M.; Lin, M.Q.; Ryu, Y.; Choi, S.Y.; Kee, H.J. Gallic
acid reduces blood pressure and attenuates oxidative stress and cardiac hypertrophy in spontaneously
hypertensive rats. Sci. Rep. 2017, 7, 1–14. [CrossRef]

37. Luo, D.; Xu, J.; Chen, X.; Zhu, X.; Liu, S.; Li, J.; Xu, X.; Ma, X.; Zhao, J.; Ji, X. (−)-Epigallocatechin-3-gallate
(EGCG) attenuates salt-induced hypertension and renal injury in Dahl salt-sensitive rats. Sci. Rep. 2020, 10,
1–11. [CrossRef]

38. Sui, H.; Yan, W. Effect of apigenin on SBP of spontaneous hypertension rats and its mechanism.
J. Environ. Health 2009, 26, 112–113.

39. Yusuf, M.A.; Singh, B.N.; Sudheer, S.; Kharwar, R.N.; Siddiqui, S.; Abdel-Azeem, A.M.; Fernandes Fraceto, L.;
Dashora, K.; Gupta, V.K. Chrysophanol: A natural anthraquinone with multifaceted biotherapeutic potential.
Biomolecules 2019, 9, 68.

40. Chandrasekara, A.; Shahidi, F. Bioaccessibility and antioxidant potential of millet grain phenolics as affected
by simulated in vitro digestion and microbial fermentation. J. Funct. Foods 2012, 4, 226–237. [CrossRef]

41. Dey, T.B.; Kuhad, R.C. Enhanced production and extraction of phenolic compounds from wheat by solid-state
fermentation with Rhizopus oryzae RCK2012. Biotech. Rep. 2014, 4, 120–127.
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Abstract: Quinoa is a kind of nutritious food crop with anti-obesity activity, however, the mechanism
is not unclear. In this study, we separated and purified bioactive polysaccharide from quinoa
(denoted SQWP-2). The chemical structural was characterized and its effect on 3T3-L1 pre-adipocyte
differentiation was evaluated. The molecular weight of SQWP-2 was found to be 7.49 × 103 Da,
and the polysaccharide consisted of fructose and glucose. The Glc-(1→, Fru-(2→,→4)-Glcp-(1→,
and→4,6)-Glcp-(1→glycosidic linkages were identified in SQWP-2 through gas chromatography-mass
spectrometry. Nuclear magnetic resonance confirmed the monosaccharide composition and glycosidic
linkage content, and a suggestion of the structural formula is provided. In Western Blotting and
RT-PCR assays, treatment with SQWP-2 significantly inhibited 3T3-L1 differentiation by suppressing
PPARγ, C/EBPα, C/EBPβ, C/EBPδ, SREBP1C and AP2 expression. Quinoa polysaccharide isolated
here could represent an anti-obesity agent once the structures and differentiation inhibition are
definitively characterized.

Keywords: polysaccharide purification; anti-obesity; proliferation; PPARγ

1. Introduction

Obesity is a complex health disorder caused by the accumulation of adipose tissue due to increasing
and enlarged fat cells [1]. Obesity is related not only to higher mortality, but also to an increased risk of
cardiovascular disease, diabetes, gallbladder disease, and various cancers [2]. Therefore, finding the
food trophic factors that can inhibit the condition is of high importance. As a molecular mechanism for
adipogenesis, 3T3-L1 cell differentiation efficiency is an important factor associated with obesity and
related diseases. This process is currently the subject of considerable research and is widely used as an
adipocyte differentiation model system [3,4].

Quinoa is an important food crop, which can meet the demands of human basic nutrition
according to the United Nations of Food and Agriculture Organization [5,6]. It is beneficial for
human health owing to its density of nutrients including amino acids, minerals, phytochemicals,
and active polysaccharides [7,8]. Previous research has demonstrated that quinoa has a significant
anti-obesity effect. Farinazzi-Machado et al. reported that 30 days of consumption of quinoa candies
resulted in significant reductions in body weight as well as triglycerides (TGs) and low-density
lipoprotein (LDL) levels among 22 students aged 18–45 [9]. The components of quinoa identified
as inducing the anti-obesity effect of the product were saponin, 20-hydroxyecdysone, and dietary
fiber [9–11]. Oil red O staining and intracellular quantitation analyses confirmed that saponin from
quinoa inhibits the accumulation of TG in mature adipocytes and significantly inhibits the expression
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of peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT/enhancer-binding protein
alpha (C/EBPα), which are [9] key transcription factors for messenger RNA expression and protein fat
formation. Compared with high-fat (HF) mice, treated mice exhibited significantly lower mRNA levels
of several markers of inflammation and insulin resistance, Foucault observed that administration of
20-hydroxyecdysone from quinoa could prevent diet-induced obesity and regulate adipocyte-specific
gene expression in mice [10]. In Maha’s research, the administration of quinoa dietary fiber was
found to reduce levels of cholesterol components (LDL and high-density lipoprotein), TGs, and total
lipids in rats [11]. Many plant polysaccharides have been reported to inhibit 3T3-L1 adipocyte
differentiation within cell systems [12]. Polysaccharides from pine needles have been reported
to have an anti-lipogenesis effect via regulating lipid metabolism genes encoding transcription
factors and cytokines [13]. In Zhu’s research, barley β-glucan was found to inhibit adipocyte
differentiation by causing downregulation of PPARγ, C/EBPα, and Glut4 mRNA and protein expression
levels [14]. Recent research has also shown that certain polysaccharides from quinoa possess antioxidant,
immunoregulatory, and anticancer activities [15]. However, the anti-obesity activities of quinoa
polysaccharides have not yet been studied.

Macromolecular activity is related to chemical structure [16]. Ferreira found that the immunomodulatory
activity of polysaccharides main attributed to the proportion of glycosidic linkages [17]. However,
the structure of quinoa polysaccharides is not entirely clear, and the exact relationship between structure
and activity of quinoa polysaccharides has not been covered.

The purpose of this study was to (1) characterize the structure of quinoa polysaccharide, (2) evaluate
the inhibitory effects of quinoa polysaccharide on 3T3-L1 adipocyte differentiation in vitro.

2. Materials and Methods

2.1. Plant Sample and Reagents

Quinoa seeds (Cultivar MengLi-1) were obtained from the Chinese Academy of Agricultural
Sciences, Beijing, China. The seeds were crushed [9] and sifting through a 600-μm sieve, then stored in
a freezer until use, not more than 15 days after grinding.

Diethylaminoethyl (DEAE)-Sepharose Fast Flow resin was purchased from GE Healthcare Life
Sciences (Uppsala, Sweden), and 3T3-L1 cells were obtained from the Institute for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China. Dulbecco’s modified Eagle’s medium (DMEM),
insulin, Fetal bovine serum (FBS), dexamethasone (DEX), 1-methyl-3-isobutylxanthine (IBMX) and
a-amylase were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Extraction and Purification

The prepared sample was extracted using 95% ethanol at a ratio of 1:8 for 3 h following
centrifugation (3000× g, 10 min). The 500 g defatted quinoa powder was collected and extracted twice
using distilled water (90 ◦C, 4 h) at a ratio of 1:10. After centrifugation (4000× g, 10 min), the supernatant
was collected and concentrated. Chloroform-n-butanol was used to deproteinize according to the
Sevage method. To remove starch, fractions were sufficiently treated with α-amylase and dialyzed [18].
A polysaccharide fraction was obtained, which was then purified by chromatography using an ÄKTA
Explore 100 purification system (General Electric, Stockholm, Sweden). The polysaccharide was
dissolved in a Tris-HCl buffer solution at pH 7.5 with 0.1 mM CaCl2, 2.5 mM MgCl2, and 0.06% NaN3

was added and stirred well, centrifuged (13,000× g, 10 min), after which supernatant was uploaded onto
a DEAE Sepharose Fast Flow column (2.6 cm × 100 cm). Fractions collected according to absorbance
detected by phenol—sulfuric acid method were further purified on a Sephacryl S-300 high-resolution
column (Dextran separation range 2 × 103–4 × 105) [19]. Finally, 36.1 g SQWP-2 was obtained from
defatted quinoa powder. The polysaccharide purity was tested using HPLC-ELSD method equipped
with a Shodex Asahipak NH2P-50 4E column (250 mm × 4.6 mm × 5 μm, Agilent Technologies,
Santa Clara, CA, USA). A solution containing acetonitrile and water (4:1) was used as the mobile phase
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at a flow rate of 1.0 mL min−1
, and the column oven temperature was 35 °C. Drift tube temperature

was 70 ◦C. Spray tube temperature was 30 ◦C. The carrier gas flow rate was 1.1 mL min−1.

2.3. Evaluation of the Structure Characteristics of the Water-Soluble Polysaccharide

2.3.1. Scanning Electron Microscopy

Purified bioactive polysaccharide from quinoa (denoted SQWP-2) was examined using a Sigma
300 scanning electron microscope (SEM, AMICS, Berlin, Germany). Mica surfaces were used, and 1 cm2

of tape removed to expose fresh surfaces. The SQWP-2 polysaccharide powder was placed on the mica
slices and samples imaged at 100- and 1000-times magnification. The surface morphology of samples
was mainly revealed by secondary electron signal imaging [20].

2.3.2. Molecular Weight Determination

Size exclusion chromatography was used to measure the average molecular weight (Mw) performed
using two PL aquagel-OH Mixed 8-μm columns (Tosoh Bioscience GmbH, Griesheim, Germany:
300 × 7.5 mm) with a PL aquagel-OH guard protection 8-μm precolumn for gel permeation chromatography
(GPC). Eluent (0.1 M NaNO3 solution) was pumped at a flow rate of 0.9 mL/min. The column was calibrated
in the range of 5.8–1600 kDa using Pullan standards (British Polymer Laboratory).

2.3.3. Fourier-Transform Infrared Spectroscopy

Infrared (IR) spectroscopy was performed using a Fourier-transform IR system (Bruker,
Rheinstetten, Germany) with a scanning range of 4000–500 cm−1.

2.3.4. Monosaccharide Composition Analysis

Acetylated derivatives were prepared by hydrolysis, reduction, and acetylation of polysaccharides
for analysis using previously published methods [21]. Briefly, The RXI-5 SIL MS column
(30 m × 0.25 mm × 0.25 mm) was used for gas chromatograph-mass spectrometry (GC-MS), with an
initial temperature of 120 ◦C, final temperature of 250 ◦C at a flow rate of 1 mL min−1.

2.3.5. Analysis of Glycosidic Linkages

Glycosidic linkages were determined by GC-MS according to the published method [22].
The sample (2 mg) was hydrolyzed with 1 mL trifluoroacetic acid (2 mol L−1) for 90 min and
then the residues were dissolved into double distilled water (2 mL) and NaBH4 (100 mg), respectively.
One hundred microliters of glacial acetic acid was added after the reduction. The sample was
dried under reduced pressure, and then acetylated with 1.0 mL acetic anhydride at 100 ◦C for 1 h.
The acetylated derivatives were extracted with 3 mL chloroform and washed with water. The analysis
was performed using a Shimadzu GCMS-QP 2010 gas chromatography-mass spectrometer.

2.3.6. Nuclear Magnetic Resonance

The 1H and 13C spectra and DEPT135, HSQC, HMBC, NOESY spectra of the SQWP-2 were
recorded at 30 ◦C with AV-500 MHz spectrometer (Bruker, Rheinstetten, German). Tetramethylsilane
was used as an internal standard.

2.4. Evaluation of the Inhibition of Adipocyte Differentiation by the Water-Soluble Polysaccharide

2.4.1. Cell Culture

3T3-L1 cells were cultured according to the suggested protocol from the Chinese Academy of
Sciences Shanghai Cell Bank (Shanghai, China). Cells grew in DMEM supplemented with 4.5 g L−1

D-glucose, 10% FBS, and 1% penicillin at 37 ◦C in an atmosphere containing 5% CO2.
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2.4.2. Viability Assay

Cell viability was evaluated using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) method [23]. Briefly, cells were distributed into 96-well plates (2 × 105 cells mL−1) and
cultivated overnight (37 ◦C, 5% CO2). After 24 h, DMEM cell medium containing SQWP-2 (0.5, 1, 2, 4,
8 mg ml−1) was added to the treated groups. Cells were cultivated for a further 24 h, after that 20 μL
of MTT was added to the treated and control groups and incubation continued for 4 h. Then the MTT
reagent was removed, sulfoxide (DMSO) was added (150 μL/well), and the mixture was shaken for
15 min to promote the dissolution of the purple crystals. The OD value was measured at 570 nm.

2.4.3. Cell Differentiation Assay

We placed 2 mL of 3T3-L1 pre-adipocytes into each well of a 12-well plate (2.5 × 105 cells mL−1)
and cultured the cells in a treated DMEM cell medium. Cells were grown to fusion at 37 ◦C with 5%
CO2 [24]. After fusion for 48 h, cell contact was prevented (this time was defined as differentiation day
0). Cells were cultured in DMEM for 48 h (day 2), then medium replaced with DMEM containing 5 mg
L−1 of insulin and 10% fetal calf serum, cultured for a further 48 h (day 4). After that, the medium was
changed every 48 h (using DMEM with 10% FBS), until approximately 90% of the pre-adipocytes were
differentiated into adipocytes. The fat content was assessed on day 8.

2.4.4. Oil-Red O Staining and Measurement of Optical Density

Differentiation of the cell cultures described in Section 2.4.3 was induced on day 8. The culture
solution was removed and cells were fixed with 4% paraformaldehyde for 30 min. Oil red O
stain solution was added. After staining for 60 min, the solution was removed and replaced with
phosphate-buffered saline (PBS). Cells were observed and photographed under an inverted microscope
(Thermo Fisher Scientific, Waltham, MA, USA), then 200 μL of isopropyl alcohol added to fully dissolve
oil red O in stained adipocytes and the OD measured at 492 nm.

2.4.5. RNA Extraction and Real-Time Reverse Transcription Polymerase Chain Reaction

Total mRNA was extracted from 3T3-L1 cells collected on day 8 using the Trizol Reagent (solarbio,
Beijing, China). Total RNA was transcribed into complementary DNA (cDNA) using a large-capacity
cDNA reverse transcription kit (Sangon, Shanghai, China). Gene expression was quantitatively
analyzed by real-time polymerase chain reaction (PCR) using a TaqMan Fast Universal PCR Master
Mix (Applied Biosystems) Primers used for PCR are shown in Table 1. The 2−ΔΔCT method was used to
calculate the relative expression of each gene using β-actin as an internal standard. The relative levels
of gene transcripts following exposure to SQWP-2 are expressed as fold change. Experiments were
carried out in triplicate.

Table 1. The primer sequence is used for real-time polymerase chain reaction (PCR).

Gene Name Forward Primer Reverse Primer Accession No.

C/EBPα TTACAACAGGCCAGGTTTCC GGCTGGCGACATACAGTACA NM_007678
PPARγ TTTTCAAGGGTGCCAGTTTC AATCCTTGGCCCTCTGAGAT NM_011146
C/EBPβ CCTTTAAATCCATGGAAGTGG GGGCTGAAGTCGATGGC NM_005194.2
C/EBPδ ACGACGAGAGCGCCATC TCGCCGTCGCCCCAGTC TRCN0000013697

AP2 GGCCAAGCCCAACATGATC CACGCCCAGTTTGAAGGAAA NM_024406
M-SREBP1c ACAGACAAACTGCCCATCCA GCAAGAAGCGGATGTAGTCG NC_010454.4

β-actin CCACAGCTGAGAGGGAAATC AAGGAAGGCTGGAAAAGAGC X03672

2.4.6. Western Blot Analysis

Western blot analysis was performed according to the published method [14]. After incubated
with 4 mg mL−1 SQWP-2 for 24 h, 3T3-L1 cells incubated in lysis buffer (Sangon, Shanghai, China) on ice
for 20 min. Cytolyte supernatant was collected and protein content was estimated after centrifugation
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at 10,000× g (4 ◦C, 20 min). Protein samples (10 μg) were separated using 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking with 5% skim milk in Tris-buffer salt containing 0.1% Tween-20
(TBST) for 1 h, anti-PPARγ, anti-C/EBPα, anti-CCAAT/enhancer-binding protein beta (C/EBPβ),
anti-CCAAT/enhancer-binding protein delta(C/EBPδ), anti-Sterol regulatory element-binding protein-1c
(SREBP1C) and anti-adipocyte protein 2 (AP2) and anti-β-actin antibodies (Sangon, Shanghai, China)
were added in combinations and the cells were incubated for 2 h at room temperature and washed with
TBST. Horseradish peroxidase (HRP)-labeled secondary antibodies were added for 1 h, after which
cells were washed with TBST for 10 min. Signals were detected by ELISA Pico chemiluminescent
substrate (Sangon, Shanghai, China).

2.4.7. Statistical Analysis

We used SPSS V.13 (SPSS Inc., Chicago, IL, USA) for all statistical analyses. One-way analysis of
variance (ANOVA) and Duncan’s New Multiple-Range test was used to assess statistical differences
between groups. Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Extraction and Purification

The purity of QWP isolated from quinoa seeds was approximately 64.1%. Chromatographic
purification enables the required fractions to be collected (Figure 1). After purification, the purity of
SQWP-2 was up to 95%. In the pre-experiment, the SQWP-2 showed a higher inhibitory effect on
3T3-L1 cell differentiation than SQWP-1 (Figure S1). Therefore, SQWP-2 was further analyzed its
chemical structure and reveal the mechanism of its anti-adipogenesis effect.

Figure 1. (A) Elution curve of the water-extractable (SQWP-2) on a Sepharose Flast Flow column and
gel filtration chromatography; (B) standard curve of dextrose density.
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3.2. Analysis of Surface Morphology

A representative SEM micrograph of SQWP-2 is shown in Figure 2A, SQWP-2 appeared globular in
the structure at 100-times magnification. At 1000-times magnification, the surface of the polysaccharide
appeared rough and dentate.

Figure 2. (A) Scanning electron microscopy (A × 100, B × 1000); (B) monosaccharide composition
analysis by chromatograph-mass spectrometry (GC-MS). (1). Rham, (2). Fuc, (3). Ara, (4). Xyl, (5).
Man, (6). Glu, (7). Gal; (C) Glycosidic linkage by methylation analysis. (1). 1,3,4,6-Me4-Glc/Manp, (2).
2,3,4,6-Me4-Glcp, (3). 2,3,6-Me3-Glcp, (4). 2,3-Me2-Glcp; (D) FT-IR spectra of SQWP-2.
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3.3. Analysis of Monosaccharide Composition and Glycosidic Linkages

Glycosidic linkage of SQWP-2 was analyzed by GC/MS. Gas chromatography analysis indicated
SQWP-2 to be composed of glucose (Figure 2B) and methylation analysis revealed the presence of four
types of glycosidic linkage: 2,3,4,6-Me4-Glcp; 1,3,4,6-Me4-Glc/Manp; 2,3,6-Me3-Glcp; and 2,3-Me2-Glcp
(Figure 2C). Their corresponding link way for Glc-(1→, Fru-(2→,→4)-Glcp-(1→,→4,6)-Glcp-(1→ is
detailed in Table 2. The polysaccharide was found to be composed of dextran, whose main chain is
→4)-Glcp-(1→ and exhibits O-6 branching.

Table 2. Three glycoside bonds of quinoa polysaccharide.

Methylated Sugar Mass Fragments (m/z) Type of Linkage

2,3,4,6-Me4-Glcp 43,71,87,101,117,129,145,161,205 Glc-(1→
1,3,4,6-Me4-Glc/Manp 87,101,129,145,161 Fru-(2→

2,3,6-Me3-Glcp 43,87,99,101,113,117,129,131,161,173,233 →4)-Glcp-(1→
2,3-Me2-Glcp 43,71,85,87,99,101,117,127,159,161,201 →4,6)-Glcp-(1→

3.4. Fourier-Transform Infrared Spectroscopy

As Figure 2D showed, an absorption band at 3600–3200 cm−1 was observed, which could be
attributed to the stretching vibration absorption peak of –OH. The peak at 2927 cm−1 relates to the
C–H stretching vibration of polysaccharides. An absorption peak was noted at 1633 cm−1 due to the
asymmetric stretching vibration of C=O. Peak at 1405 cm−1 could be attributed to C–H variable angular
vibration. The absorption peaks between 1020 cm−1 and 1160 cm−1 were due to the C–O stretching
vibration and the peak at 844 cm−1 may be attributed to alpha-terminal radical isomerism. The specific
structure of the polysaccharide needs to be confirmed by further nuclear magnetism analysis.

3.5. Nuclear Magnetic Spectroscopy

The 1H-nuclear magnetic resonance (NMR), 13C-NMR, DEPT135 of SQWP-2 were shown in
Figure 3A–C, respectively. The δ 3.2–4.0 ppm signal in the hydrogen spectrum related to the proton of
sugar-ring. The 13C NMR spectrum (126 MHz, D2O) signals were observed to be mainly concentrated
between 60 and 120 ppm. Sharp signals at 100.59, 101.82, and 105.21 ppm indicated an α configuration
of the glycosidic linkages, and signals were observed in the range of δ 60–85 indicating the presence
of (1→4)-α-glycosidic linkages. The results indicated that the analyzed polysaccharides were mainly
composed of dextran with a small amount of fructose. The DEPT135 chromatogram revealed inverted
peaks at 62.32, 62.70, and 63.91 ppm, indicating the chemical displacement of the C6 or C1 signal peak
of fructose or CH2 groups of either glucose or fructose.

Because the area of an absorption peak is proportional to the number of hydrogen protons, H1 of
→4)-α-D-Glcp-(1→, →4,6)-α-D-Glcp-(1→, α-D-Glcp-1→, and H3 of β-D-Fru-(2→ were integrated,
which were found to exist in a ratio of 3.5:1:1.4. The corresponding ratio of hydrogen protons for
→4)-α-D-Glcp- (1→,→4,6)-α-D-Glcp-(1→ including α-D-Glcp-1→, and β-D-Fru-(2→ was found to be
1:1:1. Therefore, the ratio of the three types of glycosidic bonds was 3.5:1:1.4. Methylation analysis
revealed the ratio of→4)-α-D-Glcp-(1→,→4,6)-α-D-Glcp-(1→, β-D- Fru-(2→, and α-D-Glcp-1→ to be
19:4:8:1.
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Figure 3. The nuclear magnetic resonance (NMR) spectra analysis of SQWP-2. (A) 1HNMR; (B) 13C NMR;
(C) Dept135.
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The 2D spectra of SQWP-2 are shown in Figure 4A–C, respectively. HSQC spectrum revealed
signal of the hetero-head carbon to be δ 5.31, the corresponding hetero-head hydrogen signal to be
delta 5.31, and the signal H1-2 to be 5.31/3.55. The signal of H2-3 was 3.55/3.94 and that of H3-4 was
3.94/3.57. We can infer that H1, H2, H3, and H4 are 5.32, 3.55, 3.94 and 3.57 respectively, and the
corresponding C5 was 73.53. δ 62.63 for C6 and δ 3.76 for H6a. Therefore, the signal can be attributed
to the→4)-α-Glcp-(1→ glycosidic linkage. In addition, we observed the 105.17 ppm signal peak in the
HSQC spectrum. There was no corresponding H, so we can infer that the signal relates to C2 of the
Fru-2→ glycosidic linkage. We attributed this to the hydrocarbon Fru-2→ owing to the peak shape.
We classified all glycosidic linkages according to the similarity rule combined with HMBC and NOESY
results (Figure 4A,C; Table 3).

Figure 4. (A) HSQC; (B) HMBC; (C) NOESY spectra of SQWP-2; (D) Constitutional formula of SQWP-2.

Table 3. The attribution of Hydrocarbon signal.

Glycosyl Residues
H1 H2 H3 H4 H5 H6a H6b

C1 C2 C3 C4 C5 C6

→4)-α-D-Glcp-(1→ 5.31 3.55 3.94 3.57 3.78 3.76 ns
102.01 73.57 75.31 79.58 73.52 62.63

→4,6)-α-D-Glcp-(1→ 4.93 3.55 3.65 3.54 3.85 3.84 ns
100.7 73.53 74.02 78.2 74.6 69.71

Fru-(2→ 3.65/3.81 4.2 4.05 3.81 3.72/3.78
62.74 105.17 79.01 76.4 83.23 64.28

α-D-Glcp-1→ 5.26 3.36 3.66 3.95 3.98 3.6 3.82
101.33 71.4 75.1 70.61 72.41 62.3

Glycoside linkage signals of polysaccharides were assigned from HMBC according to the
1D-2D NMR spectra. The δ 101.14 of the→4)-α-Glcp-(1→ glycoside linkage exhibited a signal peak
corresponding with its H4 δ3.55, evidencing the existence of a→4)-α-D-Glcp-(1→4)-α-D-Glcp-(1→

79



Foods 2020, 9, 1511

linkage. The terminal α-D-Glcp-(1→ and Fru-(2→ group was found to be bonded to the main chain by
O-6. The structural formula of SQWP-2 was shown in Figure 3G.

3.6. Cell Viability Analysis

There were no significant differences in the viability of 3T3-L1 cells exposed to 8 mg mL−1 SQWP-2
compared with the control group (Figure 5A). At the maximum concentration of SQWP-2 (8 mg mL−1),
a 17.1% decrease in viability was observed, suggesting that SQWP-2 did not exert a significant toxic
effect on 3T3-L1 cells at this concentration. When the SQWP-2 concentration was 4 mg mL−1, its toxic
effect on cells could be ruled out. Therefore, a concentration of 4 mg mL−1 of SQWP-2 was used for
further experiments.

Figure 5. MTT cell viability of SQWP-2. Data are shown as mean ± SD. * p < 0.05 vs. control; ** p < 0.005
vs. control. (A) Effect of SQWP-2 on intracellular lipid accumulation in 3T3-L1 cells. Cells were
treated with SQWP-2 (2 mg mL−1 and 4 mg mL−1) for day 8; (B) The mature adipocytes were colored
with oil-red O; (C) OD value (% adipocyte); (D) TG content (mmol L−1) were measured to quantify
intracellular lipid content.

3.7. Effect of the Water-Soluble Polysaccharide on Intracellular Lipid Accumulation in 3T3-L1 Cells

Oil-red O staining images showed that lipid accumulation was suppressed in the experimental
group with SQWP-2 (Figure 4B). Lipid content was significantly decreased in the group treated with
SQWP-2 (p < 0.05, Figure 4C). These results were confirmed by TG content (Figure 4D), TG level
in SQWP-2-treated (4 mg mL−1) group was reduced by 49.7% compared with the adipocyte group
(p < 0.05). From the effect of SQWP-2 on 3T3-L1 intracellular lipid accumulation, obviously, SQWP-2
with a concentration of 4 mg mL−1 was significantly better than 2 mg mL−1, so the concentration of
SQWP-2 in subsequent experiments was 4 mg mL−1.
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3.8. Effect of the Water-Soluble Polysaccharide on mRNA and Protein Expression

Western Blotting revealed that protein expression reflected mRNA expression (Figure 6).
The results suggested that SQWP-2 suppressed protein expression of PPARγ, C/EBPα, C/EBPβ,
C/EBPδ, SREBP1C and AP2 by downregulating mRNA transcription. The expression levels of PPARγ,
C/EBPα, C/EBPβ, C/EBPδ, SREBP1C and AP2 after treatment by SQWP-2 were reduced to 0.90 ± 0.06,
0.39 ± 0.03, 0.86 ± 0.06, 0.92 ± 0.06, 0.77 ± 0.05 and 0.78 ± 0.05 times of the control group, respectively
(Figure 6B), which was consistent with the result of Western Blotting. SQWP-2 also be uncovered to
suppress the mRNA expression of PPARγ, C/EBPα, C/EBPβ, C/EBPδ, SREBP1C and AP2 compared with
control adipocytes. These major transcription factors work together to restrain adipocyte differentiation.
The amplification curve and dissolution curve were shown in Figure S2.

Figure 6. Effect of SQWP-2 on the protein levels (A) and mRNA expression (B) of related pathways in
3T3-L1 cells. Experiments were performed three times, and data are shown as mean ± SD. Values that
do not share the same letter are significantly different (* p < 0.05).

4. Discussion

Polysaccharides are the main component of grains and have been reported to possess various
bioactivities. Cordeiro et al. claimed that a linear arabinan with (1→ 5)-linked α-l-arabinofuranosyl units of
polysaccharides in quinoa showed the strongest gastroprotective activity [25]. Quinoa polysaccharide
constituted of Glc and Ara with a molar ratio of 1.17:1 was proven to prevent and protect against
hyperlipidaemia [26]. Quinoa is becoming popular owing to the high nutritional value of the seeds.
Our previous experiments have suggested the adipogenesis inhibitory effects of crude water-soluble
polysaccharides extracts from quinoa. In the present study, to identify the responsible bioactive
component, two polysaccharides fractions were separated and purified from crude water-soluble
polysaccharides extracts. The SQWP-2 showed a higher inhibitory effect on 3T3-L1 cells differentiation
than SQWP-1 group. Structural characterization of the polysaccharide revealed SQWP-2 had an
average molecular weight of 7.49 × 103 Da and consisted mainly of mannose and glucose with a ratio
of 5.1:94.9. It is worth noting that fructose is a ketose, which can isomerize to mannose and glucose in
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a ratio of 52:48 during reduction. Galacturonic acid and glucose monosaccharides have been identified
in a polysaccharide fraction purified from quinoa [15]. Three Astragalus polysaccharides prepared
using different temperature treatments were found to have different chemical structures [27].

It is noteworthy that the present work is the first study to characterize glycosidic linkages using
NMR spectroscopy including 1D and 2D spectra for this particular polysaccharide. The composition
was found to comprise glucose, mainly dextran with a small amount of mannose. In the 1H-NMR
spectrum, the prominent peak in the anomeric region indicated the presence of heterophase in Glc (p).
The 13C NMR spectrum revealed several abnormal carbons in the pyranosyl residues and multiple
non-anomalous carbon peaks within a wide area [28]. The linkage and NMR data suggest that
→4)-α-Glc(p)-(1→ is the main connection unit in SQWP-2, similar to a polysaccharide isolated from
Terminalia chebula [29]. Before this study, Cordeiro extracted the polysaccharides in quinoa and
analyzed the structure and its gastroprotective activity [25]. The structure of quinoa polysaccharide in
the study consisted of a linear arabinan with (1→ 5)-linked a-L-arabinofuranosyl units, which was
different from results in this study. Two main reasons could contribute to this phenomenon. First,
the source and variety of materials are different. Another is the different extraction method, 10% KOH
was added in extracting polysaccharide. Due to these reasons, structural analysis and biological activity
could show the difference. Research on enzymolysis and amylopectin chain-length distribution needs
to be further studied to clarify the specific structural details of SQWP-2. For accuracy, we used the
integral value of the proton hydrogen of each glycosidic linkage in the hydrogen spectrum to calculate
the proportion of glycosidic bonds, as this exhibited good resolution without the need for processing.
The glycosidic linkage→4,6) -α-D-Glcp-(1→ proton coincides with Glcp-1→. The ratio of glycosidic
linkages was obtained through a methylation analysis of glycosidic linkage molar ratios.

As a nutritional supplement, quinoa has been reported to have anti-obesity activities and to
have utility in the prevention and treatment of obesity [30]. Previous research has focused on
the mechanism underlying the effects of quinoa in terms of increasing satiety, inhibiting digestive
enzymes, and improving bacterial flora. Direct inhibition of adipocyte differentiation is another
mechanism thought to contribute to the anti-obesity effects of quinoa. Polysaccharides are active
compounds in many plants. In the present study, the isolated polysaccharide SQWP-2 strongly inhibited
3T3-L1 adipocyte differentiation. This can, therefore, be concluded to be one of the mechanisms
explaining the anti-obesity activity of quinoa, which is a novel finding because the contribution of
fullness to the anti-obesity effect has been the focus of previous research into quinoa. To further
study the mechanism of SQWP-2 inhibition of differentiation of 3T3-L1 adipocytes, we studied the
mRNA and protein expression of related protein factors. The protein PPARγ is an essential factor in
adipocyte differentiation, while the expression of C/EBPα remains constant. This is similar to previous
research results, which have shown that the morus polysaccharide effectively inhibits adipocyte
differentiation [1]. The expression of SREBP1C has been reported to be similar to that of C/EBPβ,
which is consistent with the results of this study. We also found that SQWP-2 strongly inhibited C/EBPα
expression which supports previous research [31]. The transcription factor C/EBPα coordinates cell
differentiation and growth arrest [32,33].

Polysaccharides with different structures have different biological activities. For example,
the immunomodulatory activities of polysaccharides are reported to be influenced by the
monosaccharides and glycosidic linkage compositions [34]. Toll-like receptor 4, an important
receptor of immunomodulatory activity, is closely associated with high-glucose polysaccharides such
as β-(1,3)-Glc, β-(1,4)-Glc, and α-(1,4)-Glc. The main chain of polysaccharide from fungus has been
reported to be composed of→3,6)-β-L-Man-(1→, α-D-Glc-(1→,→4)-α-D-Glc-(1→,→3,6)-β-D-Gal-(1→,
and →6)-β-D-Gal-(1→, and the polysaccharide exhibits strong immunomodulatory activity [35].
Many plant polysaccharides have been demonstrated to inhibit 3T3-L1 adipocyte differentiation [12],
and quinoa polysaccharides have been confirmed to have immunomodulatory functions [18]. However,
the structural details and anti-obesity activity of quinoa polysaccharides are poorly studied to date.
This inhibitory effect has also been demonstrated for polysaccharides isolated from Pine needles [35],
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Gray Oyster mushrooms [36], and Nannochloropsis oculata [33], and were shown to be positively
correlated with molecular weight. The anti-obesity activity of polysaccharides largely depends on their
structure and the intracellular signaling pathways involved. Fucoidan has been reported to inhibit the
expression of the early C/EBPα and PPARγ and the late AP2 adipose-forming transcription factors,
which are crucial for the development of fat cells [31]. The present research found the presence of
→4)-α-D-Glcp-(1→ glycoside linkages with α-D-Glcp-(1→ and Fru-(2→ to result in strong inhibition
of 3T3-L1 adipocyte differentiation. Our study elucidated the mechanism of the inhibitory effects of
SQWP-2 on 3T3-L1 adipocyte differentiation.

5. Conclusions

The isolated polysaccharide was found to consist of fructose and glucose in a ratio of 9.8:90.2
with an average molecular weight of 7.49 × 103 Da. The main sugar residue linkages were found
to be→4)-α-D-Glcp-(1→: →4,6)-α-D-Glcp-(1→: β-D-Fru-(2→: α-D-Glcp-1→, existing at a ratio of
close to 19:4:8:1. The main chain connection mode of the polysaccharide was determined to be a
→4)-α-D-Glcp-(1→ glycoside linkage, while the terminal group of α-D-Glcp-(1→ and Fru-(2→was
bonded to the main chain via O-6. The polysaccharide inhibited 3T3-L1 adipocyte differentiation,
indicating that proliferation was inhibited through the promotion of PPARγ, C/EBPα C/EBPβ, C/EBPδ,
SREBP1C and AP2 expression. The expression levels were reduced to 0.90± 0.06, 0.39± 0.03, 0.86 ± 0.06
and 0.92 ± 0.06, 0.77 ± 0.05, 0.78 ± 0.05 times of the control group, respectively. Based on the above
result, SQWP-2, as an active ingredient food, has broad application prospects due to its inhibitory
effects on 3T3-L1 adipocyte differentiation.
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M-SREBP1C Sterol regulatory element-binding protein-1c
Dept Distortionless Enhancement Polarizationtransfer
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Abstract: Due to its similarity with human milk and its low allergenic properties, donkey milk has
long been used as an alternative for infants and patients with cow’s milk protein allergy (CMPA).
In addition, this milk is attracting growing interest in human nutrition because of presumed health
benefits. It has antioxidant, antimicrobial, antitumoral, antiproliferative and antidiabetic activity.
In addition, it stimulates the immune system, regulates the gastrointestinal flora, and prevents
inflammatory diseases. Although all donkey milk components can contribute to functional and
nutritional effects, it is generally accepted that the whey protein fraction plays a significant role.
This review aims to highlight the active proteins and peptides of donkey milk in comparison with
other types of milk, emphasizing their properties and their roles in different fields of health and
food applications.

Keywords: donkey milk (DM); donkey colostrum (DC); mammal’s milk; cow’s milk protein allergy
(CMPA); bioactive peptides; biologic activity; immunosenescence; health benefits

1. Introduction

Since ancient times, donkey milk (DM) has been known for its therapeutic properties and it
was used for wound healing and for treating various diseases such as bronchitis, asthma, joint pain,
gastritis [1,2]. Today, it is available on the market as a commercial product to benefit newborns,
people with allergies to cow’s milk proteins, and older people [1,2]. Several types of milk (from goat,
dromedary, donkey, and horse) are known to have lower allergenicity than cow milk, and it has been
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suggested that differences in nitrogen distribution and digestibility of milk proteins play an important
role in determining the allergenic capacity of milk [3]. DM has become increasingly attractive due
to its biological activities, such as anti-microbial, anti-viral, anti-inflammatory, antiproliferative [1,4],
and antioxidant activity [5].

The characterization of milk’s main constituents has fundamental importance according to the
correlation between health and nutrition. In this context, proteins and peptides are considered important
nutrients because some of them show bioactivity when they are native [2,5]. There is increasing
evidence that many milk proteins and peptides (particularly peptides that are called ‘bioactive peptides’)
have physiological functionality. Important effects on immune modulation, cardiovascular health,
tumours, bones, and teeth have been frequently reported [5,6]. It is well known that the validity of
these effects and the efficacy of functional foods based on bioactive peptides remain to be fully proven
in the future, and they may lead to a new class of functional foods, for example, those based on milk
proteins and their products [6,7].

According to their different solubility, the DM proteins are classified into three classes: milk fat
globule membrane (MFGM) proteins, caseins, and whey proteins [4,5]. The protein content of milk may
vary among species, among breeds within the same species, and even among individual animals within
the same breed. Furthermore, it is well known that there is a strong qualitative resemblance between
the principal classes of proteins (i.e., caseins and whey proteins) in all types of milk. These whey
proteins and caseins could have biomedical applications [8,9]. Due to its high nutritional and health
importance, DM is rediscovered as a functional food. Most of the studies aiming to evaluate DM
qualities have been carried out in Italy, and some data are published on the DM obtained from Chinese
and Balkan donkey breeds [1]. Likewise, due to the increasingly global spread of food allergies,
consumers have started looking for so-called “natural milk” with good taste and useful in treating of
some conditions such as cow’s milk protein allergy. This review aims to report published data about
the proteins and peptides from DM compared with other kinds of milk (cow, goat, camel, and human
milk) and, on the other hand, compared with donkey colostrum. It also shows their biological activities
such as anti-microbial, anti-oxidant, anti-inflammatory, anti-allergic, anti-tumoral, anti-obesity, and
anti-diabetic activity, their applications in different fields and the benefit of ingesting donkey milk
proteins and peptides.

2. Global Composition of Donkey Milk Compared to Other Types of Milk

Due to its chemical composition, milk is considered a complete food. It consists of water,
carbohydrates, fats, proteins, and other minor components such as hormones, vitamins, minerals,
cytokines [1,5]. Among the constituents of milk, proteins vary between mammalian species, ranging
from 1% to 24%. These proteins exist under three categories of proteins defined by their chemical
composition and their physical properties: MFGM proteins, caseins, and whey proteins. In addition,
the carbohydrate (lactose) milk content varies from 0.7% to 7.0% between different species of mammals.
Regarding the fat content, not only the concentration varies but also the chemical composition [4,5].
Table 1 represents the global composition of the donkey, cow, camel, goat, and human milk. The amount
of DM components, such as whey protein, lactose, and caseins, are similar to that of human milk,
although they differ significantly compared to cow, goat, and camel milk. The only significant difference
between DM and human milk is the fat content, which is very low in DM. Nevertheless, regarding the
casein-to-whey protein ratio, in DM this is intermediate between human milk and cow milk.
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Table 1. Milk composition and energy value—donkey and other species [5,10,11].

Milk Characteristics Donkey (%) Goat (%) Cow (%) Camel (%) Human (%)

Proteins 1.74 3.41 3.43 1.80 1.64
Fat 1.21 4.62 3.46 1.80 3.38

Lactose 6.23 4.47 4.71 2.91 6.69
Dry Matter 9.61 13.23 12.38 11.30 12.43

Ashes 0.43 0.73 0.78 0.85 0.22
Water 90.39 86.77 87.62 90.60 87.57

Energy (KJ/Kg) 1939.40 3399.50 2983.00 2745.80 2855.60

3. Bioactive Proteins and Peptides in Donkey Milk Compared to Other Types of Milk

Table 2 shows the different protein fractions identified in cow, donkey, goat, camel, and human
milk, and the g/L amount. Camel’s milk, cow’s milk, and the goat’s type have high protein levels
compared to human milk and DM. Cow’s milk, camel’s milk, and goat’s milk have more caseins (80%)
and fewer whey proteins (20%) [8] compared with DM, which has more whey proteins (60%) and fewer
caseins (40%) [12]. Donkey’s milk has a quantity of α-lactoglobulin resembling that identified in human
milk and has a high level of β-lactoglobulin, which is not found in human milk. This β-lactoglobulin is
the major allergen of cow’s milk, besides caseins [5,8]. Another peculiarity is that lysozyme’s human
and donkey milk content is much higher than in cow milk:

Table 2. Main proteins of donkey milk compared to other types of milk [5,8,12].

Cow (g/L) Donkey (g/L) Goat (g/L) Camel (g/L) Human (g/L)

Total protein content 31–38 13–28 25–39 25–45 9–17
Total casein 27.2 6.6 25 26.4 5.6

Total whey protein 4.5 7.5 6 6.6 8
αS1-casein 10–15 0.2–1 0–7 5 0.3–0.8
αS2-casein 3–4 0.2 4.2 2.2 n.d.
β-casein 9–11 3.9 11–18 12.8 1.8–4
κ-casein 3–4 n.d. 4–4.6 0.8 0.6–1

α-lactalbumin 1–1.5 1.8–3 1.2 3.5 1.9–2.6
β-lactoglobulin 3.3–4 3.2–3.7 2.1 n.d. n.d.

Lysozyme 0.00007 1 Trace 0.00015 0.04–0.2
Lactoferrin 0.1 0.08 0.02–0.2 0.22 1.7–2

Immunoglobulins 1 n.d. 1 1.54 1.1
Albumin 0.4 n.d. 0.5 0.4 0.4

n.d.—not detected.

Several research groups have been able to characterize the protein fractions of whey in DM and
have demonstrated their nutraceutical properties and their beneficial properties for human health.
These proteins will be described in detail below.

3.1. Caseins

The caseins are organized into micelles (supramolecules of colloidal size) whose diameter varies
from 30 to 600 nm. In particular, αS1-, αS2-, β-, κ-casein, and traces of γ-casein can be found.
These micelles are made up of different proteins (94%) and colloidal calcium phosphate, made of
calcium, phosphate, magnesium, and nitrate, comprises 6%. These different caseins have hydrophilic
regions and other hydrophobic regions that are different from one casein to another [13]. Besides, the
caseins are phosphoproteins. Therefore, they have phosphorylated regions at the level of the serine
residues. The proline residues, uniformly distributed into the casein structure, prevent secondary
structures such as α helices or β sheets, hence the so-called open or “random coil” conformation
of casein [14]. κ-caseins have a particular role, they are first of all glycoproteins and have only one
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phosphoserine group, but above all, they are stable in the presence of calcium ions and thus protect all
of the caseins against precipitation and stabilize the micelles [13,15].

In mature cows’ milk, caseins make up 80% (w/w) of all proteins, whereas, in humans [16] and
equines [17], they represent only 35% and 50% of the total protein content, respectively. The DM
essentially comprises αS1-, and β-casein while αS2- and κ-casein are minor components. β-casein can
represent up to 80% of the total casein in human milk [18] and is also the predominant protein in the
casein fraction of DM [16]. Several studies revealed that caseins and β-lactobglobulin are the main
allergens in cow milk [19], and the low allergenicity of DM is explained by low casein content [5].

3.2. β-Lactoglobulin

β-lactoglobulin, a globular protein containing 162 amino acids that belongs to the family of lipocalin
proteins, has a molecular mass of 18.36 kDa. Lipocalin molecules have pockets capable of hosting iron
complexes. Iron binds to protein through iron chelators called “siderophores” [5]. β-lactoglobulin is
known for its richness in lysine, leucine, glutamic acid, and aspartic acid. Its secondary structure is
mainly composed of β sheets (≈50%), but there are also α helices (10%), β elbows (8%), and a high
proportion of disordered structures (35%) [20]. Its structure is also reinforced by two disulfide bridges
and a tertiary structure mainly composed of antiparallel β sheets. Studies showed that two different
isoforms of β-lactoglobulin could be found in DM: the major isoform is β-lactoglobulin I (80%), while
β-lactoglobulin II is encountered in lower quantities.

In DM, the β-lactoglobulin content of 3.75 g/L resembles that found in cow’s milk [7], and is
lower than that found in goat’s milk, while it is absent in camel’s [21] and human’s milk [3]. In DM,
β-lactoglobulins correspond to one genetic variant of β-LGI (β-LGIB), two genetic variants of β-LGII
(β-LGIIB, and β-LGIIC), and a third minor β-LGII variant (β-LGIID) [5].

β-lactoglobulin is known to have several functions, both nutritional and functional. One of the
most studied functions is the protein’s ability to bind specific nutritional interest molecules and serve
as a protective matrix during digestion. β-lactoglobulin was shown to bind specific vitamins (D2, D3),
cholesterol, particular catechins, and even mercury [20,22]. These interactions occur mainly in the
protein’s central area, denominated as the calyx (also known as β-barrel), and formed of β sheets.
This hydrophobic cavity, which makes it possible to fix a large variety of ligands, is regulated by an EF
loop, which works as a gate to the site of binding. At low pH, this loop is in the “closed” position,
and interactions are impossible. When the pH increases, the loop opens, allowing the ligands to insert
into the hydrophobic cavity [20]. This change in the Tanford transition structure generally occurs
between pH 6.5 and 7.5 [23].

3.3. α-Lactalbumin

The α-lactalbumin, a protein composed of 123 amino acid residues, with a molecular weight of
14.2 kDa, has in its tertiary structure four disulfide bridges. Native α-lactalbumin is made up of two
distinct domains, and a large section is produced of α helices and a small β sheet domain. A calcium
fixation loop bonds the two sections. This protein is found in DM as two isoforms with different
isoelectric points (pI) values: 4.76 and 5.26. α-lactalbumin content in DM is 1.8 g/L, a value very close
to that found in cow and human milk [4,5].

α-lactalbumin is a protein recognized for its nutritional qualities, mainly for infants’ nutrition.
First, α-lactalbumin plays an essential role in milk production in mammals because it binds to the
enzyme β-1,4-galactosyltransferase and creates the lactose synthase essential for lactose formation.
Another important nutritional element of this protein is its high tryptophan content since it is an essential
amino acid. This amino acid has demonstrated positive effects on the development of newborns’ brains
and nervous systems and contributes to these systems’ functioning as a direct precursor of serotonin
or niacin (also known as vitamin B3). Studies have also shown that regular intake of α-lactalbumin
in adult subjects makes it possible to increase the plasma quantities of tryptophan, thus improving
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certain neurological functions (such as attention, cognitive performance, and morning alertness) [24,25].
This protein also has good digestibility and a low allergenic capacity [26,27].

3.4. Lysozyme

Lysozyme, or muramidase, is a globular enzyme consisting of 129 amino acids and a class of
hydrolases [28]. The latter consists of two domains: a domain composed essentially of α helices
and a β anti-parallel sheet and two α helices. Three disulfide bridges provide the three-dimensional
configuration of the molecule: two are found in the α-helix domains, while one is located in the β

sheet. Lysozyme can catalyze the hydrolysis of the glycoside 1→ 4 bond of peptidoglycans in the
bacterial wall and chitin present in fungi walls [1,5].

Two isoforms of lysozyme, which differ by an oxidized methionine at position 79, were described
in DM: lysozyme A with a molecular weight of 14.631 kDa and lysozyme B with a molecular weight of
14.646 kDa [29,30].

Compared to human milk, donkey milk has a higher content of lysozyme (1 g/L), while in
goat and cow milk, lysozyme is missing [3,5]. Due to the high amount of lysozyme [3,5] and its
thermostability [29,31], the DM is resistant to alteration.

3.5. Lactoferrin

Lactoferrin is a glycoprotein that belongs to the transferrin family and has a molecular weight
of 80 kDa. Its structure is built by two homologous domains, which bind ferric and carbonate ions.
The anti-microbial activity of lactoferrin applies to a wide range of Gram-positive and Gram-negative
bacteria. On the one hand, it is partly dependent on its capacity to bind iron, resulting in an environment
scarce in iron, which limits the bacterial growth; on the other hand, it depends on its capacity to bind
to the lipopolysaccharides of bacterial cell walls via its N-terminus, resulting in the permeabilization of
the bacterial cells [5,32]. Likewise, once digested in the stomach, lactoferrin is fragmented into small
peptides: lactoferrampin and lactoferricin; the second one has an important action against several
bacteria, viruses, fungal pathogens, and protozoa. Moreover, this peptide has other activities, such as
inhibition of tumor metastasis in mice [33] and induction of apoptosis in THP-1 human monocytic
leukemic cells [34].

3.6. Lactoperoxidase

Lactoperoxidase (LPO) is an oxidoreductase enzyme and has a protective function against
infections by microorganisms. It is found in low concentrations in fresh DM, as well as in human milk
(about 100 times lower than in bovine milk) [1]. LPO can catalyze the oxidation of diverse substrates
by using hydrogen peroxide. The oxidation products possess bactericidal activity against bacteria
(Mycoplasmas), and bacteriostatic effects against Listeria monocytogenes [4,5]. It has been shown that
immunoglobulins found in the milk exert a synergistic effect on the activity of these non-specific
anti-microbial factors with LPO, whose anti-microbial activity against Streptococcus mutans increases
considerably if the system is incubated with secretory IgA. The anti-microbial activity enhancement
seems to be due to binding between LPO and immunoglobulins (IgA) [5,7]. The result of this interaction
is a stabilization of the enzymatic activity of lactoperoxidase [5].

4. Comparison between Donkey Colostrum and Donkey Milk

Several studies have shown that milk composition is different not only between the species but
also between each phase of lactation (colostrum and mature milk) [35,36]. Colostrum is the first form
of milk obtained directly after the mammal’s birth until the seventh day. Studies of whey proteins
from different mammals (human, bovine, camel) have shown that they generally have differences
between colostrum and mature milk. However, changes in the composition of DM in the course of
lactation were not sufficiently studied. Recently, the compositions, comparisons, and alterations of the
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proteome in mammals’ milk at various lactation stages have been studied using advanced proteomics
technologies [37,38].

Li et al. [37] were able to identify 300 proteins in DM and mature milk colostrum, including 13
and 12 whey proteins expressed only in donkey colostrum and mature milk, respectively (Table 3).
They also showed that in the two types of milk, α-lactalbumin, β-lactoglobulin, lysozyme, and the
constant region of the heavy chains of immunoglobulins gamma 1 were the main whey proteins.
The same study showed that 18 were expressed differentially between colostrum and mature milk
among the proteins identified, of which neural epidermal growth factors like type 2, perilipin, thymosin
beta 4, cathepsin B, and transforming factor beta, were induced. Fatty acid-binding proteins had higher
levels in mature milk. Simultaneously, tetraspanin, amine oxidase, immunoglobulin gamma 1 heavy
chain constant region, apolipoprotein B, prothrombin, major histocompatibility complex (MHC) class I
antigen, beta-lactoglobulin II, and alphas 2 casein B were higher in colostrum [37].

Table 3. Uniquely expressed proteins in donkey colostrum and donkey mature milk [37,39–41].

Types of Milk

Donkey Colostrum Donkey’s Mature Milk

Zinc-alpha-2-glycoprotein Histone H3
Immmunoglobulin lambda light chain variable region Myristoylateda lanine-rich C-kinase substrate
Thrombospondin 4 Histone H4
Peptidoglycan recognition protein 1 Multiple coagulation factor deficiency 2
Cartilage acidic protein 1 C-C motif chemokine

Peptidyl-prolyl cis-trans isomerase Transcription factor adipocyte enhancer binding protein 1
(AEBP1)

L receptor related protein 1 Follistatin-like 1
Insulin like growth factor binding protein 7 ST6 beta-galactoside alpha-2,6-sialyltransferase 1
Major histocompatibility complex (MHC) class II
associated invariant chain Uncharacterized protein

DNA J-like protein subfamily B member 11-like protein Multiple coagulation factor deficiency protein-like protein
Cathepsin Z Uncharacterized protein
Uncharacterized protein Glutathione peroxidase (Fragment)
Amino peptidase

Other studies have also shown that there are differences between proteins and between other
metabolites’ (including lipids’) compositions, which reveal that the composition of DM changes during
lactation [39–41].

5. Anti-Microbial Activity of Donkey Milk

For DM, various properties were demonstrated, such as anti-bacterial, anti-viral, and anti-fungal
activity. Several studies showed that DM has an anti-bacterial property against a wide range of
pathogenic bacteria such as Escherichia coli, Salmonella enteritidis, Listeria monocytogène, Staphylococcus
aureus, Bacillus cereus, Enterococcus faecalis, Shigella dysenteria, and against some yeasts [5]. The high
content of lysozyme in DM is correlated with high anti-bacterial activity against Listeria monocytogenes
and Staphylococcus aureus [8,42–45], making DM safer, without food-borne pathogenic bacteria, and with
a longer self-life. This anti-bacterial activity is due to its high value of anti-bacterial components [46–48],
mainly some whey proteins such as lysozyme and lactoferrin [44,45] (Figure 1). Since Gram negative
bacteria resist lysozyme due to its lipopolysaccharide membrane, the anti-bacterial activity of DM
can be explained by two mechanisms; firstly by the specific structure of lysozyme of DM (similar
of equine’s lysozyme), which is able to bind to calcium ions that improve its activity against Gram
negative bacteria [42,49–51]; secondly by a synergistic activity of lysozyme and lactoferrin, because
the latter can bind to membrane proteins of Gram negative bacteria, which disrupt the membrane
and open the pores to lysozyme, which destroys the glycosidic linkage (N-acetylglucosamine and
N-acetylmuramic acid) of peptidoglycans [32,44,52] (Figure 1). Other studies have shown that the
immunoglobulins, IgG, IgA, and IgM [30], also contribute to the inhibition of bacterial growth, acting
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in synergy with lysozyme [53,54] (Figure 1). Saric et al. (2014) [44] have shown that in addition to
the immunoglobulins, some fatty acids such as linoleic acid, lauric acid, and oleic acid, when acting
synergetically with lysozyme, show an important anti-bacterial activity against Gram-negative and
Gram-positive bacteria.

 

Figure 1. Molecular mechanism of anti-microbial activity of donkey milk (DM) proteins (protein
structure is a reference to UniProtKB [55] and the Protein Data Bank—PDB [56] (LYS: Lysozyme C:
(P11375); Lactoferrin (A0A3Q9HG40); Immunoglobulin (Q861S3); LPO—Lactoperoxidase (P80025))).
The anti-bacterial activity of DM is mainly due to lysozyme, lactoferrin, and immunoglobulins (IgG,
IgA, IgM) through two molecular mechanisms: cytolysis and the cationic killing of bacteria (LYS could
act synergistically with lactoferrin, and immunoglobulins). The anti-viral capability of DM was related
to synergetic action between LYS, LPO, immunoglobulins, and low abundant–low molecular weight
protein fraction (<30,000 Da) through blocking viral replication or growing by binding to host cells
and/or direct interaction with the viruses. The anti-fungal activity is due to the antifungal capacity
of DM’s proteins (lactoferrin, LYS, and immunoglobulins) within the inhibition of mycotic growth
and protective cell reactions triggered in response to the fungi presence; (the arrows represent the
synergistic activity of proteins).

In addition to its anti-bacterial activity, DM and its whey proteins were tested for their anti-viral
activity. Brumini et al. (2013) [57] have demonstrated that they have the ability to inhibit the replication
of Echovirus type 5, an enterovirus that affects the human gastrointestinal tract. This activity is due to
high molecular weight whey proteins such as lactoferrin, LPO, and immunoglobulins (Figure 1).

Koutb et al. (2016) shown an anti-microbial activity of DM against two dermatomycotic fungi:
Trichophyton rubrum and Trichophyton mentagrophytes, which are the leading causes of inflammatory
tinea corporis [58]. Furthermore, the anti-fungal activity of DM has been tested and found to be
effective against fungal strains which are pathogenic for humans (Figure 1). A preliminary study on
four samples of DM shown that it inhibits mycotic growth, mainly of Microsporum canis and Trichophyton
mentagrophytes, which are more sensitive than Microsporum gypseum to DM [59].

It should be mentioned that these anti-microbial factors (lysozyme, LPO, and lactoferrin) are
relatively identical in different species (Table 4). Still, their quantity and importance can differ
considerably. Indeed, in human milk and DM, lysozyme’s content is substantially higher than that
of camel, cow, and goat milk, while the LPO is present in small quantities in DM and human milk,
but abundant in cow’s milk. Regarding the lactoferrin, its content is higher in human milk, camel’s,
and goat’s milk, respectively [5,8,59].
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Table 4. Quantity of the major anti-microbial proteins found in human, bovine, camel and donkey
milk [5,8,59].

Milk Type Lysozyme (g/L) Lactoperoxidase (g/L) Lactoferrin (g/L)

Donkey 1.0 0.11 0.08
Human 0.12 0.77 0.3–4.2

Goat Trace Trace 0.02–2
Camel 0.00015 n.d. 0.22
Cow 0.00007 30–100 0.10

n.d.—not detected.

6. Antioxidant Activity of Donkey Milk

DM is known to have an antioxidant activity, which gives it oxidative stability, providing consumer
protection. A study comparing the DM, cow milk and DM powder in terms of antioxidant activity
has shown that DM has a higher antioxidant capacity than cow milk. It has a high ability to remove
anionic superoxide radicals and to eliminate hydroxyl radicals, which are free radicals generated by
body metabolism [60]. Simos et al. [61] were able to determine the antioxidant activity of DM using
the method of oxygen radical absorbance capacity, and have shown that the principal contributors of
this activity are caseins and the hydrophilic antioxidant compounds, such as uric acid and vitamin C.

7. Anti-Inflammatory and Anti-Tumoral Activity of Donkey Milk

Donkey milk is a matrix rich with mediators such as lactoferrin, which has anti-microbial and
anti-tumoral activity, interferon γ, which stimulates macrophages, natural killer cells, and cytotoxic
T cells [62,63]. DM can induce the release of anti-inflammatory cytokines, retaining a condition of
immune homeostasis [62]. Yvon et al. (2018) [64] have demonstrated that the treatment of C57BL/6
mice (Crohn’s disease model) with DM has an anti-inflammatory effect by restoring the levels of
anti-microbial peptides such as α-defensin and lysozyme, which help to reduce the imbalance of the
microbiota. Moreover, other studies have shown that the lactic flora of DM has an anti-inflammatory
effect, for example, by the production of nitric oxide by Lactobacillus farciminis. This anti-inflammatory
activity can also be due to the synergy between this flora and the anti-microbial peptides [65,66]
(Figure 2). Another study has shown that DM and colostrum stimulate the secretion of nitric oxide,
a potent vasodilator, and therefore prevent atherosclerosis. They demonstrated that DM stimulates the
secretion of immunoglobulins G and interleukins (IL) IL-1β, IL-10, and IL-12. In contrast, colostrum
stimulates the secretion of immunoglobulins A. They also showed that the two types of milk stimulate
the expression of CD25 and CD69 on human peripheral blood mononuclear cells (Figure 2) and thus,
may be useful in the treatment of human immunological diseases [19].
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Figure 2. Health implications of donkey milk consumption due to bioactive proteins and peptides;
the main ten health properties are listed, outlining the references and mechanisms of bioactive proteins/
peptides involved in: 1. Low allergenicity [3,5,67,68]; 2. Anti-bacterial, anti-viral, anti-fungal, anti-
protozoa activity [5,32,42–44,57,69,70]; 3. Regulation of iron homoeostasis [5]; 4. Anti-inflammatory and
regulator of immune system, neonatal acquisition of passive immunity, immunosenescence [5,20,71,72];
5. Anti-hypertensive activity [5,73–75]; 6. Anti-diabetic activity [76]; 7. Protection against cancer
development [5,77,78]; 8. Stimulate development [5,68]; 9. Anti-stress, anti-oxidant effects [5,25,65,76];
10. Stimulate bone mineralization [5,68,79]. Abbreviations: CMPA—cow milk protein allergy, LPS
A—lipopolysaccharide A, Pck1—phosphoenolpyruvate carboxykinase 1, G6PC—glucose-6-phosphatase.

Furthermore, other studies have shown that the administration of human milk or DM improves
the liver’s anti-inflammatory state by improving the hepatic mitochondrial functions [80]. Trinchese
et al. (2018) [81] have shown that TNF-α and IL-1 decreased, while IL-10 levels increased, in the serum
and tissues of rats fed with DM, compared to control rats and rats fed with cow milk. The same team
showed that oral supplementation with human milk and DM influences the metabolism of glucose
and lipids by modulating pro- and anti-inflammatory serum and tissue mediators.

In addition to its anti-inflammatory activity, DM has other physiological functions such as
immunoregulatory and anti-tumor activity [82]. Mao and his collaborators (2009) [77] have shown that
many DM fractions can stimulate the production of cytokines IL-2, IFN-γ, IL-6, TNF-α and IL-1β from
lymphocytes and macrophages (Figure 2). These cytokines influence anti-proliferation by inducing
apoptosis of A549 tumor cells (human lung cancer cells) and the differentiation of these A549 tumor
cells into normal cells. They also showed that lysozyme has a strong anti-proliferative effect (Figure 2),
and therefore, it could be a promising molecule in treating lung cancer [77].

It is well known that milk’s role is critical in developing immunosenescence mitigating strategies
because bioactive milk components cannot only directly influence the aging immune physiology, but it
can also act as a carrier matrix for a variety of milk products. In this regard, several authors have
described the effects of goat and donkey milk consumption on healthy-aged volunteers’ serum cytokine
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profiles. The authors concluded that DM consumption is useful for increasing the immune response in
immunocompromised aged patients [71,72] (Figure 2). Identification of these milk-based products as
antiaging agents will promote the concept of “healthy aging”.

8. Anti-Diabetic and Anti-Obesity Activity of Donkey Milk

In addition to its antioxidant, anti-microbial, anti-inflammatory and anti-tumoral activity, DM also
has an anti-diabetic effect (Table 5) [61,76,77].

Table 5. Biological activity of donkey milk proteins/peptides.

Proteins/Peptide Biological Activity Reference

αS1- and β-casein
Antihypertensive [73]

Inhibitor activity of Angiotensin converting enzyme (ACE)
and antioxidant activity. [5]

αS1- casein Transport calcium phosphate UniProtKB—P86272
αS2- casein Transport calcium phosphate UniProtKB—B7VGF9

Lysozyme

Anti-inflammatory properties [63]
Anti-tumoral properties [77]

Reduced incidence of diarrhea [83]
Anti-microbial properties [32]

Lactoferrin
Antmicrobial properties [57]

Antitumor [73]
Antithrombotic [74]

Lactoperoxidase Antioxydant properties [61]
Anti-microbial properties [57]

α-lactalbumine
Anti-diabetic properties [76]

Antihypertensive [74]

β-lactoglobuline Antihypertensive [74]

Type 2 diabetes, also known as non-insulin-dependent diabetes, is a metabolic disease characterized
by chronic excess blood sugar (hyperglycemia). The leading causes of type 2 diabetes include obesity,
dysfunction of β cells, and insulin resistance by peripheral tissues and cells [84]. Due to its higher
whey protein content, DM could help to prevent and treat diabetes by improving glucose metabolism
and insulin resistance (Figure 2). Besides the fact that DM and fermented donkey milk has a low caloric
intake, the anti-obesity and anti-diabetic activity given by α-lactalbumine should be correlated with
triglycerides (TGL) levels—that constitute the largest group of milk lipids. The DM (like the horse
milk) has only about 80–85% of total lipids, compared with the cow, sheep, and human milk for which
TGL represents 97–98% of total lipids (Figure 2). An outstanding feature regarding the content of DM
with effects on metabolic status of the cell is the high content in vitamin B12 (cobalamin) of DM: 110
(μg/100 g) compared to other types of milk, i.e., 0.07 in human milk, 0.4 and 0.7 or 0.16 (μg/100 g)
in cow, sheep or goat milk, respectively [85]. Vitamin B12 is a water-soluble essential micronutrient
required by all the body cells, and its deficiency in humans has been implicated in many metabolic
processes, such as insulin resistance (besides hematological and neurological disorders). Likewise,
Trinchese et al. [80,81] have shown that in animals (rats fed with human milk or DM), improved glucose
and lipid metabolism could be identified, with modified mitochondria in adult rat skeletal muscle
(compared to untreated control animals). These studies found increased muscle and liver levels of
a known regulator of lipid metabolism (OEA: N-oleoylethanolamine), and this could contribute to
burning fat and protecting the animals against developing certain obesity-associated metabolic and
inflammatory sequelaes (Figure 2). These animals had higher energy expenditures and decreased
body lipid accumulation via the mitochondrial uncoupling pathway’s mild augmentation. In addition,
several authors speculated that diet-associated changes in microbiota and increased levels of butyrate
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(a short chain fatty acid) in human and DM-fed rats (compared with cow milk fed rats) contributed to
the differences in metabolism and mitochondrial function through several as yet unknown signalling
pathways [80,81,86].

Li et al., in 2020 [76], have shown that DM improves the viability of damaged pancreatic β

cells, but does not stimulate the secretion of insulin by damaged β cells and that the α-lactalbumin
increases the insulin sensitivity of the target organs. DM has shown a better effect than metformin,
an anti-diabetic drug for treating type 2 diabetes [76].

Besides, they showed that DM decreased the level of glycosylated hemoglobin and it acted
positively in the treatment of diabetes by inhibiting the expression of phosphoenolpyruvate
carboxykinase 1 and glucose-6-phosphatase, which are key enzymes in hepatic gluconeogenesis
(Table 5).

9. Food and Other Applications of Donkey Milk

Considering its functional properties and its nutritional values, DM becomes an attractive
product for health, technology, cosmetic industry, and others. The health effects of DM consumption
are mainly related to low allergenicity [3,5,67,68], anti-microbial activity [5,32,42–44,57,69,70],
regulation of iron homeostasis [5], anti-inflammatory and immune system modulation, innate
immune system, immunosenescence [5,20,71,72], anti-hypertensive [5,73–75], anti-diabetic [76],
anti-tumoral [5,77,78], stimulate development [5,68], anti-stress and anti-oxidant activity [5,25,65,76],
and anti-osteoporosis [5,68,79] (Figure 2). DM is supplied in different forms: liquid milk, fermented
products (with higher peptide content and bioavailable calcium source), freeze dried, and spray dried
powders [87]. The application of new technologies such as freeze drying and microencapsulation allows
better exploitation of this product [32]. Several studies have revealed that DM is an adequate alternative
to children suffering from cow milk proteins allergy (CMPA) [67,88], due to its low composition of
caseins, which constitute the main allergenic components of milk. Sarti et al. (2019) [67] have shown
that DM has no negative influence on infants and children, and have assessed its ability to manage the
“Food Protein Induced Enterocolitis Syndrome” (FPIES) caused by cow’s milk. However, cow’s milk
proteins cause immune reactions mediated by immunoglobulins E (IgE), which is also managed with
DM [67,88]. Donkey milk is also an important vitamin D source, which can be obtained only from diet
or from exposure to sun-light. The oral source of vitamin D can be important in winter and for people
who cannot be exposed to sun-light [88].

Donkey milk is a basic ingredient for the production of high-value dairy products [89].
DM lysozyme is also used in the food industry due to its stability and resistance to various
technological processes such as thermic treatment [31] and digestive tract conditions such as acid pH
and gastrointestinal enzymes [90].

To value the donkey, Cappola et al. (2002) [91] have investigated DM’s ability for fermentation
by Lactobacillus rhamnosus, and showed that DM is a good base for probiotics and therapeutic food
formulation. In this context, another team used Lactobacillus casei in addition to Lactobacillus rhamnosus
as probiotics to produce a fermented drink made from DM, and these probiotics were able to survive in
this milk up to 30 days [92]. Indeed, DM is also a base for producing yogurt products (Standard yogurt
and probiotic yogurt), and yogurt supplied with probiotics showed a high antioxidant activity and a
low content in lactose, which is beneficial for consumers with an allergy to cow milk proteins [93].

Because of its low fat and casein content, DM constitutes a soft gel during cheese manufacturing.
Several studies have faced this situation, for example, by the addition of MTGase—a microbial
transglutaminase that can enhance the texture of the curd without any effect on moisture, proteins,
fats, or cheese yield [89]. Šarić et al. (2016) overcame this limitation by mixing DM with goat milk to
produce a functional product with high quality [94].

Since recently, as Salimei 2016 [95] points out, donkey’s milk could thus be placed among the new
generation of fermented milk drinks, such as koumiss derived from mare’s milk, and would allow
for an effective combination of the advantageous properties of the raw ingredients with lactic acid
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bacteria of probiotic interest. In these years, other products as ice cream, biscuits, cakes, desserts, and
liqueurs have been developed from pasteurized donkey’s milk, and its technological use (2%) has been
successfully tested in hard cheese making, contributing to innovation in the dairy sector. Regarding
the cosmetic industry, besides its potential roles in human nutrition, multipurpose applications of
donkey’s milk are reported in ethnomedicine, and it is used in cosmetology, most likely due to its
lysozyme content, effective in smoothing skin and scalp inflammations [95].

10. Conclusions

Starting with fundamental importance for the correlation between health and nutrition, this review
outlines the importance of the protein fraction of DM. This type of milk was used since ancient Egyptian,
Greek, and Roman times, not only for its nutritional value for infants but also for its beneficial skincare
properties. Later, it was recognized as a common remedy for many ailments, and in French orphanages
during the late XIXth or early XXth century when infants receiving DM grew well and with lower
mortality than those given cow milk, as reviewed by Carminati et al. (2017) [28], and Fantuz et al.
(2016) [3]. Nowadays, DM is considered a medicinal food (or “pharma food“) because of its nutritional
and functional properties, and because of having a composition similar to human milk when compared
to other types of milk; is known that donkey’s milk has a casein-to-whey protein ratio intermediate
between human milk and cow milk. Donkey milk has various biological activities such as vasodilation
(through the secretion of nitric oxide and therefore preventing atherosclerosis), stimulation of the
immune system, and anti-diabetic, anti-inflammatory, anti-allergic, anti-obesity, anti-proliferative
and anti-microbial activities. These activities are specifically attributed to whey proteins such as
lactoferrin, LPO, lysozyme, and immunoglobulins. As Carminati et al. (2017) [28] mentioned,
regarding the consumption of fermented DM products (with higher peptide content) by the elderly,
this should be encouraged due to this excellent source of bioavailable calcium, low caloric intake,
and the ability to modulate the aged immune system, including the intestinal mucosal immune
response. Besides, applying certain new technologies, such as lyophilization and microencapsulation,
allows better exploitation of this animal product. As a recent editorial outlined [49], although
there has been a rise in consumer interest about DM (and other dairy products), it is still a ‘niche
product’. The food industry should try to increase the production and availability of DM on the
market; this will raise awareness and promote this sector, highlighting the food applications with
multiple health benefits not only for the growing infants, but for all ages, convalescents and the elderly.
For all these benefits and versatility, future production systems have to be committed to combine
profitability with responsibility in protecting animal and human welfare and preventing chronic
diseases (non-communicable diseases—NCDs).
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Abstract: The global pandemic of sarcopenia, skeletal muscle loss and weakness, which prevails in
up to 50% of older adults is increasing worldwide due to the expansion of aging populations. It is
now striking young and midlife adults as well because of sedentary lifestyle and increased intake of
unhealthy food (e.g., western diet). The lockdown measures and economic turndown associated with
the current outbreak of Coronavirus Disease 2019 (COVID-19) are likely to increase the prevalence of
sarcopenia by promoting sedentarism and unhealthy patterns of eating. Sarcopenia has multiple
detrimental effects including falls, hospitalization, disability, and institutionalization. Although a few
pharmacological agents (e.g., bimagrumab, sarconeos, and exercise mimetics) are being explored in
different stages of trials, not a single drug has been approved for sarcopenia treatment. Hence, research
has focused on testing the effect of nutraceuticals, such as bee products, as safe treatments to prevent
and/or treat sarcopenia. Royal jelly, propolis, and bee pollen are common bee products that are rich in
highly potent antioxidants such as flavonoids, phenols, and amino acids. These products, in order,
stimulate larval development into queen bees, promote defenses of the bee hive against microbial and
environmental threats, and increase royal jelly production by nurse bees. Thanks to their versatile
pharmacological activities (e.g., anti-aging, anti-inflammatory, anticarcinogenic, antimicrobial, etc.),
these products have been used to treat multiple chronic conditions that predispose to muscle wasting
such as hypertension, diabetes mellitus, cardiovascular disorder, and cancer, to name a few. They were
also used in some evolving studies to treat sarcopenia in laboratory animals and, to a limited degree,
in humans. However, a collective understanding of the effect and mechanism of action of these
products in skeletal muscle is not well-developed. Therefore, this review examines the literature for
possible effects of royal jelly, bee pollen, and propolis on skeletal muscle in aged experimental models,
muscle cell cultures, and humans. Collectively, data from reviewed studies denote varying levels
of positive effects of bee products on muscle mass, strength, and function. The likely underlying
mechanisms include amelioration of inflammation and oxidative damages, promotion of metabolic
regulation, enhancement of satellite stem cell responsiveness, improvement of muscular blood supply,
inhibition of catabolic genes, and promotion of peripheral neuronal regeneration. This review offers
suggestions for other mechanisms to be explored and provides guidance for future trials investigating
the effects of bee products among people with sarcopenia.

Keywords: apitherapy; royal jelly; propolis; bee pollen; sarcopenia; dietary interventions; muscle;
skeletal; muscle wasting; physical performance; coronavirus disease 2019; COVID-19; body
composition; lean body mass; insulin resistance; mitochondrial dysfunction; satellite stem cells
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1. Introduction

While the numbers of older adults are expanding all over the world, the pandemic of sarcopenia,
skeletal muscle loss/weakness is also on the rise [1]. Loss of lean body mass is a direct effect of the
inflammatory and oxidative conditions that develop with aging [1,2]—described as inflammaging.
Both inflammatory mediators and free radicals, which are highly expressed in older seniors and
in patients with chronic diseases, such as type 2 diabetes mellitus, cause remarkable shrinkage of
fast-twitch type II fibers promoting their transformation into the slow-twitch type I fibers [1,3–5].

Research indicates that muscle wasting may develop after adolescence (at the beginning of the
third decade of life) as a result of sedentary lifestyle and improper diet (low protein/high fat/low
fiber) [6–8]. These behavioral factors alter the composition of gut microbiota promoting gut dysbiosis,
which allows the passage of bacterial endotoxins into the systemic circulation to induce inflammation
and oxidative stress same as in immunological aging that occurs during old age [9,10].

Longitudinal data show that the currently-occurring global crisis, coronavirus disease 2019
(COVID-19), is likely to aggravate the development of sarcopenia in young groups by promoting
unhealthy lifestyle [11]. On one hand, physical inactivity is increasing as a result of the lockdown
measures and stay home strategies adopted by most governments to limit the spread of this
infection [11–13]. On the other hand, food production has been seriously affected during the COVID-19
outbreak along with increase in food prices, which prompt people to consume unhealthy/processed
foods since they are cheaper than fresh and healthy ones [14].

Given its high prevalence in the general population, which ranges between 5 and 40% in
western countries and increases up to 50% in advanced age, sarcopenia is considered a public health
problem [4,15]. It causes progressive decline of functional capacity, contributes to frailty, increases
the risk of falls and hospitalization in old people [16,17], and leads to poor outcomes in patients with
COVID-19 [18]. A large number of pharmacological agents are being tested as anti-sarcopenic agents
such as bimagrumab (BYM338), enobasarm (GTx-024), trevogrumab (REGN1033), and sarconeos
(BIO101). Most trials are in phase 1 or phase 2 [19]. In addition, outcomes of commonly used treatments
(e.g., testosterone, growth hormone, and anabolic steroids) have been rather unsatisfactory [4,20–22].
Therefore, the most appropriate strategies for preventing and treating sarcopenia are limited to physical
exercise and protein-rich diet [6,21]. Nevertheless, old people tend to be less compliant with physical
activity programs [23,24]. Meanwhile, problems of the gastrointestinal (GI) tract that develop during
advanced age (e.g., loss of teeth, taste, smell, and decreased absorption) as well as anabolic resistance
of aged muscle limit potential benefits of protein-rich food in this group [25,26]. Therefore, it is of
importance to search for novel preventive and curative strategies for sarcopenia, which can take into
account the multifactorial nature of aging-related skeletal muscle failure.

2. Apitherapy as a Possible Complementary Treatment for Sarcopenia

Rock paintings from the Stone Age portray consumption of bee products by humans [27]. The first
evidence of human usage of bee products for therapeutic and cosmetic purposes dates back 6000 years
in ancient Egypt and later in China, Greece, and Rome [27–30]. Current research interest is directed
toward the use of natural substances, including bee products, as potential pharmaceuticals to modify
disease progression [31]. The term “apitherapy” describes a category of complementary and alternative
medicine that comprises therapeutic use of various bee products including apilarnil (atomized drone
larva) to prevent and treat illnesses [30].

Bee workers of either Apis mellifera or Apis cerana species—the former is common in Europe, Asia,
Africa, and America while the latter exists only in southern and southeastern Asia—produce and store
multiple bioactive substances [32]. Royal jelly, propolis, bee pollen, honey, bee venom, bee bread, and
bee wax are common products of the bee hive. They all (to a varying degree) possess multiple health
promoting properties due to their high content of natural antioxidants such as flavonoids, phenols, or
terpenoids [28,32]. Research documents variability in contents and effects of every single bee product,
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mainly due to the influence of bee species, botanical origin, geographic location, season, extraction,
and handling procedures [2,28].

Several lines of evidence describe anti-aging effects of royal jelly, bee pollen, and propolis
both in humans and laboratory animals [2,33–35]. These three products are widely used as dietary
supplements [36–39]. In the meantime, the literature gives examples of numerous dietary supplements
that could successfully prevent or alleviate the progression of muscle mass loss in old age [40–42].
Bee products represent a part of this interventional strategy. However, the extent to which bee products
can affect sarcopenia as well as understanding of their underlying mechanism of action are far from
being clear. Therefore, we conducted this review with the aim of investigating the anti-aging properties
of these products with a focus on skeletal muscle functioning in advanced age. In this respect, we
reviewed animal and human studies investigating effects of the aforementioned products on skeletal
muscle aging and elaborated on different mechanisms underlying these effects. Studies included in this
review were retrieved by searching PubMed and Google scholar using a combination of terminologies
of “sarcopenia, muscle wasting, muscle mass, lean body mass, skeletal muscle, motor” with “royal jelly,
honey, bee pollen, propolis, bee venom, bee bread, bee wax, chrysin, apamin, caffeic acid phenethyl
ester”. Snow ball manual search using reference lists of retrieved studies was also conducted. This
search resulted in a number of studies, which addressed muscle wasting and related dynamics through
the use of three bee products, namely royal jelly, bee pollen, and propolis. Figure 1, Panel A and Panel
B, summarizes the chemical composition and biological properties of these bee products while this
section elaborates on these products in depth.

2.1. Royal Jelly: Its Constituents, Biological, and Pharmacological Activities

Royal jelly is a thick, milky, white-yellowish, acidic colloid substance secreted from the
hypopharyngeal and mandibular salivary glands of young nurse honey bees (5–15 days old) [32,43].
In general, fresh royal jelly mostly consists of water (67% w/w) in addition to carbohydrates (16%),
proteins and amino acids (12.5%), fat (5%), and many other elements [32]. However, royal jelly content
of these substances noticeably varies depending on numerous factors like botanical source, bee species,
bee artificial feeding, weather, season, location, method of processing, and the like [2,44].

Protein is the most copious active element in royal jelly, representing half the weight of its dry
matter [2]. It vastly comprises nine 49–87 kDa water-insoluble proteins, known as major royal jelly
proteins 1–9 (MRJPs1-9) [2,45]. MRJPs constitute more than 80% of royal jelly protein content, and
MRJPs1–5 constitute 82–90% of all MRJPs. MRJPs contain 400–578 amino acids that contribute to the
antioxidant effect of royal jelly as well as its role in cell proliferation, cell adhesion, cell growth, and
immunity [46,47]. Novel non-MRJPs proteins have been newly discovered [48]. Royalisin, jelleines,
and aspimin are examples of other proteins that exist in royal jelly, albeit in small amounts. These
proteins as well as MRJPs demonstrate strong antimicrobial and bactericidal activities even against the
most drug-resistant bacterial strains such as methicillin-resistant Staphylococcus aureus, Pseudomonas
aeruginosa, Klebsiella pneumoniae, vancomycin-resistant Enterococci, as well as extended-spectrum
β-lactamase-producing Proteus mirabilis and Escherichia coli [28,29].

Carbohydrates (e.g., fructose, glucose maltose, trehalose, melibiose, ribose, and erlose) constitute
7.5–16% or royal jelly content [49]. Reducing sugars in royal jelly are thought to contribute to its
epigenetic effect through the activation of insulin-like growth factor 1 (IGF-1) and mammalian target
of rapamycin (mTOR) signaling cascades. Thus, they stimulate caste differentiation of Apis mellifera
larvae into queens by increasing intake of food and key nutrients [50].

Lipids make up 7–18% of the dry weight of royal jelly. This fraction largely comprises a group
of unique and rare saturated or monounsaturated short and medium chain fatty acids that are
terminally or internally hydroxylated with terminal mono- or dicarboxylic acid functions [2,28].
The vast majority of royal jelly fat content (80–85%) consists of short hydroxyl fatty acids such as
trans-10-hydroxy-2-decenoic acid (10-HDA), which exists only in royal jelly; and therefore, it is known
as royal jelly acid or queen bee acid [28,49,51]. 10-HDA is one of the most potent bioactive elements in
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royal jelly expressing strong anti-aging, neuroprotective, antiproliferative, antimicrobial, antioxidant,
anti-inflammatory, and epigenetic effects [52–58]. In addition, the lipid fraction of royal jelly contains
phenolic acids (4–10%), wax (5–6%), steroids (3–4%), and phospholipids (0.4–0.8%) [49].

A wide range of minor constituents and bioactive compounds exist profusely in royal jelly
such as acetylcholine, nucleotides (adenosine, guanosine, adenosine tri-phosphate (ATP), adenosine
monophosphate (AMP)), minerals (iron, sodium, calcium, potassium, zinc, magnesium, manganese,
and copper), amino acids (8 out of 9 essential amino acids Val, Leu, Ile, Thr, Met, Phe, Lys, and Trp),
vitamins (retinol (A), ascorbic acid (C), tocopherol (E), riboflavin (B2), niacin (B3), and other B vitamins),
esters, aldehydes, ketones, alcohol, and minor heterocyclic compounds [2,28,49,59–61]. It is worth
noting that royal jelly loses most of its bioactive ingredients and biological properties when stored at a
temperature of 5 ◦C or higher. Therefore, freezing is the best method to store royal jelly [62]. Enzymatic
treatment of royal jelly removes allergen proteins and enhances its nutrient content in addition to
improving its digestibility and absorption in the gut without altering its freshness [2,59].

Royal jelly has been historically used as a beautifying agent by famous queens such as Cleopatra,
and it is still involved in the cosmetic industry [29,56]. Its rich content of bioactive compounds
grants it a plethora of diverse health benefits such as antioxidant, anti-inflammatory, neurotrophic,
hypotensive, antidiabetic, antilipidemic, antirheumatic, anticarcinogenic, anti-fatigue, antiadipogenic,
and antimicrobial activities [43,45,63]. Therefore, it is widely used to treat multiple serious conditions
including diabetes, hypertension, hyperlipidemia, cancer, skin diseases, and neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease [2,43,46,59,64]. In addition, bee queens
(which enjoy long lifespan as well as super fertility and physical qualities) consume royal jelly
throughout their entire lives, and royal jelly is considered a promising anti-aging nutraceutical that can
positively enhance fertility and improve body composition [2].

2.2. Propolis: Its Constituents, Biological, and Pharmacological Activities

Propolis, also known as bee glue, is a sticky wax-like substance that constitutes a mixture of
bee salivary secretions, bee wax, and resinous sap occurring in the bark and leaf-buds of specific
plants [37,65]. It comes in green, red, brown, or black colors based on the collected local flora [66].
The word propolis comprises two Greek words “pro” and “polis”, which in order mean “in front of or
at the entrance to” and “community or city”. Propolis is a hive-defensive substance, which bees use to
protect and repair their hives [67].

Propolis is a unique product of a complex composition that comprises more than 420 chemical
substances [37,68]. Nonetheless, its composition and biological activities vary considerably depending
on its botanical and geographical origins as well as the time of harvesting [38,65,67]. Propolis is rich in
oxyprenylated phenylpropanoids—secondary metabolites from plants, fungi, and bacteria [69]—such
as 7-isopentenyloxucoumarin, boropinic acid, 4-geranyloxyferulic acid, and auraptene. The last
two exist in raw Italian propolis at high concentrations: 107.12 and 145.37 μg/g of dry propolis,
respectively. Flavonoids, a large group of phenolic compounds, are abundant in Italian propolis, and
they are differentiated into several groups including flavanones (e.g., naringenine, 4.4 mg/g), flavones
(e.g., apigenine, 1.7 mg/g), flavonols (e.g., galaning, 0.9 mg/g), tannins (e.g., gallic acid 8.4 mg/g),
catechins (expressed as (+)-catechin 0.4 mg/g, and caffeic acid and its esters (expressed as caffeic acid,
9.2 mg/g) [69]. The most profuse flavonoids in ethanolic extracts of Brazilian propolis are artepillin C
(38.6 mg/g), coumaric acid (10.6 mg/g), and kaempferide (12.6 mg/g) [70]. Key other constituents of
propolis include polyphenol (e.g., phenolic acids and aromatic esters), phenolic aldehydes, terpenoids,
ketones, enzymes (e.g., α- and β-amylase), vitamins (e.g., thiamin (B1), riboflavin (B2), pyridoxine
(B6), ascorbic acid (C), tocopherol (E)), minerals (e.g., calcium, potassium, magnesium, iron, sodium,
barium) essential oils, alcohol, fatty acids, β-steroids, and many other elements [37,38,67,68,71].

The attention of several drug targeting studies has recently been focused on the therapeutic
activities of individual bioactive compounds in propolis [65,68]. Flavonoids comprise the majority
of mostly studies bioactive substances in propolis. Chrysin (5,7-dihydroxyflavone) is a flavonoid
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that exists in certain mushrooms, flowers (e.g., blue passion flower), and in other bee products
(e.g., honey). It expresses anti-inflammatory, antioxidant, anti-proliferative, and neuroprotective
effects [72]. Caffeic acid phenethyl ester (CAPE), a derivative of hydroxycinnamic acid, expresses
anti-oxidant, immunomodulatory, anti-inflammatory, antiviral, and ant-neoplastic properties [73–75].
Pinocembrin (5,7-dihydroxyflavanone) is the most copious flavonoid in propolis—1 g of balsam/an
ethanolic extract from poplar propolis found in Spain contains up to 606–701 mg of pinocembrin [76].
It exists in numerous plants (e.g., Eucalyptus and Populus). It exhibits anti-inflammatory, antioxidant,
antimicrobial, and antiproliferative activities [77,78].

Essential/volatile oils are major bioactive constituents of propolis, and they contribute to its special
aroma [79,80]. They also, partially, contribute to the strong antimicrobial, antioxidant, and anticancer
activities of propolis [79,81,82]. The volatile fraction of propolis varies in each sample even within
a single country due to plant source and climate [79]. For instance, cumulative knowledge shows
that volatile oils in propolis found in countries surrounding the Mediterranean depend mainly on
the botanical origin. They primarily comprise poplar-derived compounds (e.g., benzoic acid and
its esters and oxygenated sesquiterpene β-eudesmol) and conifer-derived compounds such as the
hydrocarbon monoterpene α-pinene [80]. Interestingly, the number of volatile compounds derived
from a single type of propolis is also reported to vary according to extraction techniques. In this regard,
reports from China show that traditional hydrodistillation, steam-distillation extraction, and dynamic
headspace sampling could characterize around 12, 40 and 70 type of volatile components of propolis,
respectively [79]. Moreover, the level of antimicrobial activity of volatile compounds of propolis greatly
depends on their extent of purification [82].

Thanks to its countless bioactive elements, propolis enjoys a range of versatile biological
and pharmacological properties including antimicrobial, antiviral, antifungal, antioxidant,
anti-inflammatory, antineoplastic, antiaging, and cytostatic properties. In addition, it is considered
a perfect natural food preservative due to its antimicrobial activity [35,38,65,66,68,71]. Because of
its enormous health-promoting activities, propolis is widely used as a dietary supplement in many
countries, especially in Japan [37–39].

Propolis is not suitable for use in its crude state since it may contact harmful materials e.g., asphalt
from the road [68]. Using solvents like ethanol, glycerol, chloroform, ether and acetone or water is
necessary to get rid of hazardous substances and to increase its yield of bioactive compounds [67,68].
Although water may be a cheap solvent, propolis has poor solubility in water. Therefore, propolis
water extracts are 10-fold lower in their phenolic contents than ethanol extracts. In addition, they
retain the strong flavor and aroma of propolis [68]. Moreover, propolis contains allergenic components:
caffeic acids derivates (e.g., 3-methyl-2-butenyl caffeate and phenylethyl caffeate), as well as benzyl
salicylate and benzyl cinnamate [80]. Therefore, propolis use/consumption should be contraindicated
in individuals with known allergies.

2.3. Bee Pollen: Its Constituents, Biological, and Pharmacological Activities

Bee pollen is an api-material that originally comprises male gametophytes or spermatophytes
of flowers, which stick to bee body. Bee workers mix these floral pollens with honey, nectar, and bee
saliva. The latter is rich in various enzymes e.g., amylase, catalase, as well as lactic acid bacteria, which
cause pollen fermentation [36,83,84]. Hence, the tiny wind pollen grains collected by bees aggregate
together to form granules or pellets of 1.4–4 mm in size [84].

In addition to water, which in order constitutes 20–30% and 6–8% of the content of recently
collected and dried bee pollen, bee pollen contains around 200 chemical compounds. Like other bee
products, its composition varies considerably according to botanical origin. Carbohydrates account
for the most abundant ingredient (18.50–84.25%), and reducing sugars such as glucose, fructose, and
sucrose constitute the vastest majority (13–55%). Other major elements include proteins and essential
amino acids (5–60%), unsaturated and saturated fatty acids (0.15–31.26%), crude fiber (0.3–20%), nucleic
acids (especially RNA), and various minerals (e.g., potassium, phosphorus, calcium, magnesium, zinc,
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copper, manganese, and iron) [36,83–86]. In addition, its average total phenolic content is 30.59 mg
gallic acid equivalents (GAE)/g, but again it varies considerably based on floral origin (0.69–213.20 mg
GAE/g) [86]. Moreover, bee pollen is abundant in both water- and fat-soluble vitamins e.g., β-carotene
(vitamin A precursor), ascorbic acid (C), tocopherol (E), folic acid (B9), and other vitamin B, especially
niacin. Bee pollen contains other elements that still need to be explored (2–5%) [83]. Therefore, bee
pollen represents a perfect whole health-promoting food. In fact, comparisons of the percentages of
nutrients in bee pollen with daily required intake of an adult individual revealed that few grams of bee
pollen can meet daily human nutritional requirements [83,84].

Bee pollen demonstrates various biological properties and therapeutic activities e.g., antioxidant,
anti-inflammatory, anti-lipidemic, anticancer, antiallergic, and antimicrobial [36,87]. Existing knowledge
emphasizes its antiaging effects: it reduced the production of age-related pigment known as lipofuscin
(induced by oral peroxidized corn oil or intravenous alloxan injection) in cardiac muscle, brain, liver,
and suprarenal gland in aged mice (reviewed in [34]).

The composition of bee pollens depends primarily on its botanical source since nutrient contents
(e.g., polyphenols) of pollen grains, which support their survival and fusion with female gametes,
vary between different plants [83,84]. Storage conditions are of great importance were it to retain its
biological activities. Bee pollen should be consumed fresh soon after collection. Most of its major
elements (reducing sugars, total proteins, vitamin C, and provitamin A) are destroyed at 40 ◦C.
Lyophilization damages its vitamin content while freezing is recommended for the storage of bee
pollen since it does not affect its chemical structure [83].

Dry pollen pellets resist decay due to their tough outer coat, which comprises two layers made of
cellulose and sporopollenin [88,89]. However, ingestion of bee pollen by humans may not yield its
optimal nutritional value because the hard sporopollenin shell hinders access of digestive secretions
to the nutrient-rich core of the pellet. Biological, chemical, and mechanical techniques are used to
break bee pollen microcapsules in order to enhance its digestibility in the gut. However, these methods
may be expensive or ineffective i.e., they degrade important nutrients via enzymatic activity [88,90].
Ultraviolet spectroscopy and high performance liquid chromatography-photo diode array show that
processing bee pollen through the use of an edible lipid-surfactant mixture (Captex 355 and Tween 80)
increases its yield of polyphenols and flavonoid aglycones [90].

2.4. Safety Profile of Royal Jelly, Propolis, and Bee Pollen

Propolis exists in a plethora of commercial products that are directly consumed or used by
humans e.g., lozenges, soap, toothpastes and mouth wash, creams, gels, cough syrups, wines, cakes,
chewing gums, candies, shampoo, chocolate, skin lotions, processed meat, etc. [67]. In addition,
royal jelly, bee pollen, and propolis are widely used as dietary supplements in many parts of the
world [36–39]. Existing knowledge denotes no adverse effects from their consumption either in rodents
or in humans [39,66]. The safety of pinocembrin, a flavonoid available in propolis and an approved
drug in China, is documented since its elimination from the body is rapid [91]. The safety profile of bee
pollen (both crude and processed) has been empirically tested. Oral consumption of bee pollen (up to
2 g/kg body weight) expressed no allergic reactions in mice including behavioral changes, salivation,
diarrhea, respiratory or autonomic responses, restlessness, convulsions, tremors, or death [90]. In fact,
the German Federal Board of Health acknowledges bee pollen as an official medicine [36].

Several lines of evidence support the anti-allergic effect of propolis and royal jelly. This effect
involves inhibiting mast cell degranulation, suppressing cysteinyl-leukotriene release, as well as
reducing serum histamine, IgG, and IgE levels in various allergic conditions by suppressing histamine
H1 receptor [37,39,92]. Nevertheless, rare allergic reactions to bee products other than bee venom
are documented in the literature. They are most frequent in small children [80,93]. Examples of such
reactions comprise contact dermatitis in beekeepers following the handling of propolis, as well as
contact stomatitis and oral mucositis after the usage of lozenges containing propolis [80]. Hence,
bee products should be used with caution, especially in people with known allergies, pregnant and
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lactating women, and small children [61]. In addition, bee products can be safely consumed after
adequate processing. Processing involves removal of known allergens such as enzyme treatment of
royal jelly and filtration of bee venom by stepped-gradient open column [2,94].

3. Evidence of Anti-Sarcopenia Effects of Bee Products from Preclinical and Clinical Studies

Though few animal models were used to examine the effect of bee products on sarcopenia,
findings indicate that royal jelly, propolis, and bee pollen can induce both structural and symptomatic
improvements and reduce behavioral dysfunctions associated with sarcopenia in rodents (Figure 1,
Panel C). Both crude and protease-treated royal jelly (pRJ) significantly delayed age-related impairment
of motor functions in d-galactose induced mouse model of aging [95], naturally aged sarcopenic
mice [96], and in genetically heterogeneous head tilt (HET) mice—which exhibit vestibular dysfunction,
imbalanced position, and inability to swim—by improving performance on grip strength, wire hang,
horizontal bar, and rotarod tests [97]. Similarly, royal jelly improved physical performance in aged
rodents—it significantly increased the number of crossings and swimming speed and prolonged
swimming distance in water maze [96,98,99]. In addition, royal jelly decreased lipid accumulation in
skeletal muscle [100], positively improved the size of muscle fibers, lowered age-related reduction
of skeletal muscle weight [95–97,100], increased the differentiation and proliferation rate of muscle
satellite cell, improved the regenerative capacity of injured muscle, and suppressed catabolic genes in
aged mice with sarcopenia and in HET mice [96,97]. The muscle mass-accelerating effects of 10-HDA, a
key fatty acid in royal jelly, were more pronounced in male animals than in females. However, 10-HDA
mitigated the accumulation of adipose tissue in female mice [54]. It is note-worthy that pRJ had no
effect on muscle strength and physical performance in humans aged 70 years and above [59].

The effects of other bee products on muscle mass were mostly positive. Bee pollen promoted body
weight regain and increased the relative weight of the gastrocnemius muscle in eccentric exercising
rats [90]. It also increased the absolute weights of plantaris and gastrocnemius muscles in malnourished
old rats [36]. CAPE restored gastrocnemius muscle mass in rats on exhaustive exercise and in rats
with ischemia reperfusion [101–103]. A study reported no effect of propolis ethanolic extracts (4% of
diet) on the size of muscle or their level of myostatin in Nile tilapia. However, another interesting
study reported significant increases in body protein deposition and body condition factor—an estimate
of future growth, survival, and reproductive potential—in Nile tilapia post-larvae and fingerlings
receiving 2.6 g propolis/kg of feed [104]. Nonetheless, these findings seem to be bound to fish.
Interestingly, supplementing obese rats on high fat diet (HFD) with milk naturally enriched with
long-chain polyunsaturated fatty acids (PUFA) and polyphenols from propolis significantly increased
gastrocnemius muscle mass compared with whole milk and milk enriched with PUFA only [105].
Several molecular changes were associated with these effects. We elaborate on these changes in
Section 4. Table 1 presents more details on treatments with bee products and key findings of the
relevant studies.

4. Mechanisms of Action of Royal Jelly, Bee Pollen, and Propolis in Sarcopenia

Relatively few studies have explored the mechanism through which royal jelly, bee pollen,
and propolis may be beneficial for sarcopenia. In vivo and in vitro studies included in this review
uncovered a number of inter-related cellular and molecular events that underlie the effect of these
bee products on skeletal muscle including suppression of catabolic genes, counteracting metabolic
abnormalities, inflammation, and oxidative damages as well as enhancement of motor neuronal
regeneration, promotion of stem cell function, and correction of the structure of gut microbiome
(Figure 1, Panel D). These mechanisms are exclusively described in the coming paragraphs.
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Figure 1. Brief summary of the chemical composition and biological activities of royal jelly, bee
pollen, and propolis along with their effects on aged skeletal muscle and possible underlying
mechanism. ↑ denotes increase, ↓ denotes decrease, MRJPs: major royal jelly proteins, 10-HDA:
trans-10-hydroxy-2-decenoic acid, GI: gastrointestinal. Panels (A,B) describe the composition and the
biological properties of royal jelly, bee pollen, and propolis. Thanks to their rich structure (which consists
of proteins, polyphenols, vitamins, minerals, and trace elements) [2,28,37,49,59–61,68,80,86], these bee
substances demonstrate a wide range of therapeutic activities such as counteracting inflammation
and oxidative stress, in addition to many others [37–39,43,45,63,83]. Panel (C) summarizes the
effects of royal jelly, bee pollen, and propolis on skeletal muscle. These products increased muscle
mass [36,54,95,96] and restored muscle function in old [36,38,95–97] and exhausted [54,90,101,106]
animal models. As shown in Panel (D), these effects originated from multiple molecular events that
resulted in several therapeutic actions including amelioration of inflammation [36,38,90,101,107,108] and
oxidative [95,106,109,110] damages, metabolic regulation [69,70,96,100,106,109,111,112], enhancements
of satellite cell responsiveness [96,97], improving muscular blood supply [110], inhibition of catabolic
genes [97], and promotion of peripheral neuronal regeneration [113]. However, future studies could
examine the involvement of other possible mechanisms in the muscle-enhancing potential of these
bee products such as the role of gut microbiome in the absorption of nutrient contents of bee products.
It is not clear if these api-materials affect muscle quality via modulation of sex steroids and signaling
pathways of dietary restriction, which are known to affect muscle integrity.

4.1. Modulating Inflammatory Responses in Skeletal Muscle

The role that inflammation plays in skeletal muscle is not quite clear as it looks. Inflammatory
mediators behave in a dual fashion in muscle cells. During injury, cytokines and chemokines
stimulate muscle repair and regeneration via activation of myoblasts, a core event in muscle
remodeling [108]. Similarly, serum and muscle levels of IL-6 temporarily increase following physical
exercise, and IL-6 blocks the activity of catabolic cytokines such as TNF-α. On the other hand, chronic
inflammation in muscle cells, which correlates with persistent mitochondrial dysfunction and metabolic
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dysregulation, pathologically activates muscle fiber transformation and atrophy, eventually resulting
in the development of sarcopenia [23,114]. It seems that bee products also act dually in skeletal
muscle: they support the activity of cytokines that promote muscle remodeling [108] and suppress
muscle-consuming cytokines [38,101,108]. In this regard, treating undifferentiated C2C12 myoblasts
with ethanolic extracts of Brazilian propolis (100μg/mL for 8 h) triggered the migration of RAW264
macrophage and increased their production of angiogenic factors (e.g., vascular endothelial growth
factor A (VEGF-A) and metalloproteinase-12 (MMP-12)), chemokines (e.g., CCL-2 and CCL-5), and
cytokines (e.g., IL-6, which increased by 40-folds). Propolis inhibited the expression of IL-1β and
TNF-α at 4, 8, and 12 h of incubation. These effects were nuclear factor kappa B (NF-κB)-dependent
given that propolis simultaneously increased nuclear translocation of p65 and p50 NF-κB proteins 3 h
after treatment. Meanwhile, inhibiting IκB kinase (IKK) by BMS-345541 profoundly hindered the effect
of propolis on the expression of CCL-2, CCL-5, and IL-6 by 66%, 81%, and 69%, respectively. Propolis
also enhanced the expression of MAIL/IκBζ. This molecule modulates chromatin and selectively
induces the production of IL-6, leukemia inhibitory factor (LIF), and CCL-2 [108].

Chronic muscle tissue infiltration by inflammatory cells (e.g., leukocytes, neutrophils, and
monocytes) activates oxidative and inflammatory signaling cascades that degrade cellular structures
and promote necrosis such as inducible nitric oxide synthase (iNOS) and NF-kB [90,101,115]. CAPE
and high levels (200 and 300 mg/kg) of crude and processed bee pollen reduced inflammatory cell
infiltration into the gastrocnemius muscle of rats with muscle injury induced by eccentric exercise and
ischemia reperfusion [90,101,102]. This effect was revealed by lower activity of myeloperoxidase, an
indicator of neutrophil sequestration [101,102]. As such, CAPE and bee pollen not only suppressed
lipid peroxidation (lower levels of malondialdehyde, MDA) but also inhibited the activity of myostatin
and the production of muscle depleting cytokines and chemokines such as IL-1β, α2-macroglobulin,
and monocyte chemotactic protein 1 (MCP-1) [36,38,90,101]. The underlying mechanism entailed
downregulation of nuclear p65NF-κB and blockage of its consensus binding sites in skeletal muscle [101].
As a result, bee products increased muscle mass both in sarcopenic obese rat and malnourished old
rats [36] and restored the structure of myofibers (despite the persistence of necrosis) compared with
untreated eccentric exercising animals, which demonstrated necrotic and fragmented myofibers [90].

Royal jelly downregulated the activity of tumor necrosis factor receptor 1 (TNFR1) in the adipose
tissue of aged obese rats receiving HFD [100]. TNFR1 interacts with TNFR2 to negatively regulate
toll-like receptors (TLR) and Nod-like receptor signaling and stimulate excessive release of cytokines via
activation of key inflammatory pathways such as NF-κB [107]. Mitigation of TNFR1 was associated with
a significant increase of the weight of hind limb muscle and reductions in insulin levels, homeostatic
model assessment of insulin resistance (HOMA-IR), serum lipids, muscle triglyceride levels, body
weight gain, and abdominal fat weight. Therefore, royal jelly may protect against muscle loss in
conditions involving impairment of the adipokine profile mainly through suppression of inflammatory
responses associated with high fat mass, which is followed by correction of metabolic irregularities [100].
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4.2. Counteracting Oxidative Stress in Skeletal Muscle

High production of reactive oxygen species (ROS) in skeletal muscle tissues has serious destructive
effects, which alter the integrity of skeletal muscle resulting into fatigue, muscle wasting, and muscle
weakness [90,101]. Sources of intramuscular ROS are numerous including mitochondrial dysfunction
(e.g., alteration of mitochondrial enzymes in the respiratory chain as well as enzymes responsible
for β-oxidation), neutrophil infiltration, and the activity of cytokines and major muscle degrading
molecules such as myostatin [21,36,38,101,102,118]. Oxidative and nitrosative damages in skeletal
muscle tissues are mediated by the activity of numerous pro-oxidant enzymes that are associated with
inflammatory processes such as cyclooxygenase-2 (COX-2) and iNOS [101]. ROS triggers the activity
of corrosive molecules such as poly (ADP-ribose) polymerase (PARP), xanthine oxidase, and adenosine
deaminase, which contribute to DNA damage, lipid peroxidation (e.g., increased MDA), and protein
nitrotyrosylation as well as ATP catabolism in muscle tissues [101,102].

Royal jelly enhanced the activity of antioxidant enzymes and suppressed lipid peroxidation
in a d-galactose induced model of aging [95]. Two weeks of propolis treatment in rats undergoing
hind limb unloading significantly reduced nuclear ROS levels and numbers of apoptotic endothelial
cells in the soleus muscle to levels similar to normal rats [110]. Moreover, propolis significantly
suppressed MDA activity in skeletal muscle and increased liver levels of SOD as well as gastrocnemius
muscle levels of SOD, glutathione peroxidase and catalase in rats on eccentric exercise training
(70% VO2max treadmill running exercise for 60 min) compared with rats receiving exercise alone or
no treatment [109]. In addition, intraperitoneal pre-administration of CAPE (60 min before induction
of ischemia reperfusion) significantly ameliorated the effects associated with high ROS levels, which
accompany acute ischemia such as protein peroxidation and ATP catabolism in the gastrocnemius
muscle [102].

Bee products probably reduced ROS production via regulation of the activity of mitochondrial
enzymes. Royal jelly increased the maximal activity of citrate synthase (CS) and β-hydroxyacyl
coenzyme A dehydrogenase (β-HAD) in the soleus muscle of rats on endurance training [106].
Bee pollen restored mitochondrial complex-I, -II, -III, and -IV enzyme activity to normal, increased
SOD and glutathione, and reduced MDA, NO, and total protein content in the gastrocnemius muscle of
rats on exhaustive exercise [90]. It also increased the activity of CS and complex IV in malnourished old
rats via a mechanism that involved activation of mTOR [36]. mTOR is a major signaling pathway that
regulates various signaling cascades involved in metabolism and autophagy such nuclear respiratory
factor 2 (NRF2) [2]. Therefore, it is possible that the antioxidant activity demonstrated by bee products,
particularly that expressed in the mitochondria, is associated with their metabolic and hypoglycemic
activities. For instance, 10-HDA increased expression of peroxisome proliferator-activated receptor-γ
coactivator-1α (PGC-1α) in skeletal muscle of diabetic mice [112,119]. Similarly, aged mice treated
with amino acids similar to those found in royal jelly demonstrated improved size of muscle fiber
by increasing PGC-1α mRNA levels. PGC-1α functions as a key regulator of sirtuin 1, which limits
ROS production through stimulation of mitochondrial biogenesis and ROS defense system, thus
protecting metabolically active tissues against oxidative damage [120]. Mechanistically, when PGC-1α
gets activated, it interacts with other bioactive molecules such as muscle-specific transcription factors
to stimulate the expression of genes that induce mitochondrial oxidative metabolism in brown fat and
fiber-type switching in skeletal muscle [121].

The antioxidant activity of royal jelly and CAPE might be related to their strong capacity to
activate the master redox-active NRF2 signaling pathway [73,122], which stimulates the production of
internal antioxidants such as heme oxygenase-1 (HO-1), which scavenge free radicals [123]. Meanwhile,
NRF2 and HO-1 block ROS production indirectly via suppression of inflammatory reactions [122].
In this context, CAPE reduced degenerative myopathy in rats on eccentric exercise via a complex
mechanism that involved inhibition of NF-κB and its downstream pro-oxidant COX-2 and iNOS [101].
Correspondingly, CAPE decreased markers of oxidative cellular damages (protein carbonyl, protein
nitrosylation, xanthine oxidase, and adenosine deaminase) associated with ischemia reperfusion
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and eccentric exercise in the gastrocnemius muscle [101–103]. In this regard, CAPE operated via a
mechanism that involved inhibition of neutrophil and leukocyte infiltration into the gastrocnemius
muscle, which was associated with decreased levels of myeloperoxidase. Myeloperoxidase contributes
to excessive production of ROS and oxidative organ damage through a mechanism that embroils
increased synthesis of hypochlorous acid [101,102]. Furthermore, CAPE accelerated purine salvage
for ATP synthesis and inhibited ROS-induced lipid peroxidation via attenuation of the activity of
adenosine deaminase [102].

In summary, the reported antioxidant effects of bee products were multifaceted involving increased
production of antioxidant enzymes [90,95,109,110], and decreased ROS production [90,101–103,110]
(secondary to reduction of inflammatory cell infiltration into skeletal muscle) [90,101–103], and
restoration of mitochondrial activity [36,90,106].

4.3. Metabolic Regulation

Skeletal muscle is the main tissue that utilizes insulin for glucose uptake. Insulin regulates
mitochondrial oxidative phosphorylation of proteins in human skeletal muscle and contributes to
calcium mobilization from the sarcoplasmic-endoplasmic reticulum to mitochondria to stimulate the
translocation of glucose transporter 4 (GLUT4) to the cell surface for glucose uptake. This process
improves muscle protein synthesis in healthy people when the delivery of amino acids to skeletal
muscle is increased, eventually leading to increased muscular mass [124–126]. Insulin resistance and
glucose intolerance increase with old age evoking muscle loss. In this respect, hypoglycemic agents
such as metformin can improve skeletal muscle metabolism via activation of adenosine monophosphate
activated protein kinase (AMPK) [21].

AMPK, a heterotrimeric complex that consists of a catalytic subunit and two regulatory subunits,
is an intracellular energy sensor that regulates glucose and lipid metabolism. It gets activated when
cellular energy is depleted through allosteric binding of AMP or phosphorylation by AMPK kinase at
Thr172 of the catalytic subunit by AMPK kinase. Upregulated AMPK activates signaling pathways
that generate ATP from glucose and fatty acid oxidation, and it simultaneously blocks signaling
that contributes to the synthesis of cholesterol, fatty acid, and triacylglycerol [111]. In addition,
AMPK masters numerous signaling cascades such as Forkhead Box O transcription factor (FOXO) and
AKT/mTOR, which regulate the expression of genes associated with inflammation, oxidative stress,
mitochondrial function, autophagy, metabolism, and apoptosis [127,128].

The molecular events involved in the effect of bee products on catabolic genes and anabolic
resistance in skeletal muscle could be much related to their hypoglycemic effects, which positively
affect the quality of skeletal muscle. Evidence signifies a positive effect of royal jelly acid (10-HDA)
on inflammation and autophagy via upregulation of AMPK, which subsequently alters NF-κB and
NLRP3 inflammasome-IL1β signaling [129]. Positive effects of whole royal jelly on skeletal muscle
are associated with improved insulin signaling [96,100]. In one study, royal jelly improved serum
IGF-1 levels in aged rats and increased AKT signaling in satellite cells extracted from aged rats in
a separate in vitro investigation [96]. In another study, royal jelly decreased fat mass and improved
anabolic resistance in the skeletal muscle of old obese rats on HFD via downregulation of inflammatory
responses in adipose tissue as indicated by downregulation of TNFR1. This effect was associated with
enhanced sensitivity to insulin—portrayed by reduction of serum insulin level and HOMA-IR [100].

Japanese researchers proved that oral consumption of royal jelly and 10-HDA induced
mitochondrial adaptation in the soleus muscle when accompanied with endurance training.
These compounds also enhanced glucose uptake in skeletal muscle by inducing the phosphorylation
of AMPK [106,112], an effect that was mediated by the upstream kinase Ca2+/calmodulin-dependent
kinaseβ—independently of changes in AMP:ATP ratio and the liver kinase B1 pathway. Activation
of AMPK was followed by translocation of GLUT4 to the plasma membrane of L6 myotubes [106].
It is note-worthy that effects of royal jelly on mitochondrial biogenesis under endurance training were
muscle-specific. In this respect, neither endurance training nor royal jelly alone had an effect on the
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maximal activities of CS and β-HAD—the enzyme that catalyzes the rate-limiting step of β-oxidation
of long-chain fatty acids—in the soleus muscle, which comprises type I fiber (around 35–45%) and
type IIa (around 35–50%). On the other hand, royal jelly enhanced the activity of these enzymes in the
soleus muscle of mice on endurance training. Of interest, endurance training increased the activity of
CS and β-HAD in the plantaris and tibialis anterior muscles (which are mainly type II fiber with a total
percentage of type IIb and type IIx fiber types of 90%) while royal jelly failed to exert an effect on these
muscles in sedentary mice [106]. Nonetheless, the observed effects of royal jelly in the soleus muscle
represent a merit. This is mainly because the oxidative type I fibers (e.g., soleus muscle) naturally
undergo higher protein turnover (especially degradation), which makes them unable to grow in size or
respond properly to insufficient nutrient intake [130].

Several lines of evidence indicate that propolis may affect muscle quality through the regulation of
glucose metabolism [69,70,109,111]. This effect was vividly depicted in vivo by increased glycogen level
in skeletal muscle and reduced serum levels of glucose and insulin [109]. Same as insulin, ethanolic
extracts of propolis and CAPE induced glucose uptake [69,70,111] and potentiated insulin-mediated
AKT activation and glucose uptake in differentiated L6 myoblast cells [111]. Likewise, Italian propolis at
concentrations of 0.1 and 1 mg/mL as well as 4-geranyloxyferulic acid and auraptene (2 oxyprenylated
phenylpropanoids, which are abundant in propolis) remarkably increased GLUT4 translocation to
the plasma membrane and accelerated GLUT4-mediated glucose uptake in L6 skeletal myoblasts.
The effect of propolis at a concentration of 11 mg/mL was significantly superior to the effect of insulin
(0.1 μM), which was used as a positive control [69].

Similar to royal jelly, the effects of propolis (1 μg/mL), CAPE (10 μM), artepillin C, coumaric
acid, and kaempferide on glucose metabolism occurred via activation of AMPK. These effects
were comparable to those of 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), a potent
AMPK activator. In the meantime, co-treatment with inhibitors of AMPK (e.g., compound C)
and of phosphatidylinositol 3-kinase (PI3K) (e.g., LY-294002) blocked the effects of CAPE [70,111].
Phosphorylation of AMPK results in activation of the insulin receptor (IR) and subsequent
phosphorylation of PI3K followed by activation of AKT and protein kinase C (PKC) leading to
GLUT4 translocation and subsequent activation of several molecules that modulate insulin-stimulated
glucose transport, eventually leading to glucose influx into cells of several tissues such as skeletal
muscle and adipose tissue [69,70,111]. It is worth noting that the effects of CAPE on AMPK and AKT
were quick (within 1 h and 3 min, respectively), and they vanished quickly (both molecules returned
back to their basal levels within 12 h and 30 min, respectively) [111].

4.4. Enhancement of Muscle Protein Synthesis

Imbalance between muscle protein synthesis and degradation is associated with low protein
intake and altered efficiency of the GI tract in old age, which triggers skeletal muscle loss and poor
physical performance [36,40], given that proteins are the main building blocks of muscle myofibers.
Moreover, transmembrane proteins and micro-peptides (e.g., myomixer and myomaker/Tmem8c)
contribute to the formation of myofibers by promoting myoblast fusion via a mechanism that involves
appropriate localization of Tmem8c at the plasma membrane of myoblasts allowing trafficking related
to palmitoylation of C-terminal cysteine residues and C-terminal leucine [17]. Amino acid supplements
(e.g., leucine, a master dietary regulator of muscle protein turnover, and its metabolite β-hydroxy
β-methylbutyrate) and early refeeding with high protein diet (especially fast digestive proteins)
can preserve muscle mass and function, revert sarcopenia, and enhance mobility and quality of
life (QoL) by correcting age-related nutritional deficiencies, muscle protein turnover, and immune
dysregulation—these effects are even greater when combined with other nutrients like vitamin D or
omega 3 fatty acids as well as with physical exercise [6,131–138].

Research indicates that age-related skeletal muscle wasting results mainly from insufficient delivery
of amino acids to skeletal muscle due to dysregulations in the activity of mTORC1- and activating
transcription factor-4 (ATF4)-mediated amino acid sensing pathways. Meanwhile, interventions that
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ameliorate age-related damages in skeletal muscle operate primarily by reversing alterations in the
delivery of amino acids to skeletal muscle via upregulation of mTORC1 and/or ATF4 [139]. mTORC1
is a nutrient sensing protein that acts as a core regulator of protein metabolism. It is sensitive to
amino acids, energy status (ATP), stress (e.g., oxidative stress), and growth factors (e.g., insulin), which
all can regulate its signaling [2,136]. Nevertheless, bioavailability of amino acids is necessary for
growth factors to effectively activate mTORC1. Even more, amino acids on their own can adequately
activate mTORC1 [136]. Evidence from preclinical and human studies confirms that ingestion of
essential amino acids (similar to those found in royal jelly and bee pollen such as valine) increases
cellular bioavailability of amino acids, which is associated with activation of the endothelial nitric
oxide synthase (eNOs) pathway. eNOs further upregulates mTORC1 kinase. Translocation of mTORC1
from the cytosol to the surface of lysosomes is associated with improved mitochondrial biogenesis
and cellular oxidative capacity in skeletal muscle due to activation of its substrates: P70 ribosomal
proteins S6 kinase (S6K) and eukaryotic translation initiation 4E-binding protein 1 (eIF4E, also known
as 4eBP1) [120,135,136].

As shown in Table 1, royal jelly and 10-HDA significantly increased muscle mass [54,96,100]
and improved motor performance in aged rats [95,98,99]. In addition, dietary supplementation
with monofloral bee pollen significantly improved the rate of muscle protein synthesis and restored
muscle mass in emaciated old rats via upregulation of mTOR and two related downstream controllers
of protein translation: p70S6k and 4eBP1, which were suppressed in malnourished old rats [36].
Although propolis improved various muscle-related parameters, its effect on muscle mass in rodents
was limited—relative to royal jelly and bee pollen. However, it fostered muscle protein deposition
in post-larva Nile tilapia [104]. Moreover, milk naturally enriched with PUFA and polyphenols from
propolis remarkably increased the weight of the gastrocnemius muscle of growing obese rats while
whole milk and milk enriched with PUFA only could not express any effect on skeletal muscle [105].
Therefore, this finding denotes that propolis could have enhanced the delivery of amino acids available
in milk to skeletal muscle leading to its growth. Altogether, it is likely that the observed anabolic
effects of royal jelly and bee pollen are associated with their high content of proteins and amino
acids [32,36,83–86].

4.5. Suppression of Catabolic Activity in Skeletal Muscle

Skeletal muscle tissues represent the largest protein store in the human body (30–45% of total
protein). Muscular mass, strength, and functions are greatly governed by the rates of muscle protein
synthesis and turnover [124]. Muscle protein metabolism is regulated by the interaction of a wide
range of genes. Aging is associated with various stresses, which increase the expression of catabolic
genes such as E3 ubiquitin ligases MuRF1 and atrogin-1 (MAFbx). These genes heighten the occurrence
of age-related muscular atrophy [97]. Oral consumption of royal jelly by aged HET mice resulted in
lower levels of catabolic genes (e.g., MuRF1 and MAFbx), which were similar to those in young mice.
In the meantime, the expression of these genes in the control mice was high indicating that royal jelly
can delay age-related muscular apoptosis by suppressing the activity of catabolic genes [97]. Two other
studies reported that CAPE suppressed catabolism that contributed to degenerative myopathy in the
gastrocnemius muscle of rats undergoing eccentric exercising or femoral artery ligation as reflected by
decreased serum levels of creatine kinase, a marker of muscular proteolysis [101–103]. Apart from
skeletal muscle, CAPE was reported to protect heart muscle against age-related deteriorations such
as accumulation of lipofuscin, nuclear irregularity, mitochondrial degeneration, and myofilament
disorganization and disruption [33].

The molecular mechanism underling blockage of muscle proteolysis by bee products in sarcopenic
rodents involves an interplay of various signaling pathways. Royal jelly and bee pollen activated mTOR
and its substrate AKT, which are suggested to inhibit muscular proteolysis [36,96]. Similar to the effect
of royal jelly on catabolic genes in HET mice, treating both L6 myoblasts and rats with propolis, CAPE,
and kaempferide resulted in potent activation of AKT in a PI3K-dependent manner [111], in addition
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to phosphorylation of IR, PI3K, and AMPK [70]. AKT, a key substrate of mTORC2, is a conserved
serine/threonine nutrient sensing protein kinase that belongs to the PI3k-related protein kinase family.
Upon presence of growth factors, PI3k gets activated by IR substrate resulting in stimulation of a series
of signaling cascades that involve activation of AKT, which leads to further activation of mTORC1.
mTORC1 activates the phosphorylation of two main regulators of cap-dependent protein synthesis:
S6K and eIF4E [2,140]. In addition, mTORC1 contributes to autophagy—a turnover process that
involves clearance of dysfunctional organelles and long-lived protein aggregations with provision of
energy and macromolecular precursors in return—by binding with AMPK resulting in phosphorylation
of autophagy genes such as Unc51-like kinase 1 at different sites [140]. In fact, royal jelly is reported to
fine-tune the transcriptional activity of the FOXO through modulating the activity of insulin/IGF-1
signaling [141]. FOXO plays a major role in the activation of AKT pathway, which implicates regulation
of multiple stress–response pathways such as ROS detoxification and DNA repair and translation.
In addition, the FOXOs family exerts a direct effect on certain muscle atrophy genes such as MUSA1 and
a formerly uncharacterized ligase known as Specific of Muscle Atrophy and Regulated by Transcription
(SMART) [142].

4.6. Enhancement of Stem Cell Function

Reduction of the number and functional capacity of the muscle satellite cells is considered a core
contributor to the development of age-related muscular dysfunction [96]. Induction of myogenesis
via in vivo reprogramming of muscle satellite cells is a currently studied strategy that has not been
successfully used for sarcopenia treatment yet [143]. On the other hand, treating sarcopenic rats with
both royal jelly and pRJ was reported to increase the number of Pax7-positive satellite cells in vivo and
in vitro (pRJ only). pRJ induced self-renewal of satellite cells via activation of AKT signaling [96,97].
AKT activity was associated with activation of IGF-1 as indicated by increased serum levels of IGF-1.
IGF-1 plays a crucial rule in the activation of various signaling pathways; it is believed to be a major
mediator of muscle growth and repair that functions by stimulating the proliferation and differentiation
of satellite cells into myotubes, albeit the exact mechanism is not clear yet [96]. Similarly, pRJ activated
AKT-signaling pathway in satellite cells culture, which was associated with increased proliferation of
myosatellite cells and their differentiation into myotubes—an effect that is contradictory to muscle
loss. AKT is thought to contribute to the synthesis of muscular proteins and inhibition of muscle
proteolysis [96].

4.7. Counteracting Glycation Stress

Oxidative stress, inflammation, and insensitivity to insulin, which accompany advanced age,
contribute to the production of advanced glycation end products (AGEs) via enhancement of the
activity of the Receptor for Advanced Glycation End products (RAGE) [144,145]. AGEs destroy the
protein and lipid ingredients of muscle tissues by promoting the production of destructive molecules
such as free radicals and inflammatory cytokines [101,102,113]. Thanks to their potent antioxidant
properties, polyphenolic compounds exert multifaceted anti-glycation functions. On one hand, they
scavenge free-radicals and chelate transition metals that are involved in the synthesis of dicarbonyl
intermediates subsequently resulting in inhibition of the formation of AGEs. On the other hand,
polyphenolic compounds antagonize AGE receptors, mainly RAGE, and facilitate the removal of
already formed a,b-dicarbonyl intermediates such as methylglyoxal, promoting the degradation of
AGEs [37,38,146]. Royal jelly is reported to downregulate the activity of RAGE, the main receptor
for AGEs, in an aged model of cognitive impairment [147]. However, its anti-glycation effect has
not been investigated in skeletal muscle yet. Propolis exhibits strong anti-AGE properties, which are
superior to those of quercetin or chlorogenic acid, well-known natural AGE inhibitors. Its flavonoid
fraction potently impedes the synthesis of AGEs by trapping dicarbonyl intermediates [37]. Table 1
shows that propolis accelerated AGEs clearance in a model of muscle aging induced by administration
of a precursor of AGEs (methylglyoxal) via activation of glyoxalase 1, an enzyme that eliminates
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dicarbonyl compounds (key elements of AGEs) [38]. CAPE inhibited the production of AGEs-related
molecules such as protein carbonyl in the gastrocnemius muscle of rats via blockage of the activity of
xanthine oxidase and adenosine deaminase [101–103]. The latter negatively affects insulin signaling
and promotes the development of hyperglycemia, which represents a favorable condition for the
production of AGEs [148]. However, propolis could not counteract the wasting effects of AGEs that
already occurred in the extensor digitorum longus muscle though it tended to restore soleus muscle
mass. This finding denotes that different muscle tissues respond differently to treatment, probably
based on their ratio of type I to type II fibers. It also signifies the importance of early use of bee products
(e.g., propolis) for the prevention of AGEs formation in skeletal muscle in people with high risk for
AGEs formation such as diabetics [38].

4.8. Neuronal Regeneration

Neuronal denervation is a key factor that contributes to skeletal muscle loss, and it is related
to a plethora of pathological conditions [3,149]. Experimental induction of oxidative stress and
inflammation results in skeletal muscle atrophy through induction of denervation e.g., of sciatic
nerve [150]. Injuries of peripheral nerves (e.g., sciatic nerve) interrupt mechanical transmission and
microvasculation of the nerve and induce reperfusion. Reperfusion involves pooling of oxygen and
nutrients promoting high emission of free radicals, which attack protein and lipid contents surrounding
the injury site resulting in excessive tissue loss [113]. Likewise, alterations in gut microbiome in
aged rats are associated with alterations in serum level of vitamin B12 and fat metabolism as well
as reductions in the gastrocnemius muscle mass and sciatic response amplitude [151]. Furthermore,
dysregulation of insulin-mediated GLUT4 activity in certain areas of the central nervous system
impairs neuronal metabolism and plasticity [69]. Meanwhile, activation of PGC-1α, a core regulator
of mitochondrial content and oxidative metabolism, increases muscle fiber resistance to denervation
and atrophy through downregulation of two ubiquitin-ligases involved in the ubiquitin-proteasome
pathway: MuRF1 and Atrogin-1 [1,152].

Propolis treatment for four weeks restored gastrocnemius muscle weight and improved functional
performance (e.g., walking) in rats with crush injury of the sciatic nerve. Effects of propolis were
associated with increased nerve healing and regeneration as depicted by faster healing of the myelin
sheath and ultra-structurally normal unmyelinated axons and Schwann cells. Investigations of
motor conduction from the sciatic nerve to the gastrocnemius muscle indicated that nerve recovery
induced by propolis treatment promoted optimal physical functioning by allowing motor conduction
to reach the gastrocnemius muscle [113]. Neuroprotective effects of propolis in motor neurons are
documented in the literature. Both kaempferide and kaempferol protected motor neurons against
atrophy induced by the toxic copper-zinc superoxide dismutase in amyotrophic lateral sclerosis—a
serious neurodegenerative disease that involves selective and progressive loss of motor neurons [65].
In addition, orally administered chrysin (a flavonoid that is copious in propolis) to rats intoxicated
by 6-hydroxidopamine showed neuroprotective effects by mitigating neuroinflammation, enhancing
levels of neurotrophins and neuronal recovery factors (e.g., brain derived neurotrophic factor and glial
cell line-derived neurotrophic factor), and maintaining integrity of dopaminergic neurons resulting in
better motor performance [72].

The release of acetylcholine (a neurotransmitter that regulates cognition) at the synaptic cleft of the
neuromuscular junction is essential for motor neurotransmission, which controls excitation-contraction
coupling and cell size. However, free radicals, cytokines, and AGEs impair neurotransmission by
altering the production of acetylcholine [6,21,149,153]. On the other hand, upregulation of acetylcholine
receptors improves neurotransmission [154]. Treatment with royal jelly may correct acetylcholine
neurotransmission given its high content of acetylcholine (4–8 mM) [60]. In addition, royal jelly, propolis,
and bee pollen are rich in antioxidant elements that have a potential to scavenge ROS and mitigate
other pathologies that contribute to acetylcholine deficiency (e.g., neuroinflammation) [73,101–103].
In this respect, treatment of experimental models of carrageenan-induced hind paw edema with
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hydroalcoholic extract of red propolis and its biomarker, formononetin, is reported to inhibit leukocyte
migration and ameliorate inflammatory neurogenic pain induced by injections of formalin and
glutamate [115]. However, investigations of the action of bee products on neurotransmission are
very scarce.

4.9. Improving Muscular Blood Supply

Aging is associated with higher onset of atherosclerosis and restenosis, which involve vascular
and microvascular damages that result from hyperproliferation of vascular smooth muscle cells
(VSMCs) [155]. Muscle unloading (e.g., in sedentary lifestyle) involves chronic neuromuscular
inactivity, which results in reductions in capillary number, luminal diameter, and capillary volume as
well as heightened production of anti-angiogenic factors, such as p53 and TSP-1 in skeletal muscle [110].
Microvascular alterations and impaired nitric oxide (NO) production are key causes of decreased blood
flow to the skeletal muscle. Poor muscular blood supply induces muscle wasting via a mechanism that
entails impaired glucose metabolism and suboptimal protein anabolism [156,157]. In addition, ischemic
injury in skeletal muscle is associated with high ROS release from polymorphonuclear leukocytes,
which infiltrate muscle tissues. Free radicals alter cellular structure and function by attacking lipid
and protein biomolecules that exist in the structure of biological membranes, enzymes, and transport
proteins [102]. Therefore, improving vascularization and blood supply to skeletal muscle is a possible
mechanism for the prevention of muscle wasting.

Mitchell and colleagues examined changes in microvascular blood volume, microvascular flow
velocity, and microvascular blood flow in the quadriceps muscle following treatment with 15 g of
amino acids in young and old subjects (20–70 years old). They detected improvements in all the
3 parameters only in young groups, and those effects were associated with proper insulin activity.
Thus, the authors suggested that refeeding effects on muscular blood supply may be hindered by
dysfunctions in postprandial circulation and glucose dysregulation [157]. Bee products such as bee
pollen and propolis have a potential to boost microcirculation and correct pathologies that contribute
to vascular dysfunction such as hyperglycemia and dyslipidemia [36,155]. In this context, CAPE, one
of the basic constituents of propolis, was reported to combat vascular damages by counteracting the
proliferative activity of platelet-derived growth factor. The molecular mechanism involved inducing
cell-cycle arrest in VSMCs via activation of p38mitogen-activated protein kinase (MAPK), which
was associated with accumulation of hypoxia-inducible factor (HIF)-1α—mainly due to inhibition of
HIF prolylhydroxylase, a key contributor to proteasomal degradation of HIF-1α—and subsequent
induction of HO-1 [155]. In the same regard, supplementing rats undergoing capillary regression
(resulting from two weeks of hind limb unloading) in the soleus muscle with two daily intragastric
doses of propolis for two weeks restored capillary number, capillary structure, capillary volume,
and capillary to muscle fiber ratio through a mechanism that involves inhibition of anti-angiogenic
factors and activation of pro-angiogenic factors (e.g., VEGF). The relative muscle-to-body weight in
treated animals was higher than in the unloaded control animals, and the number of TUNEL-positive
apoptotic endothelial cells in the soleus muscle was similar to that in the normal control animals [110].
Likewise, bee pollen (both neat and processed) increased blood vessels in the gastrocnemius muscle
of rats undergoing muscle injury because of vigorous exercise [90]. Treating C2C12 myoblasts with
propolis ethanolic extract increased VEGF production [108]. VEGF is a pro-angiogenic factor that
contributes to angiogenesis by recruiting endothelial cells and promoting their differentiation to
form new vascular networks. VEGF protects skeletal muscle undergoing unloading against the
progression of capillary regression [110]. Its expression in skeletal muscle and associated angiogenic
response increase following exercise due to change in the activity of HIF-1α and AMPK. It promotes
the generation of ATP following mitochondrial biogenesis in order to meet oxygen demand [158].
Altogether, these reports signify that bee products and endurance exercise share common mechanisms
to produce their vitality effects in skeletal muscle.
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4.10. Improving the Composition of Gut Microbiome

Bee products such as royal jelly and propolis display potent antifungal, bactericidal, microbicidal,
anti-inflammatory, antioxidant, and healing effects [2,66]. Most bee products investigated in this
review were administered orally. Therefore, it is likely that their therapeutic effects may start locally
within the GI tract, which frequently undergoes propagation of harmful endobacteria, inflammation,
aberrations, and permeability in advanced age [10,24,152]. In this respect, Roquetto and colleagues [116]
supplemented C57BL/6 mice on HFD with crude propolis (0.2%) for two and five weeks. HFD increased
the proportion of the phylum Firmicutes as well as levels of circulating lipopolysaccharide (LPS) and
inflammatory biomarkers. DNA sequencing for the 16S rRNA of the gut microbiota revealed that five
weeks of propolis treatment rendered the microbiota profile almost normal. Compared with untreated
mice, propolis-supplemented animals demonstrated lower levels of serum triacylglycerols, glucose,
and circulating LPS, along with reduced expression of TLR4 and inflammatory cytokines in skeletal
muscle [116].

Lactic acid bacteria profusely exist in bee saliva and all bee products [36,83,84]. Various species
of lactic acid bacteria have been experimentally used to correct GI dysbiosis and related muscle
wasting [159,160]. Moreover, oligosaccharides have been chemically isolated from bee products [32,161].
These api-materials are classified as prebiotics, fermented non-digestible compounds that promote
the proliferative activity of health-promoting bacteria [24,161]. Supplementing frail old adults with
fructooligosaccharides expressed positive effects on skeletal muscle strength (handgrip) and endurance
(exhaustion) [162]. On the other side, microbiome of the gut can affect the biological activity of
bee products. The literature shows that certain endobacteria transform dietary polyphenols into
phenolic acids, which can easily access the circulation and then cross the blood brain barrier to produce
therapeutic effects [163]. Hence, it is important that future investigations of bee products among
sarcopenic subjects examine the effect of these products on the composition of GI microbial population
and its association with muscle-related outcomes.

5. Discussion

Age-related deteriorations in skeletal muscle are multifactorial in nature, which contributes to
the high failure rates of drugs designed to target sarcopenia. Thus, there is a strong need for new
therapeutic agents that express multidimensional effects in order to provide physically frail elders
a chance to restore their health and QoL [21]. Given the scarcity of human trials using bee products
among physically frail and sarcopenic subjects, cell culture and animal studies may provide useful
information about the effect of bee products on skeletal muscle and help identifying their probable
mechanism of action. Both in vivo and in vitro studies indicate that substances produced by honey
bees such as royal jelly, bee pollen, and propolis can positively modulate basic cellular functions
of myoblasts as well as mature myocytes. These products seem to be promising anti-sarcopenic
agents because they can promote muscle protein synthesis [36,104], decrease mitochondrial oxidative
stress [36,90,106], mitigate inflammation [38,90,101,108,115], improve muscular blood supply [102,110],
enhance peripheral motor conduction [113], accelerate the removal of AGEs [38], counteract catabolism,
and decrease markers of skeletal muscle atrophy [97,101–103].

One of the major pathologies underlying age-related skeletal muscle failure is insulin resistance,
which alters glucose metabolism [3,4,21,118,130,164]. Numerous studies signify that bee products
may protect against muscle wasting by correcting metabolic dysregulations in skeletal muscle via
activation of some of the key nutrient sensing molecules [69,96,100,106,109,111]. In this respect, bee
pollen permitted mTORC1 to mitigate anabolic resistance through the regulation of muscle protein and
muscle growth in malnourished sarcopenic old rats [36]. Royal jelly and CAPE restored muscle mass
and metabolism through activation of AKT, a substrate of mTOR [96,111]. Polyphenols in propolis [70],
CAPE [111], and 10-HDA [106] activated AMPK resulting in enhanced skeletal muscle glucose uptake.
In the meantime, royal jelly improved mitochondrial biogenesis in skeletal muscle via activation of
AMPK [106]. AMPK and mTOR are master regulators of metabolism and autophagy [2,165]; they keep
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muscle integrity by stimulating protein synthesis [21,22]. Accordingly, all these findings denote that
bee products represent a promising nutritional strategy that can tackle skeletal muscle wasting in
old age by correcting its underling metabolic causes. However, the detailed physiological processes
involved still need to be deeply unraveled in further investigations.

The activity of mTOR depends mainly on the bioavailability of essential amino acids in addition
to many other molecules in the cellular microenvironment [136]. Evidence from preclinical and human
studies confirms that ingestion of essential amino acids increases their cellular bioavailability, which
is associated with upregulation of the activity of the nutrient sensing mTORC1 kinase following its
translocation from the cytosol to the surface of lysosomes [135,136]. Research shows that ingestion
of small amounts of essential amino acids (6.8 g) by healthy older adults could stimulate muscle
protein synthesis by activating mTORC1 signaling even without involvement in resistance exercise
training [137]. Other factors affect the capacity of essential amino acids to stimulate muscle protein
synthesis. Amino acid bioavailability depends to a great extent on the bacterial strains of resident gut
microbiome, which can either promote amino acid loss by degrading them or substantially contribute
to their availability by producing some of them e.g., lysine [152]. Furthermore, amino acid supplements
in old age do not enhance muscle protein metabolism, combat anabolic resistance, or improve muscle
condition under sedentary conditions [25,166].

According to Table 1, different models of skeletal muscle injury (e.g., natural aging [96], sarcopenic
obesity [54], AGE-induced muscle wasting [38], malnutrition-related muscle loss [36], exhaustive
exercise [90,109], etc.) were used to evaluate the effect of bee products on skeletal muscle. The effects of
bee products on muscle mass varied considerably: some studies reported that bee products increased
muscle mass [36,54,90,96,100,105,113] and improved physical performance [95–99] while others could
not or did not depict any significant change in muscle mass [38,102–104,110,117]. However, the latter
revealed major beneficial effects related to the biology of skeletal muscle aging such as improved
muscle protein deposition [104], enhanced activity of mitochondrial enzymes [106], decreased muscle
infiltration by inflammatory cells, decreased muscle proteolysis, lowered lipid peroxidation and
protein carbonylation [102,103], increased microvascular blood supply, heightened production of
antioxidants [110], and increased clearance of AGEs from skeletal muscle [38]. These findings suggest
that bee products may prevent the development of sarcopenia if supplemented earlier before the
occurrence of muscle atrophy. In this regard, supplementing young football players with royal jelly for
two months resulted in a significant increase in muscle and bone mass compared with control players
who did not receive royal jelly [167].

As for the effect of bee products on sarcopenia in humans, we could locate only one randomized
control trial (RCT), which examined the effect of pRJ (1.2 g/d or 4.8 g/d over 1 year) on muscle strength
among institutionalized aged population. This study revealed no significant effect of pRJ on the tested
muscular functions: handgrip strength, six-minute walk test, timed up and go test, and standing on
one leg with eyes closed [59]. Nonetheless, such outcome indexes may not be sufficient to evaluate the
overall effect of royal jelly on muscular performance and quality. In addition, the literature documents
gut microbiome alterations-related to muscle loss in institutionalized old adults compared with older
adults living in the community, which might affect the efficacy of nutritional therapies in this particular
group [164,168,169].

The relation between muscle mass or strength and physical function in old people is not as direct
or clear as originally presumed. Existing knowledge indicates that muscle strength may be intact
in people with muscle loss. Likewise, decreased muscle strength may not necessarily alter physical
performance [21,170]. Research notes that selection of interventions that merely increase muscle mass
and/or strength entails ignoring valuable therapies that contribute to various biological processes of
muscle recovery by interfering with pathologies conducive to muscle loss. More, combining functional
measures of muscle performance with different comprehensive biomarkers (e.g., of metabolism,
inflammation, oxidative stress, etc.) in skeletal muscle and the whole body may identify therapies that
can positively affect muscle qualities independent of mass increase [21]. In support of this argument,
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treating sarcopenic elderly with oral amino acids (which represent only one ingredient of royal jelly
or bee pollen) significantly increased whole-body lean mass 6 and 18 months after treatment as
indicated by dual-energy X-ray absorptiometry. This effect was attributed to enhancement of insulin
sensitivity and anabolism as portrayed by significant reductions in fasting blood glucose, serum insulin,
HOMA-IR, and serum tumor necrosis factor-α (TNF-α) as well as increase of serum level of IGF-1 and
IGF-1/TNF-α ratio [171]. Animal studies lend further support to those reports. For instance, royal
jelly had no effect on muscle differentiation genes (myogenic differentiation 1 (MyoD), myogenein,
myostatin) in sarcopenic mice, indicating that royal jelly may not improve age-related deterioration of
muscle strength—once it occurs. On the other hand, royal jelly significantly reduced the progression
of muscle atrophy by decreasing the expression of catabolism genes E3 ubiquitin ligases MuRF1 and
atrogin-1 in old mice to levels similar to those in young mice [97]. Royal jelly also stimulated the
differentiation of satellite stem cells both in vivo and in vitro and improved the regenerative capacity
of injured muscle [96,97]. Therefore, royal jelly treatment might reduce the progression of age-related
muscular atrophy [59]. Future RCTs that evaluate the effect of bee products on muscle qualities and
motor performance in humans should be properly designed to include biological markers of motor
functioning along with behavioral measures.

Multifactorial conditions such as sarcopenia should be addressed by multimodal interventions.
Nutrition and physical exercise are key strategies that can preserve muscle mass and function in older
adults both in clinical and community settings [21]. Thus, it might be helpful to compare the effect
of combining bee products with other conventional treatments such as other dietary elements and
exercise given that factors such as physical activity and diet can interfere with or promote the effect of
bee products on muscle qualities and disorders that underlie muscle weakness [105,106]. Fat mass
increases with age, especially after age-related hormonal decline (e.g., after menopause), and it activates
inflammatory processes that disturb body physiology [172]. In this regard, supplementing obese rats
with milk naturally enriched with PUFA and polyphenols from propolis increased gastrocnemius
muscle mass and tended to increase the mass of the soleus muscle. It decreased the diameter of
adipocytes and tended to decrease serum levels of low-density lipoprotein. These findings suggest
a role of propolis-enriched milk in the mitigation of sarcopenic obesity, albeit it had no effect on
body weight [105]. On the other side, many studies show that exercise has significantly improved
muscle mass and strength in sarcopenic seniors [4,42,132,173]. Propolis treatment of undifferentiated
L6 myoblast selectively stimulated IL-6 production and inhibited pathological cytokines such as
interleukin (IL)-1β and TNF-α [108]. This interesting in vitro investigation indicates that propolis can
mimic the mechanism through which exercise induces skeletal muscle remodeling [23,114]. Evidence
from preclinical studies shows that concurrent treatment of rats on endurance training with royal
jelly enhanced mitochondrial adaptation in muscles that combine both type I and type II fibers such
as the soleus muscle whereas neither royal jelly alone nor exercise alone could influence the activity
of mitochondrial enzymes in that muscle [106]. Moreover, bee pollen and propolis treatment of rats
on exhaustive exercise increased the production of antioxidant enzymes, blocked the production
of free radicals, promoted glycogen use in the skeletal muscle and liver, and restored muscle fiber
structure [90,109].

In most studies, whole royal jelly, bee pollen, and propolis were used. However, these products
appeared in different forms e.g., neat vs processed bee pollen [90], water [109] vs ethanolic extracts [110]
of propolis, lyophilized [98,99] and crude [97] vs enzyme-treated [59,95–97] royal jelly. Both processed
bee pollen [36] and pRJ [97,106] had better effects compared with crude bee pollen and royal jelly.
In addition, a large group of constituents of royal jelly and propolis were used such as 10-HDA [54,106],
CAPE [69,101–103], artepillin C, coumaric acid, kaempferide [70], boropinic acid, 4-geranyloxyferulic
acid, 7-isopentenyloxycoumarin, and auraptene [69]. 10-HDA was the only element in royal jelly
that was tested in skeletal muscle. It enhanced glucose uptake via AMPK phosphorylation [106].
It also restored body weight, restored skeletal muscle mass (only in males), and reduced fat mass
(only in females) in aged rats undergoing chronic stress [54]. CAPE is one of the most investigated
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compounds in propolis: it enhanced skeletal muscle glucose uptake [111], inhibited cytokine and ROS
production, prevented protein carbonylation, lipid peroxidation, and muscle proteolysis [101–103].
The effects of whole ethanolic extracts of propolis and CAPE on glucose uptake in skeletal muscle
were comparable to those of insulin [69,109,111]. More, investigations of the effect of flavonoids and
oxyprenylated phenylpropanoids abundant in ethanolic extracts of propolis on glucose uptake in
skeletal muscle revealed superior effects of kaempferide [70], 4-geranyloxyferulic acid, and auraptene.
Among 5 oxyprenylated phenylpropanoids derived from propolis, auraptene most potently activated
GLUT4 translocation and accelerated glucose influx into skeletal muscle cells. Measurement of the
incorporated amounts of these compounds into myotubes indicated that auraptene had the highest
bioavailability among other effective compounds [69].

Matters concerning dosage and duration of treatment remain issues of concern should these
compounds be used to prevent and treat sarcopenia. In addition, the effect of other active ingredients
of bee products on skeletal muscle pathologies is worth investigation. For instance, MRJPs are reported
to contribute to most therapeutic properties of royal jelly due to their rich amino acid content (up to
578 amino acids) [47]. In the meantime, the literature documents a potent regulatory effect of amino
acids on skeletal muscle protein turnover [6,131,132]. Nonetheless, the effect of MRJPs on skeletal
muscle were not studied until now.

Despite the details illustrated in this review, many questions remain unanswered. The most
important question among all is which bee product or bee component can produce the best benefits
against skeletal muscle senescence and under which circumstances? Sarcopenia is the result of several
interrelated factors such as neuromuscular dysfunction, oxidative stress, metabolic alterations, poor
blood supply, hormonal deficiencies (e.g., sex hormones), chronic inflammation, and lifestyle choices
(e.g., physical inactivity and unhealthy diet) [21]. The effect of bee products on some of these factors are
underaddressed (e.g., neuromuscular dysfunction, muscle blood supply, and gut microbiome) while
some other have not been explored yet (e.g., sex steroids and their association with muscular function).

6. Conclusions

All animal studies discussed above indicate that royal jelly, propolis, and bee pollen as well
as their key ingredients such as 10-HDA and CAPE might counteract age-related muscular decline,
especially in early stages. These products operate by modulating most mechanisms that contribute
to sarcopenia such as metabolic dysregulation, inflammation, oxidative stress, etc. However, more
studies are needed to examine the specific cellular and molecular mechanisms of these products and
other major ingredients that were not explored, such as MRJPs in royal jelly. Among all bee products,
royal jelly has been used to improve muscular performance in humans, though at a small scale, without
any reported side effects. Future RCTs that examine the effect of bee products on sarcopenia should
consider individual variations (e.g., gender, general health, activity level, diet, etc.) and combine
functional and subjective outcome measures with sound predictive biomarkers.
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Abbreviations

4eBP1/eIF4E Eukaryotic translation initiation 4E-binding protein 1
10-HDA trans-10-hydroxy-2-decenoic acid
AGEs Advanced glycation end products
AKT A serine/threonine nutrient sensing protein kinase
AMP Adenosine monophosphate
AMPK Adenosine monophosphate activated protein kinase
ARE Antioxidant response element
ATF4 Activating transcription factor-4
ATP Adenosine tri-phosphate
COX Cyclooxygenase
eNOs Endothelial nitric oxide synthase
ER Endoplasmic reticulum
FOXO Forkhead box O
GI Gastrointestinal
GLUT4 Glucose transporter 4
HET Heterogeneous head tilt
HFD High fat diet
HIF Hypoxia-inducible factor
HO-1 Heme oxygenase 1
HOMA-IR Homeostatic model assessment of insulin resistance
IKK IκB kinase
IGFs Insulin-like growth factors
IL Interleukin
iNOS Inducible nitric oxide synthase
IR Insulin receptor
LESM Lower extremity skeletal muscle mass
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde
mTOR Mammalian target of rapamycin
MMP-12 Metalloproteinase-12
MCP-1 Monocyte chemotactic protein 1
MRJPs Major royal jelly proteins
MyoD Myogenic differentiation 1
NF-kB Nuclear factor kappa-B
NRF2 Nuclear factor erythroid 2/Nuclear respiratory factor 2
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha
PI3k Phosphoinositide-3 kinase
PUFA Polyunsaturated fatty acids
PKC Protein kinase C
pRJ Protease-treated royal jelly
QOL Quality of life
RAGE Receptor for Advanced Glycation End products
RCT Randomized control trial
ROS Reactive oxygen species
SDs Standard deviations
S6K P70 ribosomal proteins S6 kinase
SMART Specific of Muscle Atrophy and Regulated by Transcription
TNF Tumor necrosis factor
TNFR1 Tumor necrosis factor receptor 1
VEGF-A Vascular endothelial growth factor A
VSMCs Vascular smooth muscle cells
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Abstract: Ginger (Zingiber officinale Roscoe) is a common and widely used spice. It is rich in various
chemical constituents, including phenolic compounds, terpenes, polysaccharides, lipids, organic
acids, and raw fibers. The health benefits of ginger are mainly attributed to its phenolic compounds,
such as gingerols and shogaols. Accumulated investigations have demonstrated that ginger possesses
multiple biological activities, including antioxidant, anti-inflammatory, antimicrobial, anticancer,
neuroprotective, cardiovascular protective, respiratory protective, antiobesity, antidiabetic, antinausea,
and antiemetic activities. In this review, we summarize current knowledge about the bioactive
compounds and bioactivities of ginger, and the mechanisms of action are also discussed. We hope
that this updated review paper will attract more attention to ginger and its further applications,
including its potential to be developed into functional foods or nutraceuticals for the prevention and
management of chronic diseases.

Keywords: phytochemicals; antioxidant; antinausea; antiobesity; anticancer; anti-inflammatory

1. Introduction

Ginger (Zingiber officinale Roscoe), which belongs to the Zingiberaceae family and the Zingiber
genus, has been commonly consumed as a spice and an herbal medicine for a long time [1]. Ginger root
is used to attenuate and treat several common diseases, such as headaches, colds, nausea, and emesis.
Many bioactive compounds in ginger have been identified, such as phenolic and terpene compounds.
The phenolic compounds are mainly gingerols, shogaols, and paradols, which account for the various
bioactivities of ginger [2]. In recent years, ginger has been found to possess biological activities, such
as antioxidant [3], anti-inflammatory [4], antimicrobial [5], and anticancer [6] activities. In addition,
accumulating studies have demonstrated that ginger possesses the potential to prevent and manage
several diseases, such as neurodegenerative diseases [7], cardiovascular diseases [8], obesity [9],
diabetes mellitus [10], chemotherapy-induced nausea and emesis [11], and respiratory disorders [12].
In this review, we focus on the bioactive compounds and bioactivities of ginger, and we pay special
attention to its mechanisms of action.

Foods 2019, 8, 185; doi:10.3390/foods8060185 www.mdpi.com/journal/foods143
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2. Bioactive Components and Bioactivities of Ginger

2.1. Bioactive Components

Ginger is abundant in active constituents, such as phenolic and terpene compounds [13].
The phenolic compounds in ginger are mainly gingerols, shogaols, and paradols. In fresh ginger,
gingerols are the major polyphenols, such as 6-gingerol, 8-gingerol, and 10-gingerol. With heat treatment
or long-time storage, gingerols can be transformed into corresponding shogaols. After hydrogenation,
shogaols can be transformed into paradols [2]. There are also many other phenolic compounds in
ginger, such as quercetin, zingerone, gingerenone-A, and 6-dehydrogingerdione [14,15]. Moreover,
there are several terpene components in ginger, such as β-bisabolene, α-curcumene, zingiberene,
α-farnesene, and β-sesquiphellandrene, which are considered to be the main constituents of ginger
essential oils [16]. Besides these, polysaccharides, lipids, organic acids, and raw fibers are also present
in ginger [13,16].

2.2. Antioxidant Activity

It has been known that overproduction of free radicals, such as reactive oxygen species (ROS),
plays an important part in the development of many chronic diseases [17]. It has been reported that a
variety of natural products possess antioxidant potential, such as vegetables, fruits, edible flowers,
cereal grains, medicinal plants, and herbal infusions [18–24]. Several studies have found that ginger
also has high antioxidant activity [14,25].

The antioxidant activity of ginger has been evaluated in vitro via ferric-reducing antioxidant power
(FRAP), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) methods. The results revealed that dried ginger exhibited the strongest antioxidant
activity, because the number of phenolic compounds was 5.2-, 1.1-, and 2.4-fold higher than that of
fresh, stir-fried, and carbonized ginger, respectively. The antioxidant activity of different gingers
had a tendency to be the following: dried ginger > stir-fried ginger > carbonized ginger > fresh
ginger. This was mainly associated with their polyphenolic contents. When fresh ginger was heated,
dried ginger with higher antioxidant activity was obtained, because fresh ginger contains a higher
moisture content. However, when dried ginger was further heated to obtain stir-fried ginger and
carbonized ginger, the antioxidant activity decreased, because the processing could change gingerols
into shogaols [26]. Additionally, a fraction of the dried ginger powder abundant in polyphenols
showed high antioxidant activity based on data from FRAP, oxygen radical absorbance capacity,
and cellular antioxidant activity assays [27]. Besides, the type of extraction solvent could have an effect
on the antioxidant activity of ginger. An ethanolic extract of ginger showed high Trolox-equivalent
antioxidant capacity and ferric-reducing ability, and an aqueous extract of ginger exhibited strong free
radical scavenging activity and chelating ability [16]. Moreover, ethanolic, methanolic, ethyl acetate,
hexane, and water extracts of ginger respectively inhibited 71%, 76%, 67%, 67%, and 43% of human
low-density lipoprotein (LDL) oxidation induced by Cu2+ [28]. Results from a xanthine/xanthine
oxidase system showed that an ethyl acetate extract and an aqueous extract had higher antioxidant
properties than ethanol, diethyl ether, and n-butanol extracts did [3].

Several studies have indicated that ginger was effective for protection against oxidative
stress. The underlying mechanisms of antioxidant action were investigated in cell models [14,29].
Ginger extract showed antioxidant effects in human chondrocyte cells, with oxidative stress mediated
by interleukin-1β (IL-1β). It stimulated the expression of several antioxidant enzymes and reduced
the generation of ROS and lipid peroxidation [30]. Additionally, ginger extract could reduce the
production of ROS in human fibrosarcoma cells with H2O2-induced oxidative stress [31]. In stressed
rat heart homogenates, ginger extract decreased the content of malondialdehyde (MDA), which was
related to lipid peroxidation [29]. Ginger and its bioactive compounds (such as 6-shogaol) exhibited
antioxidant activity via the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway
(Figure 1) [32]. In human colon cancer cells, 6-shogaol increased intracellular glutathione/glutathione
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disulfide (GSH/GSSG) and upregulated Nrf2 target gene expression, such as with heme oxygenase-1
(HO-1), metallothionein 1 (MT1), aldo-keto reductase family 1 member B10 (AKR1B10), ferritin light
chain (FTL), and γ-glutamyltransferase-like activity 4 (GGTLA4). Besides, 6-shogaol also enhanced the
expression of genes involved in glutathione synthesis, such as the glutamate-cysteine ligase catalytic
subunit (GCLC) and the glutamate-cysteine ligase modifier subunit (GCLM). Further analysis revealed
that 6-shogaol and its metabolite activated Nrf2 via the alkylation of cysteine residues of Kelch-like
ECH-associated protein 1 (Keap1) [33]. Moreover, ginger phenylpropanoids improved Nrf2 activity
and enhanced the levels of glutathione S-transferase P1 (GSTP1) as well as the downstream effector of
the Nrf2 antioxidant response element in foreskin fibroblast cells [15]. In a human mesenchymal stem
cell model, ginger oleoresin was investigated for its effects on injuries that were induced by ionizing
radiation. The treatment of oleoresin could decrease the level of ROS by translocating Nrf2 to the cell
nucleus and activating the gene expression of HO-1 and NQO1 (nicotinamide adenine dinucleotide
phosphate (NADPH) quinone dehydrogenase 1) [14].

Figure 1. The potential mechanism for the antioxidant action of 6-shogoal: 6-shogoal leads to
the translocation of Nrf2 into the nucleus and increases the expression of Nrf2 target genes by
modifying Keap1 and preventing Nrf2 from proteasomal degradation. Thus, the level of GSH increases,
and the level of ROS decreases. Abbreviations: Nrf2, nuclear factor erythroid 2-related factor 2;
Keap1, Kelch-like ECH-associated protein 1; NQO1, nicotinamide adenine dinucleotide phosphate
(NADPH) quinone dehydrogenase 1; HO-1, heme oxygenase-1; GCLC, glutamate-cysteine ligase
catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; Trx1, thioredoxin 1; TrxR1,
thioredoxin reductase 1; AKR1B10, Aldo-keto reductase family 1 member B10; FTL, ferritin light chain;
GGTLA4, γ-glutamyltransferase-like activity 4; ROS, reactive oxygen species; GSH, glutathione; ARE,
antioxidant response element.

An animal model has also been used to investigate the antioxidant properties of ginger and
its bioactive compounds in vivo. There, 6-shogaol exhibited antioxidant potential by inducing the
expression of Nrf2 target genes such as MT1, HO-1, and GCLC in the colon of wild-type mice, but not
Nrf2−/− mice [33]. In addition, rats with a gastric ulcer induced by diclofenac sodium were treated
with the butanol extract of ginger. It could prevent an increase in the level of MDA and a decrease in
catalase activity as well as the level of glutathione [34]. Moreover, the 6-gingerol-rich fraction from
ginger could reduce the levels of H2O2 and MDA, enhance antioxidant enzyme activity, and increase
glutathione in rats with oxidative damage induced by chlorpyrifos [25]. Furthermore, treatment with
ginger extract elevated the contents of antioxidants and testosterone in serum and protected rat testes
from injuries in chemotherapy with cyclophosphamide [35].
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Overall, in vitro and in vivo studies have demonstrated that ginger and its bioactive compounds,
such as 6-shogaol, 6-gingerol, and oleoresin, possess strong antioxidant activity (Table 1). Moreover,
the activation of the Nrf2 signaling pathway is crucial to the underlying mechanisms of action.
It should also be pointed out that the overproduction of ROS in the human body is considered to be
a cause of many diseases. Theoretically, antioxidants should be effective. However, several factors,
such as health conditions, individual differences, the lifestyles of people, other dietary factors, and the
dosage, solubility, and oral intake of antioxidants could affect the bioaccessibility and bioavailability of
antioxidants, leading to low blood concentrations overall, which probably could explain why most
antioxidants do not work in the real world.

2.3. Anti-Inflammatory Activity

A series of studies showed that ginger and its active constituents possessed anti-inflammatory
activity (Table 2), which could protect against inflammation-related diseases such as colitis [4,36].
The anti-inflammatory effects were mainly related to phoshatidylinositol-3-kinase (PI3K), protein
kinase B (Akt), and the nuclear factor kappa light chain-enhancer of activated B cells (NF-κB).

In addition, 6-shogaol showed protective effects against tumor necrosis factor α (TNF-α)-induced
intestinal barrier dysfunction in human intestinal cell models. It also prevented the upregulation
of Claudin-2 and the disassembly of Claudin-1 via the suppression of signaling pathways involved
with PI3K/Akt and NF-κB [37]. In addition, 6-dehydroshogaol was more potent than 6-shogaol
and 6-gingerol in reducing the generation of proinflammatory mediators such as nitric oxide (NO)
and prostaglandin E2 (PGE2) in mouse macrophage RAW 264.7 cells [36]. Besides, ginger extract
and zingerone inhibited NF-κB activation and decreased the level of IL-1β in the colons of mice,
which alleviated colitis induced by 2, 4, 6-trinitrobenzene sulfonic acid [38]. Ginger also protected
against anti-CD3 antibody-induced enteritis in mice, and ginger could reduce the production of
TNF-α as well as the activation of Akt and NF-κB [39]. Moreover, nanoparticles derived from edible
ginger (GDNPs 2) could prevent intestinal inflammation by increasing the levels of anti-inflammatory
cytokines such as interleukin-10 (IL-10) and IL-22 and decreasing the levels of proinflammatory
cytokines such as TNF-α, IL-6, and IL-1β in mice with acute colitis and chronic colitis [4]. In addition,
nanoparticles loaded with 6-shogaol were found to attenuate colitis symptoms and improve colitis
wound repair in mice with dextran sulfate sodium-induced colitis [40]. Moreover, microRNAs of
ginger exosome-like nanoparticles (GELN) ameliorated mouse colitis by inducing the production of
IL-22, a barrier function improvement factor [41]. Additionally, a fraction rich in 6-gingerol prevented
an increase in inflammatory markers such as myeloperoxidase, NO, and TNF-α in the brain, ovaries,
and uterus of rats treated with chlorpyrifos [25]. Furthermore, 28 male endurance runners consumed
capsules of 500 mg of ginger powder. The results showed that the treatment could attenuate the
post-exercise elevation of several cytokines that promote inflammation, such as plasma IL-1β, IL-6,
and TNF-α [42].

In general, ginger and its active compounds have been found to be effective in alleviating
inflammation, especially in inflammatory bowel diseases. The anti-inflammatory mechanisms of
ginger are probably associated with the inhibition of Akt and NF-κB activation, an enhancement in
anti-inflammatory cytokines, and a decline in proinflammatory cytokines. Notably, the application
of ginger nanoparticles has the potential to improve the prevention of and therapy for inflammatory
bowel disease.
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2.4. Antimicrobial Activity

The spread of bacterial, fungal, and viral infectious diseases has been a major public threat
due to antimicrobial resistance. Several herbs and spices have been developed into natural effective
antimicrobial agents against many pathogenic microorganisms [43]. In recent years, ginger has been
reported to show antibacterial, antifungal, and antiviral activities [44,45].

Biofilm formation is an important part of infection and antimicrobial resistance. One result
found that ginger inhibited the growth of a multidrug-resistant strain of Pseudomonas aeruginosa by
affecting membrane integrity and inhibiting biofilm formation [46]. In addition, treatment with ginger
extract blocked biofilm formation via a reduction in the level of bis-(3′-5′)-cyclic dimeric guanosine
monophosphate (c-di-GMP) in Pseudomonas aeruginosa PA14 [47]. Moreover, a crude extract and
methanolic fraction of ginger inhibited biofilm formation, glucan synthesis, and the adherence of
Streptococcus mutans by downregulating virulence genes. Consistent with the in vitro study, a reduction
in caries development caused by Streptococcus mutans was found in a treated group of rats [48].
Furthermore, an in vitro study revealed that gingerenone-A and 6-shogaol exhibited an inhibitory
effect on Staphylococcus aureus by inhibiting the activity of 6-hydroxymethyl-7, 8-dihydropterin
pyrophosphokinase in the pathogen [49].

The compounds in ginger essential oil possess lipophilic properties, making the cell wall as
well as the cytoplasmic membrane more permeable and inducing a loss of membrane integrity in
fungi [50]. An in vitro study revealed that ginger essential oil effectively inhibited the growth of
Fusarium verticillioides by reducing ergosterol biosynthesis and affecting membrane integrity. It could
also decrease the production of fumonisin B1 and fumonisin B2 [51]. In addition, ginger essential
oil had efficacy in suppressing the growth of Aspergillus flavus as well as aflatoxin and ergosterol
production [50]. Moreover, the γ-terpinene and citral in ginger essential oil showed potent antifungal
properties against Aspergillus flavus and reduced the expression of some genes related to aflatoxin
biosynthesis [44]. Furthermore, fresh ginger was found to inhibit plaque formation induced by human
respiratory syncytial virus (HRSV) in respiratory tract cell lines. Ginger was effective in blocking
viral attachment and internalization [52]. In a clinical trial, ginger extract decreased hepatitis C virus
(HCV) loads, the level of α-fetoprotein (AFP), and markers relevant to liver function, such as aspartate
aminotransferase (AST) and alanine aminotransferase (ALT), in Egyptian HCV patients [53].

Therefore, ginger has been demonstrated to inhibit the growth of different bacteria, fungi,
and viruses. These effects could be mainly related to the suppression of bacterial biofilm formation,
ergosterol biosynthesis, and viral attachment and internalization (Table 3).

Table 3. Antimicrobial activity and potential mechanisms of ginger.

Constituent Study Type Subjects Dose Potential Mechanisms Ref.

Ginger
essential oil

In vitro Fusarium verticillioides 500, 1000, 2000, 3000,
4000, and 5000 μg/mL

Reducing ergosterol biosynthesis;
affecting membrane integrity;
decreasing the production of fumonisin B1
and fumonisin B2

[51]

In vitro Aspergillus flavus 5, 10, 15, 20, 25, 50, 100,
and 150 μg/mL

Reducing ergosterol biosynthesis;
affecting membrane integrity;
inhibiting the production of aflatoxin

[50]

Gingerenone-A
and shogaol In vitro Staphylococcus aureus 25, 50, and 75 μg/mL

Inhibiting the activity of
6-hydroxymethyl-7, 8-dihydropterin
pyrophosphokinase

[49]

Ginger extract
In vitro Pseudomonas aeruginosa 50, 100, 150, and 200

μg/mL
Affecting membrane integrity;
inhibiting biofilm formation [46]

In vitro Streptococcus mutans 8, 16, 32, 64, and 128
μg/mL

Inhibiting biofilm formation, glucan
synthesis, and adherence [48]

In vitro

HEp-2 human larynx
epidermoid carcinoma
cells and A549 human
lung carcinoma cells
with HRSV

10, 30, 100, and 300
μg/mL

Blocking viral attachment and
internalization [52]

HRSV, human respiratory syncytial virus.
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2.5. Cytotoxicity

Cancer is documented to be a dominant cause of death, and there were approximately 9.6 million
cases of death in 2018 [54]. Several research works have demonstrated that natural products such
as fruits and medicinal plants possess anticancer activity [55,56]. Recently, ginger has been widely
investigated for its anticancer properties against different cancer types, such as breast, cervical,
colorectal, and prostate cancer [4,57,58]. The potential mechanisms of action involve the inhibition of
proliferation and the induction of apoptosis in cancer (Figure 2) [59,60].

Figure 2. Several signaling pathways are involved in the anticancer mechanisms of 6-gingerol. CDK:
Cyclin-dependent kinase; PI3K: Phosphoinositide 3-kinase; Akt: Protein kinase B; mTOR: Mammalian
target of rapamycin; AMPK: 5’adenosine monophosphate-activated protein kinase; Bax: Bcl-2-associated
X protein; Bcl-2: B-cell lymphoma 2.

Several investigations have demonstrated that ginger and its bioactive compounds can interfere
with the carcinogenic processes of colorectal cancer. It was observed in an in vitro study that a fraction
rich in the polyphenols of dried ginger powder suppressed the proliferation of colorectal cancer cells
and gastric adenocarcinoma cells [27]. Besides, treatment with ginger extract promoted apoptosis by
decreasing the expression of genes involved with the Ras/extracellular signal-regulated kinase (ERK) and
PI3K/Akt pathways, such as the v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS), ERK, Akt,
and B-cell lymphoma-extralarge (Bcl-xL). It also increased the expression of caspase 9, which promoted
apoptosis in HT-29 colorectal cancer cells [60]. In rats with 1,2-dimethylhydrazine-induced colon cancer,
ginger extract loading with coated alginate beads increased the activities of NADH dehydrogenase and
succinate dehydrogenase [61]. In addition, GDNPs 2 treatment decreased tumor numbers and tumor
loads in mice with colitis-associated cancer induced by azoxymethane and dextran sodium sulfate.
The levels of proinflammatory cytokines were decreased, and intestinal epithelial cell proliferation was
inhibited [4]. In a pilot, randomized, and controlled trial, ginger extract supplementation decreased
proliferation and increased apoptosis in the colonic mucosa of patients with a high risk of colorectal
cancer. Ginger extract supplementation induced a decrease in the expression of two markers of cell
proliferation, telomerase reverse transcriptase (hTERT) and MIB-1 (epitope of Ki-67), and increased the
expression of pro-apoptotic gene Bcl-2-associated X (Bax) [6]. In subjects with a high risk of colorectal
cancer, ginger supplementation decreased cyclooxygenase-1 (COX-1) expression, a key enzyme in the
production of PGE2, which indicated the preventive potential of ginger in colorectal cancer [62].

The cytotoxic effects and underlying mechanisms of ginger in prostate cancer were evaluated
both in vivo and in vitro. It was found that 6-gingerol, 10-gingerol, 6-shogaol, and 10-shogaol
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showed an antiproliferative effect on human prostate cancer cells via a downregulation of the
protein expression of multidrug resistance associated protein 1 (MRP1) and glutathione-S-transferase
(GSTπ) [59]. In addition, binary combinations of ginger phytochemicals, such as 6-gingerol, 8-gingerol,
10-gingerol, and 6-shogaol, synergistically inhibited the proliferation of PC-3 prostate cancer cells [63].
An in vivo study investigated the effect of ginger on athymic nude mice with human prostate tumor
xenografts. A natural ginger extract showed a 2.4-fold higher inhibitory effect on the growth of tumors
than an artificial mixture of 6-shogaol, 6-gingerol, 8-gingerol, and 10-gingerol [64]. Additionally,
6-shogaol could be more significant than 6-gingerol and 6-paradol in reducing cell survival and inducing
apoptosis in human and mouse prostate cancer cells. It worked mainly through the suppression of
signal transducer and activator of transcription 3 (STAT3) and NF-κB signaling. It also decreased the
expression of cyclinD1, survivin, c-Myc, and B-cell lymphoma 2 (Bcl-2), and enhanced Bax expression [56].

Ginger also exhibits cytotoxic activity against other types of cancer, such as breast, cervical, liver,
and pancreatic cancer. An in vitro study revealed that 6-gingerol could inhibit the growth of HeLa
human cervical adenocarcinoma cells, and it induced cell cycle arrest in the G0/G1-phase by decreasing
the protein levels of cyclin A and cyclin D1. Apoptosis in Hela cells was induced by increasing
the expression of caspase and inhibiting mammalian target of rapamycin (mTOR) signaling [65].
Besides, ginger extract protected against breast cancer in mice through the activation of 5’adenosine
monophosphate-activated protein kinase (AMPK) and the downregulation of cyclin D1. The extract
promoted apoptosis via an increase in the expression of the tumor suppressor gene p53 and a decrease
in the level of NF-κB in tumor tissue [58]. Additionally, 10-gingerol was found to be potent in inhibiting
human and mouse breast carcinoma cell growth. It reduced cell division and induced S phase cell
cycle arrest and apoptosis [66]. Moreover, fluorescent carbon nanodots (C-dots) prepared from ginger
effectively controlled tumor growth in nude mice, where the tumor was caused by HepG2 human
hepatocellular carcinoma cells. The in vitro experiment found that C-dots increased the content of ROS
in the HepG2 cells, which upregulated the expression of p53 and promoted apoptosis [67]. Furthermore,
ginger extract and 6-shogaol suppressed the growth of human pancreatic cancer cells and led to
ROS-mediated and caspase-independent cell death. Ginger extract suppressed tumor growth from
pancreatic cancer in both a peritoneal dissemination model and an orthotopic model of mice without
serious adverse effects [68].

Experimental studies have demonstrated that ginger can prevent and treat several types of cancer,
such as colorectal, prostate, breast, cervical, liver, and pancreatic cancer (Table 4). The anticancer
mechanisms mainly involve the induction of apoptosis and the inhibition of the proliferation of cancer cells.

2.6. Neuroprotection

Some individuals, especially elderly people, have a high risk for neurodegenerative diseases, such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [69]. Recently, many investigations have
revealed that ginger positively affects memory function and exhibits anti-neuroinflammatory activity,
which might contribute to the management and prevention of neurodegenerative diseases [70,71].

The results from a lipopolysaccharide (LPS)-activated BV2 microglia culture model revealed that
10-gingerol was responsible for the strong anti-neuroinflammatory capacity of fresh ginger. It inhibited
the expression of proinflammatory genes by blocking NF-κB activation, which led to a decline in the
levels of NO, IL-1β, IL-6, and TNF-α [7]. Additionally, in mice with scopolamine-induced memory
deficits, ginger extract could ameliorate the cognitive function of mice, which was assessed by a
novel object recognition test. Further experiments in mouse hippocampi and rat C6 glioma cells
revealed that ginger extract promoted the formation of synapses in the brain through the activation
of extracellular signal-regulated kinase (ERK) induced by nerve growth factor (NGF) and cyclic
AMP response element-binding protein (CREB) [69]. Another study found that 6-shogaol exhibited
neuroprotective activity by activating Nrf2, scavenging free radicals, and elevating the levels of several
phase II antioxidant molecules, such as NQO1 and HO-1, in neuron-like rat pheochromocytoma PC12
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cells [32]. In addition, 6-dehydrogingerdione exhibited cytoprotection against neuronal cell damage
induced by oxidative stress. It could effectively scavenge various free radicals in PC12 cells [72].

Table 4. Cytotoxic activity and potential mechanisms of ginger.

Constituent Study Type Subjects Dose Potential Mechanisms Ref.

6-shogaol In vitro
LNCaP, DU145,
and PC-3 human
prostate cancer cells

10, 20, and 40 μM

Inducing apoptosis;
inhibiting STAT3 and NF-κB signaling;
downregulating the expression of cyclin
D1, survivin, c-Myc, and Bcl2

[57]

6-gingerol In vitro HeLa human cervical
adenocarcinoma cells 60, 100, and 140 μM

Inducing cell cycle arrest in the
G0/G1-phase;
decreasing the levels of cyclin A, cyclin
D1, and cyclin E1;
increasing the expression of caspase;
inhibiting the mTOR signaling pathway

[65]

10-gingerol In vitro Human and mouse
breast carcinoma cells 50, 100, and 200 μM

Inhibiting cell growth;
reducing cell division;
inducing S phase cell cycle arrest and
apoptosis

[66]

6-gingerol,
10-gingerol,
6-shogaol,
and 10-shogaol

In vitro PC-3 human prostate
cancer cells 1,10, and 100 μM

Inhibiting prostate cancer cell
proliferation; downregulating the
expression of MRP1and GSTπ

[59]

GDNPs 2 In vivo Female C57BL/6 mice 0.3 mg
Suppressing the expression of cyclin D1;
inhibiting intestinal epithelial cell
proliferation

[4]

Ginger extract In vitro HT29 human colorectal
adenocarcinoma cells 2–10 mg/mL

Promoting apoptosis;
upregulating the caspase 9 gene;
downregulating KRAS, ERK, Akt,
and Bcl-xL

[60]

In vivo Female Swiss albino
mice 100 mg/kg

Activating AMPK;
decreasing the expression of cyclin D1
and the level of NF-κB;
increasing the expression of p53

[58]

Ginger extract
with alginate
beads

In vivo Male Wistar rats 50 mg/kg
Increasing the activity of NADH
dehydrogenase and succinate
dehydrogenase

[61]

Ginger
extract-based
fluorescent
carbon
nanodots

In vitro
HepG2 human
hepatocellular
carcinoma cells

1.11 mg/mL
Increasing the level of ROS;
upregulating the expression of p53;
promoting apoptosis

[67]

STAT3, signal transducer and activator of transcription 3; Bcl-2, B-cell lymphoma 2; mTOR, mammalian target of
rapamycin; MRP1, multidrug resistance associated protein 1; GSTπ, glutathione-S-transferase; AMPK, 5’adenosine
monophosphate-activated protein kinase; NF-κB, nuclear factor kappa light chain-enhancer of activated B cells.

In a mouse model of AD induced by amyloid β1–42 plaque, fermented ginger ameliorated memory
impairment by protecting neuronal cells in mouse hippocampi, and it increased the levels of presynaptic
and postsynaptic proteins [71]. In addition, ginger extract had protective effects against AD in rats, and a
high dose of ginger extract decreased latency in showing significant memory deficits, as well as the levels
of NF-κB, IL-1β, and MDA [73]. Moreover, 6-shogaol could alleviate cognitive dysfunction in mice with
AD by inhibiting inflammatory responses, upregulating the level of NGF, and enhancing synaptogenesis
in the brain [74]. Furthermore, in rat mesencephalic cells treated with 1-methyl-4-phenylpyridinium
(MPP+), 6-shogaol improved the amount of tyrosine hydroxylase-immunoreactive (TH-IR) neurons
and inhibited the levels of TNF-α and NO. Treatment with 6-shogaol ameliorated motor coordination
and bradykinesia in vivo in PD [70].

The above studies found that ginger and its bioactive compounds, such as 10-gingerol, 6-shogaol,
and 6-dehydrogingerdione, exhibited protective effects against AD and PD. The antioxidant and
anti-inflammatory activities of ginger contributed to neuroprotection.

2.7. Cardiovascular Protection

Cardiovascular diseases have been considered to be a leading cause of premature death,
and 17.9 million people die per year [75]. Dyslipidemia and hypertension are known to be risk
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factors for cardiovascular diseases, including stroke and coronary heart disease [8,76]. A series of
studies has shown that ginger can decrease the levels of blood lipids and blood pressure [77,78],
contributing to protection from cardiovascular diseases.

Ginger extract reduced the body weight of rats fed a high-fat diet and enhanced the level of
serum high-density lipoprotein-cholesterol (HDL-C), a protective factor against coronary heart disease.
Besides, ginger extract increased the levels of apolipoprotein A-1 and lecithin-cholesterol acyltransferase
mRNA in the liver, which was related to high-density lipoprotein (HDL) formation [79]. Additionally,
total cholesterol (TC) and LDL concentrations were decreased by ginger extract in rats fed a high-fat
diet, and the level of HDL increased through the combined application of aerobic exercise and ginger
extract [76]. Moreover, ginger extract could reduce the levels of plasma TC, triglyceride (TG), and very
low-density lipoprotein (VLDL) cholesterol in high-fat diet rats. The mechanism was related to higher
liver expression of peroxisome proliferator-activated receptors (PPARα and PPARγ), which were
related to atherosclerosis [78].

Vascular smooth muscle cell proliferation is a process in the pathogenesis of cardiovascular
diseases. In an in vitro study, 6-shogaol exerted antiproliferative effects through increasing the number
of cells in the G0/G1 phase and activating the Nrf2 and HO-1 pathways [80]. In addition, ginger
decreased the activities of angiotensin-1 converting enzyme (ACE) and arginase and increased the
level of NO, a well-known vasodilator molecule. Thus, blood pressure decreased in hypertensive
rats pretreated with ginger [8]. Besides, ginger protected against hypertension-derived complications
by decreasing platelet adenosine deaminase (ADA) activity and increasing the level of adenosine,
which prevented platelet aggregation and promoted vasodilation in hypertensive rats [77]. Moreover,
ginger extract exhibited vasoprotective effects on porcine coronary arteries by suppressing NO
synthase and cyclooxygenase [81]. Furthermore, a cross-sectional study found that the probability of
hypertension and coronary heart disease declined when a daily intake of ginger was increased [82].

Generally, ginger has exhibited cardiovascular protective effects by attenuating hypertension and
ameliorating dyslipidemia, such as in the improvement of HDL-C, TC, LDL, TG, and VLDL.

2.8. Antiobesity Activity

Obesity is a risk factor for many chronic diseases, such as diabetes, hypertension,
and cardiovascular diseases [83]. Several studies have reported that ginger is effective in the
management and prevention of obesity [9,84].

In 3T3-L1 preadipocyte cells, gingerenone A exhibited a greater inhibitory effect on adipogenesis
and lipid accumulation than gingerols and 6-shogaol. Gingerenone A could also modulate fatty acid
metabolism via the activation of AMPK in vivo, attenuating diet-induced obesity [9]. In cultured
skeletal muscle myotubes, 6-shogaol and 6-gingerol could increase peroxisome proliferator-activated
receptor δ (PPARδ)-dependent gene expression, and this resulted in the enhancement of cellular fatty
acid catabolism [83]. In addition, both ginger and orlistat reduced the body weight and lipid profile
of high-fat diet rats, while ginger had a greater effect on increasing the level of HDL-C than orlistat
did [84]. In a randomized, double-blind, and placebo-controlled study, obese women receiving 2 g
of ginger powder daily had a decreased body mass index (BMI) [85]. Moreover, the intake of dried
ginger powder could reduce respiratory exchange ratios and promote fat utilization by increasing fat
oxidation in humans [86].

Ginger and its bioactive constituents, including gingerenone A, 6-shogaol, and 6-gingerol,
have shown antiobesity activity, with the mechanisms mainly related to the inhibition of adipogenesis
and the enhancement of fatty acid catabolism.

2.9. Antidiabetic Activity

Diabetes mellitus is known as a severe metabolic disorder caused by insulin deficiency and/or
insulin resistance, resulting in an abnormal increase in blood glucose. Prolonged hyperglycemia could
accelerate protein glycation and the formation of advanced glycation end products (AGEs) [87].
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Many research works have evaluated the antidiabetic effect of ginger and its major active
constituents [88].

An in vitro experiment resulted in both 6-shogaol and 6-gingerol preventing the progression
of diabetic complications, and they inhibited the production of AGEs by trapping methylglyoxal
(MGO), the precursor of AGEs [87]. Additionally, 6-gingerol reduced the levels of plasma glucose
and insulin in mice with high-fat diet-induced obesity. Nε-carboxymethyl-lysine (CML), a marker of
AGEs, was decreased by 6-gingerol through Nrf2 activation [88]. In 3T3-L1 adipocytes and C2C12
myotubes, 6-paradol and 6-shogaol promoted glucose utilization by increasing AMPK phosphorylation.
In addition, in a mouse model fed a high-fat diet, 6-paradol significantly reduced the level of
blood glucose [10]. In another study, 6-gingerol facilitated glucose-stimulated insulin secretion and
ameliorated glucose tolerance in type 2 diabetic mice by increasing glucagon-like peptide 1 (GLP-1).
Besides, 6-gingerol treatment activated glycogen synthase 1 and increased cell membrane presentation
of glucose transporter type 4 (GLUT4), which increased glycogen storage in skeletal muscles [89].
Furthermore, the consumption of ginger could reduce the levels of fasting plasma glucose, glycated
hemoglobin A (HbA1C), insulin, TG, and TC in patients with type 2 diabetes mellitus (DM2) [90].
Moreover, ginger extract treatment improved insulin sensitivity in rats with metabolic syndrome,
which might have been relevant to the energy metabolism improvement induced by 6-gingerol [91].
In addition, ginger extract alleviated retinal microvascular changes in rats that had diabetes induced
by streptozotocin. Ginger extract could reduce the levels of NF-κB, TNF-α, and vascular endothelial
growth factor in the retinal tissue [92]. In a randomized, double-blind, and placebo-controlled trial,
the ingestion of ginger decreased the levels of insulin, low-density lipoprotein cholesterol (LDL-C),
and TG; decreased the homeostasis model assessment index; and increased the quantitative insulin
sensitivity check index in patients with DM2 [93].

The studies have demonstrated that ginger and its bioactive compounds could protect against
diabetes mellitus and its complications, probably by decreasing the level of insulin, but increasing the
sensitivity of insulin.

2.10. Antinausea and Antiemetic Activities

Ginger has been traditionally used to treat gastrointestinal symptoms, and recent research has
demonstrated that ginger could effectively alleviate nausea and emesis [11,94,95].

In a clinical trial, inhaling ginger essence could attenuate nausea intensity and decrease emesis
episodes two and six hours after a nephrectomy in patients [96]. In addition, dried ginger powder
treatment reduced episodes of intraoperative nausea in elective cesarean section patients [97]. Moreover,
nausea and emesis are common side effects of chemotherapy [98]. The activation of vagal afferent
mediated by serotonin (5-HT) is crucial in the mechanism of emesis. An in vitro experiment revealed
that 6-shogaol, 6-gingerol, and zingerone inhibited emetic signal transmission in vagal afferent neurons
by suppressing the 5-HT receptor, and 6-shogaol had the strongest inhibitory efficacy [99]. Furthermore,
ginger extract alleviated chemotherapy-induced nausea and emesis by suppressing the activation
of 5-HT receptors in enteric neurons [11]. In a double-blind, randomized, and placebo-controlled
trial, supplementation with ginger could improve the nausea-related quality of life in patients after
chemotherapy [94]. Moreover, ginger alleviated the nausea induced by antituberculosis drugs and
antiretroviral therapy, and it reduced the frequency of mild, moderate, and severe episodes of nausea
in patients [100,101].

Previous results have shown that ginger could attenuate pregnancy-induced nausea and emesis
and motion sickness, while recent studies have focused on the preventive efficacy of ginger on
postoperative and chemotherapy-induced nausea and emesis [102].
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2.11. Protective Effects against Respiratory Disorders

Natural herbal medicines have a long history of application in the treatment of respiratory
disorders such as asthma, and ginger is one of these remedies [12,103]. Ginger and its bioactive
compounds have exhibited bronchodilating activity and antihyperactivity in several studies [104].

Ginger induced significant and rapid relaxation in the isolated human airway smooth muscle.
In results from guinea pig and human tracheas models, 6-gingerol, 8-gingerol, and 6-shogaol could
lead to the rapid relaxation of precontracted airway smooth muscle. The nebulization of 8-gingerol
attenuated airway resistance via a reduction in Ca2+ influx in mice [12]. In another study, 6-gingerol,
8-gingerol, and 6-shogaol promoted β-agonist-induced relaxation in human airway smooth muscle
via the suppression of phosphodiesterase 4D [103]. In addition, ginger ameliorated allergic asthma
by reducing allergic airway inflammation and suppressed Th2-mediated immune responses in mice
with ovalbumin-induced allergic asthma [105]. Moreover, the water-extracted polysaccharides of
ginger could decrease times of coughing, which was induced through citric acid in guinea pigs [106].
Besides, ginger oil and its bioactive compounds, including citral and eucalyptol, inhibited rat tracheal
contraction induced by carbachol in rats [104]. Furthermore, in patients with acute respiratory distress
syndrome (ARDS), an enteral diet with rich ginger contributed to gas exchange and reduced the
duration of mechanical ventilation [107].

The above results indicate that ginger and its bioactive constituents, including 6-gingerol,
8-gingerol, 6-shogaol, citral, and eucalyptol, have protective effects against respiratory disorders,
at least mediating them through the induction of relaxation in airway smooth muscle and the attenuation
of airway resistance and inflammation.

2.12. Other Bioactivities of Ginger

Apart from the bioactivities mentioned above (Figure 3), ginger has other beneficial effects, such as
hepatoprotective and antiallergic effects [108,109].

In a rat nephropathy model induced by gentamicin, gingerol dose-dependently ameliorated renal
function and reduced lipid peroxidation and nitrosative stress. Gingerol also increased the levels of
GSH and the activity of superoxide dismutase (SOD) [110]. Additionally, ginger extract ameliorated
histological and biochemical alterations in the radiation-induced kidney damage of rats through
antioxidant and anti-inflammatory activities [111]. Furthermore, liver histological results showed
that ginger essential oil reduced lipid accumulations in the liver of obese mice fed a high-fat diet.
Ginger essential oil could protect against steatohepatitis by enhancing antioxidant capacity and reducing
inflammatory responses in the liver [109]. In another study with mice fed an alcohol-containing liquid
diet, ginger essential oil ameliorated alcoholic fatty liver disease by decreasing the levels of AST, ALT,
TG, and TC and increasing liver antioxidant enzyme activity, such as catalase and SOD [112]. To our
knowledge, there has been no literature reporting the liver toxicity of ginger up to now. Additionally,
in a mouse model of allergic rhinitis induced by ovalbumin (OVA), a ginger diet attenuated the severity
of sneezing and nasal rubbing and inhibited the infiltration of mast cells into nasal mucosa as well as
the secretion of serum immunoglobulin E. The in vitro study indicated that 6-gingerol could alleviate
allergic rhinitis by reducing cytokine production for T cell activation and inhibiting the activation of B
cells and mast cells [108]. Moreover, treatment with ginger could reduce blood loss in women with
heavy menstrual bleeding [113]. In a double-blinded randomized clinical trial, treatment with ginger
powder alleviated a common migraine attack and had fewer clinical adverse effects than the clinical
medicine sumatriptan [114].
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Figure 3. An overview of the bioactivities of ginger.

It is interesting to note that several plants in Zingiberaceae have also attracted increasing
attention, such as Curcuma longa L. (turmeric), Zingiber officinale Roscoe (ginger), and Alpinia zerumbet
(shell ginger) [115]. In a previous paper, we reviewed the bioactivities of curcumin (main active
component of Curcuma longa) [116], and a comparison between ginger and shell ginger is given
in Table 5. Shell ginger has exhibited similar biological activities to ginger, including antioxidant,
anti-inflammatory, antimicrobial, anticancer, cardiovascular protective, antiobesity, and antidiabetic
activities [115]. Differently, ginger has also been reported to have neuroprotective, respiratory protective,
antinausea, and antiemetic activities, while shell ginger might contribute to longevity. In particular,
shell ginger has been found to play an important contributory role in the longevity of people in
Okinawa [115].

Table 5. The comparison between ginger and shell ginger.

Items Ginger Shell Ginger Ref.

Scientific name Zingiber officinale Roscoe Alpinia zerumbet (Pers.) B.L. Burtt & R.M. Sm. [115,117]

Family and genus Zingiberaceae family and Zingiber
genus Zingiberaceae family and Alpinia genus [115,117]

Edible parts Rhizomes Leaves and rhizomes [8,115]

Bioactive compounds Gingerols, shogaols, paradols,
and essential oils

Dihydro-5,6-dehydrokawain,
5,6-dehydrokawain, essential oils,

and flavonoids
[2,44,115]

Biological activities

Antioxidant, anti-inflammatory,
antimicrobial, anticancer, cardiovascular

protective, antiobesity, antidiabetic,
neuroprotective, respiratory protective,

antinausea, and antiemetic activities

Antioxidant, anti-inflammatory,
antimicrobial, anticancer, cardiovascular

protective, antiobesity, antidiabetic activities,
longevity

[3–12,115]

3. Conclusions

In conclusion, ginger contains diverse bioactive compounds, such as gingerols, shogaols,
and paradols, and possesses multiple bioactivities, such as antioxidant, anti-inflammatory,
and antimicrobial properties. Additionally, ginger has the potential to be the ingredient for functional
foods or nutriceuticals, and ginger could be available for the management and prevention of several
diseases such as cancer, cardiovascular diseases, diabetes mellitus, obesity, neurodegenerative diseases,
nausea, emesis, and respiratory disorders. In the future, more bioactive compounds in ginger could
be isolated and clearly identified, and their biological activities and related mechanisms of action
should be further investigated. Notably, well-designed clinical trials of ginger and its various bioactive
compounds are warranted to prove its efficacy against these diseases in human beings.
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Abstract: Distilled spent grain (DSG), as the major by-product of baijiu making, contains melanoidins
generated via the Maillard reaction. In this study, four melanoidin fractions (RF1-RF4) were isolated
successively from dried DSG (DDSG) using sodium hydroxide solution and water as extractants,
and the content, preliminary structure, and ACE-inhibitory activities in vitro of melanoidins were
first investigated. The antioxidant activity was also evaluated. The results indicated that the total
content of melanoidins was 268.60 mg/g DDSG dry weight (dw) using a model system of glucose
and serine as standard, and RF4 showed the highest content of melanoidins (174.30 mg/g DDSG
dw). Functional groups like C=O, N-H, C-N, O-H, C-H, C-O, C-C, and -C-CO-C- were present in
the structure of melanoidins from RF4, as determined by Fourier transform infrared (FT-IR) assay.
The highest antioxidant activities, as assessed by 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS•+), ferric-reducing antioxidant power (FRAP), and 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH) assays, and the highest angiotensin-converting enzyme (ACE) inhibitory activity (95.92% at
2 mg RF4/mL) were also exhibited by RF4. The RF4 was further fractionated by ultrafiltration based
on molecular weight (MW). The more than 100 kDa melanoidins (RF4-6) exhibited the highest yield
and antioxidant activity. The 3-10 kDa melanoidins (RF4-2) were more efficient in ACE-inhibitory
activity. Our study could raise awareness of the DDSG as a value-added resource.

Keywords: dried distilled spent grain (DDSG); melanoidins; content; structure; antioxidant activity;
ACE-inhibitory activity

1. Introduction

Distilled spent grain (DSG), the sorghum residue obtained after solid state fermentation and
distillation, is the biggest byproduct in baijiu (Chinese liquor) production. The output of DSG amounted
to 30 million tons in 2018. DSG is rich in carbohydrates (5.71–11.34% w/w), protein (5.0–13.8% w/w),
crude fiber (10.05–10.20% w/w), and crude lipids (1.31–3.24% w/w) [1]. DSG rots easily and causes
serious environmental pollution due to the high water content (60~70%) and acidity. To date, DSG was
mainly used for biogas production [2], livestock feeding [3], and single-cell protein production [4], etc.

In recent years, lots of studies have begun to focus on foods rich in bioactive compounds with the
ability to promote benefits for human health [5]. Melanoidins from DSG, generated by the Maillard
reaction of the baijiu-making process, are also bioactive compounds.

Melanoidins, a class of brown hydrophilic nitrogen-containing polymers, are formed in the
last stage of the Maillard reaction, and they are widely found in coffee, cocoa, toast, dark beer,
malt, honey, and other foods [6]. Apart from their role in the aroma and color as well as texture
of thermally processed food, a lot of research on melanoidins has been carried out in recent years
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due to their potential nutritional, biological, and functional implications such as antioxidant [7],
antihypertensive [8], prebiotic activity [9], and antimicrobial [10] properties.

The structure of melanoidins is complicated due to the strong influence of starting materials
and reaction conditions [11]. The exact structure of melanoidins has remained unknown until now.
There were three main proposals for the structure of melanoidins: (a) Melanoidins were polymers
consisting of repeating units of furans and/or pyrroles [12]; (b) High molecular weight melanoidins were
formed by the cross-linking of proteins with low molecular weight chromophores [13]; (c) The sugar
degradation product, as the skeleton of melanoidins, could be linked to amino compounds to form
melanoidins [14]. In model systems, it has been demonstrated that linear and branched melanoidin-like
polymers in which bridging carbons link furan and pyrrole units exist [12] (Figure 1). Moreover, some
compounds (mainly furans) accompanied by carbonyl compounds, pyrroles, pyrazines, pyridines, and
some oxazoles were detected by thermal degradation in the glucose/glycine melanoidins [15] (Figure 2).
As for real food, polysaccharides, proteins, and chlorogenic acids were reported to be involved in the
formation of coffee melanoidins [16].

 

Figure 1. Proposed structures for melanoidin polymers, X = NR or O [12].

 

Figure 2. Structures of some representative compounds identified in the glucose/glycine
melanoidins [15].

Some information about melanoidins from the spent grain of the brewing/liquor-making industry
was available in brewers’ spent grain (BSG) and DSG. High molecular weight (MW) melanoidin
(>10 kDa) extracts from black BSG was found to have relevance, with a high phenolic content,
protein content, metal-chelating activity, and antioxidant activity [17]. The melanoidins from DSG
have also been reported to possess antioxidant activity [18]. Up to now, few studies concerning the
content, chemical composition, structure, and other biological activities of DSG melanoidins have
been published.

The purpose of this article was to study the content, preliminary structure, chemical properties,
antioxidant, and angiotensin-converting enzyme (ACE) inhibitory activity of melanoidins from dried
DSG (DDSG) in vitro. Our research may raise awareness of the DDSG as a value-added resource.
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2. Materials and Methods

2.1. Materials

DSG samples used in this study were kindly provided by Golden Seed Distillery Co., Ltd. (Fuyang,
China) and stored at −20 ◦C until use.

D-glucose, gallic acid, bovine serum albumin, methanol, and 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH) were bought from Sigma-Aldrich (Shanghai, China). Total Antioxidant Capacity Assay
Kits with a rapid 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and ferric-reducing
antioxidant power (FRAP) were purchased from Beyotime Biotechnology Co., Ltd (Shanghai,
China). ACE Kit-WST was obtained from Dojindo Inc. (Kumamoto, Japan). Other chemicals
were analytical grade.

2.2. Melanoidin Extraction and Ultrafiltration

DSG was removed from −20 ◦C, thawed, and oven-dried at 70 ◦C for 24 h to a constant weight,
and then the husk was removed. DDSG was crushed with a high-speed multipurpose grinder (RY-280A,
Yongkang Ruiyi Electromechanical Co., Ltd, JinHua, China) and then filtered through a 0.25 mm mesh
screen (Sinopharm Chemical Reagent Co., Ltd., Hefei, China).

The method of extracting melanoidins from DDSG was carried out according to previous
studies [17,19] with some modifications. The extraction steps are schematically outlined in Figure 3.
All centrifugation steps were carried out under the conditions of 2700× g at 10 ◦C for 20 min, and then
all supernatants (RF1–RF4) were adjusted to pH 7.0 using 2 N NaOH or 2 N HCl as required. RF4
was further separated into different MW fractions by ultrafiltration using centrifugal tubes (Millipore
Co., Ltd. Shanghai, China) equipped with 3, 10, 30, 50, and 100 kDa nominal MW cut-offmembranes
(MWCOs). All samples were centrifuged at 4000× g for 20 min. The retentate was washed with
distilled water 3–5 times. Melanoidin fractions with different MWs were named as RF4-1 (<3 kDa),
RF4-2 (3–10 kDa), RF4-3 (10–30 kDa), RF4-4 (30–50 kDa), RF4-5 (50–100 kDa), and RF4-6 (>100 kDa).

 

Figure 3. Flowchart for extraction melanoidins from dried distilled spent grain (DDSG). Four
supernatants (RF1–RF4) containing melanoidins were obtained, and six different molecular weight
(MW) fractions named RF4-1 (<3 kDa), RF4-2 (3–10 kDa), RF4-3 (10–30 kDa), RF4-4 (30–50 kDa), RF4-5
(50–100 kDa), and RF4-6 (>100 kDa) were obtained by ultrafiltration.
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2.3. Preliminary Structural Identification

The preliminary structure of melanoidins from RF4 was identified by ultraviolet–visible absorption
spectroscopy (UV-VIS) and Fourier transform infrared (FT-IR) spectra. UV-VIS was determined using a
MAPADA P7 spectrophotometer (Mapada Instruments Co., Ltd., Shanghai, China) at room temperature
with a scanning wavelength ranging from 200 to 800 nm. The FT-IR spectra were obtained by a FT-IR
spectrometer (NEXUS470, NICOLET instruments co., Ltd., Madison, WI, USA) in the frequency range
of 4000–600 cm−1. Lyophilizates of RF4 and six different MW fractions (RF4-1-RF4-6) were made into
potassium bromide flakes at similar weight concentrations before FT-IR analysis.

2.4. Color Analysis

The color analysis of melanoidin fractions was carried out by recording the absorbance using
A380 spectrophotometer (AOYI instruments co., Ltd., Shanghai, China) with a 1-cm path length cell at
420 nm [20]. Distilled water was used as a blank.

2.5. Total Phenolic, Protein, and Carbohydrate Content

The total phenolic content (TPC) of melanoidin fractions (aqueous solutions of 1 mg/mL) was
determined by the Folin-Ciocalteu procedures [21]. The TPC was calculated using a calibration curve
with gallic acid (final assay concentration, 2–50 μg/mL) as standard. The results were expressed as mg
gallic acid equivalents per g dry weight of DDSG (mg GAE/g DDSG dw).

The protein content of melanoidin fractions (aqueous solutions of 1 mg/mL) was measured by the
Bradford method [22]. Bovine serum albumin was used as standard (0.01–0.5 mg/mL). The results were
expressed as mg bovine serum albumin equivalents per g dry weight of DDSG (mg BSA/g DDSG dw).

The carbohydrate content of melanoidin fractions (aqueous solutions of 1 mg/mL) was estimated
using the phenol-sulfuric acid method [23]. A standard curve was plotted with glucose (0.01–0.8 mg/mL)
as standard. The results were expressed as mg glucose equivalents per g dry weight of DDSG (mg
GE/g DDSG dw).

2.6. Total Antioxidant Capacity In Vitro

DPPH radical-scavenging capacity. The DPPH radical-scavenging capacity was measured in
accordance with the described method [24]. Aliquots of 0.2 mL of sample solution (1 mg/mL) were
added to 3.0 mL of DPPH solution (0.72 mM) prepared in methanol, then vortexed and allowed to stand
in the dark for 30 min at room temperature, and the absorbance at 516 nm was read by a microplate
reader (Cytation 3, BioTek Instruments, Inc., Winooski, VT, USA). The results were expressed as DPPH
(%). The DPPH radical-scavenging rate (%) was calculated using Equation (1).

DPPH (%) =
Acontrol −Asample

Acontrol
× 100 (1)

Asample is the absorbance of the sample solution, while Acontrol represents the absorbance of the blank
in which 0.2 mL methanol replaced the sample solution.

Ferric-reducing antioxidant power (FRAP). The FRAP assay was achieved with the kit mentioned
in the materials section. Briefly, aqueous solutions of FeSO4·7H2O (0.15–1.5 mM) and a FRAP working
solution were prepared prior to the assay. The FRAP working solution was obtained by mixing 150 μL
of 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) diluent, 15 μL of TPTZ solution, and 15 μL of detection buffer
sequentially for one measurement. When testing, an aliquot of 180 μL of FRAP working solution was
added to each test well. Aliquots of 5 μL of sample solution (1 mg/mL) were added to sample wells,
in blank wells was added 5 μL of distilled water instead, and 5 μL of FeSO4·7H2O was added to the
wells for the standard curve. All of the wells were incubated at 37 ◦C for 3-5 min. The absorbance was
read at 593 nm. The results were expressed as mmol FeSO4 equivalents per g dry weight of DDSG
(mmol FE/g DDSG dw).
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ABTS•+ assay. The ABTS•+ assay was conducted using the kit mentioned in the materials section.
The Trolox solution (0.15–1.5 mM) used to make the standard curve and ABTS•+ working solution
were prepared prior to testing. The ABTS•+ working solution consisted of 152 μL of assay buffer, 10
μL of ABTS•+ solution, and 8 μL of 1/1000 hydrogen peroxide solution for one measurement. An
aliquot of 20 μL of peroxidase working solution was added to each test well. Then, 10 μL of the sample
solution (1 mg/mL) was added to the sample well while 10 μL of distilled water was added to the blank
well, and 10 μL of a different concentration of Trolox solution was added to the well of the standard
curve. Finally, 170 μL of ABTS•+ working solution was added to each well and incubated at 37 ◦C
for 3–5 min at room temperature. The absorbance was recorded at 414 nm. The antioxidant capacity
as measured with the ABTS•+ assay was expressed as mmol Trolox equivalents per g dry weight of
DDSG (mmol TE/g DDSG dw).

2.7. ACE-Inhibitory Activity In Vitro

The determination of ACE-inhibitory activity was performed using a 96-well plate colorimetric
detection system as previously described [25]. Each sample well contained the following solution:
20 μL of sample solution (2 mg/mL), 20 μL of substrate buffer, and 20 μL of enzyme working solution.
Blank 1 consisted of 20 μL of distilled water, 20 μL of substrate buffer, and 20 μL of enzyme working
solution. Blank 2 contained 40 μL of distilled water and 20 μL of substrate buffer. All of these wells
were incubated at 37 ◦C for 1 h. Aliquots of 200 μL of the indicator working solution were added to
each well and further incubated for 10 min. Then the absorbance was measured at 450 nm using a
microplate reader. The formula for calculating the ACE inhibition rate was Equation (2).

ACE inhibition rate (%) =
Ablack1 −Asample

Ablackl −Ablack2
× 100 (2)

Ablank1 is the absorbance without adding sample solution, Ablank2 is the value without adding enzyme
working solution, and Asample represents the absorbance of the sample solution.

2.8. Calculation of Melanoidin Content

The method for calculating melanoidin content was performed according to [20] with some
modification. The aliquot of 0.05 mol glucose and serine was fully dissolved with an appropriate
amount of distilled water and freeze-dried to constant weight. The lyophilizate was placed in an oven
at 90 ◦C for 1 h. Once reacted, brown solid was taken out and immediately cooled to room temperature
then ground to fine powder, 5 g of which was dissolved in 200 mL distilled water. The solution was
stirred for 12 h at 4 ◦C. After filtration, the content of melanoidins was calculated using the calibration
curve obtained by using the filtrate as standard (0.1–5 mg/mL). The absorbance of the melanoidin
standard was recorded at 420 nm.

2.9. Statistical Analysis

All tests in this study were measured at least in triplicate, and all statistical analyses were
performed using IBM SPSS Statistics 22.0 (IBM, Armonk, NY, USA) software. Differences in mean were
detected by one-way analysis of variance (ANOVA) after testing for normal distribution (Shapiro–Wilk
test) and homogeneous variance (Levene’s test). Tukey’s test was then carried out, and values of
p < 0.05 were considered to indicate significant difference.

3. Results and Discussion

3.1. The Content of Melanoidins in DDSG

Simulation of melanoidin standard is a method for estimating the amount of melanoidins in real
foods. Model systems consisting of glucose and L-aspartic acid or glucose and glycine have served as

169



Foods 2019, 8, 516

standards of barley melanoidins [20,26]. Comparing the FT-IR spectra of the freeze-dried RF4 with
model systems comprised of 20 amino acids and glucose respectively, the model system comprised of
glucose and serine was selected as the standard of DDSG melanoidins.

Melanoidins can be rich in DDSG. The total amount of melanoidins in DDSG was 268.60 mg/g
DDSG dw (Table 1), which was higher than the content in roasted barley malt (67.90 mg/g) [20], roasted
coffee (72.00 mg/g), dry biscuit crusts (120.00 mg/g), and sliced bread crusts (180.00 mg/g) [27].

Table 1. Content of melanoidins in four fractions obtained by alkaline solution (RF2 and RF4) and
distilled water (RF1 and RF3) extraction of dried distilled spent grain (DDSG).

Fractions Content (mg/g DDSG Dry Weight (dw)) 1

RF1 9.69 ± 1.85d

RF2 72.40 ± 3.67b

RF3 12.20 ± 1.59c

RF4 174.30 ± 5.80a

total 268.60
1 The results are shown as mean ± standard deviation (SD) (n = 3). Differences in mean were detected by one-way
analysis of variance (ANOVA) after testing for normal distribution (Shapiro–Wilk test) and homogeneous variance
(Levene’s test). Values in the same column with different letters are significantly different (p < 0.05).

The content of melanoidins in four fractions (RF1–RF4) was significantly different (p < 0.05)
(Table 1). RF1 represented the fraction obtained by an initial aqueous extraction of DDSG (Figure 3).
RF4 was the fraction obtained using 110 mM NaOH extraction followed by isoelectric precipitation
of proteins, and RF2 was the fraction obtained by extracting sediment with 1 N NaOH after 110
mM NaOH extraction, whereas RF3 was the fraction obtained by thoroughly aqueous washing of
the precipitate extracted with 1 N NaOH. The amount of melanoidins in RF4 (174.30 mg/g DDSG
dw) and RF2 (72.40 mg/g DDSG dw) were significantly higher than that of the other two fractions
(Table 1), RF1 and RF3, suggesting that the fractions isolated by alkaline solution had a higher amount
of melanoidins than fractions extracted by water.

3.2. The Preliminary Structure of Melanoidins

UV-VIS spectroscopy can provide certain information for the internal structure of organic
compounds, and FT-IR assay is an ideal method for exploring protein–carbohydrate systems [28],
both of which have been successfully implemented in the structural analysis of melanoidins [29,30].

RF4 was submitted to structural analysis due to having the highest amount of melanoidins.
The UV-VIS spectrum (Figure 4) showed that the absorbance decreased with increasing wavelength,
which was very similar to the descriptions previously reported [29,31,32]. The absorption peak at 280
nm indicated the possible presence of protein, and 420 nm was the characteristic absorption wavelength
of melanoidins [33,34]. The absorption peaks were present both in ultraviolet and visible regions,
suggesting that the structure of melanoidins contains a conjugated system.

The FT-IR spectrum (Figure 5) was similar to that of Chinese huangjiu (yellow wine)
melanoidins [35]. The absorption peak at 1651.35 cm-1 refers to C=O stretching vibration, N–H
bending vibration, and C-N stretching vibration, which represents the amide I band of protein [36,37].
There were few peaks at 1540 cm-1 (amide II) and 1300–1200 cm-1 (amide III). That was probably
because the Maillard reaction changed the structure of protein. A wide and strong absorption band of
O–H stretching appeared around 3376.30 cm-1, indicating that alcohol could be present in the structure
of melanoidins. The characteristic absorption band near 2926.64 cm-1 is assigned to the saturated
C–H stretching vibration, and the group is most likely to be –CH2- under this wave number. A weak
absorption peak at 1402.67 cm-1 could be generated by C–N stretching vibration. The absorption
peak at 1042.23 cm-1 was generated by C–O stretching vibration, C–C stretching vibration, and C–H
bending vibration. The absorption peak around 565.13 cm-1 could be generated by the in-plane bending
vibration of the aliphatic ketone -C-CO-C- having a substituent at the α-position.
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Figure 4. Ultraviolet-visible absorption spectroscopy (UV-VIS) spectrum of RF4. The aqueous solutions
of RF4 was 1 mg/mL.

 

Figure 5. Fourier transform infrared (FT-IR) spectrum of RF4. The wavenumbers corresponding to the
important absorption peaks were marked in the figure.

The FT-IR spectrum showed the possible presence of C=O, N–H, C–N, O–H, C–H, C–O, C–C, and
–C–CO–C-groups in the structure of DDSG melanoidins. To the best of our knowledge, the structure of
DDSG melanoidins was first investigated in this study. Further structure analysis will be performed
by thermal degradation, liquid chromatography-mass spectrometry (LC-MS), and nuclear magnetic
resonance (NMR).

3.3. Color and Chemical Properties of Melanoidins

3.3.1. Color Analysis

Brown is a typical external characteristic of melanoidins and might be caused by multiple
chromophores [38]. The absorbance of four fractions (RF1-RF4, aqueous solution of 1 mg/mL) was
measured at 420 nm (Table 2). The RF4 exhibited the highest level of absorbance (0.507), followed by
RF2 (0.188), RF3 (0.150), and RF1 (0.132).
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Table 2. Absorbance of RF1-RF4 at 420 nm 1.

Fractions RF1 RF2 RF3 RF4

Absorbance 0.132 ± 0.02 0.188 ± 0.06 0.150 ± 0.05 0.507 ± 0.08
1 The absorbances of four fractions were recorded at aqueous solutions of 1 mg/mL, and the results are shown as
mean ± SD (n = 3).

3.3.2. Chemical Properties Analysis

Phenols and protein as well as carbohydrate were considered to be the three major components of
melanoidins [39–41]. The TPC and protein content of RF4 exhibited the highest levels (18.31 mg GAE/g
DDSG dw and 88.98 mg BSA/g DDSG dw, respectively), followed by RF2 (8.73 mg GAE/g DDSG dw
and 59.58 mg BSA/g DDSG dw) (Table 3). The fact that RF4 and RF2 possessed higher levels of phenols
and protein is possibly due to the reason that alkaline extraction contributed to the release of phenolic
compounds [42] and extraction of protein [43]. In addition, RF4 showed the highest carbohydrate
content (164.30 mg GE/g DDSG dw). The higher levels of phenols and protein as well as carbohydrate
exhibited by RF4 could be attributed to the presence of more melanoidins in RF4.

Table 3. Content of total phenols, protein, and carbohydrate in four fractions 1.

Fractions
Total Phenols

(mg GAE/g DDSG dw)
Protein

(mg BSA/g DDSG dw)
Carbohydrate

(mg GE/g DDSG dw)

RF1 5.23 ± 0.07 c 14.15 ± 0.64 d 131.90 ± 4.62 b

RF2 8.73 ± 0.10 b 59.58 ± 2.41 b 61.84 ± 2.02 c

RF3 5.56 ± 0.13 c 50.01 ± 4.99 c 32.93 ± 1.04 d

RF4 18.31 ± 1.23 a 88.98 ± 3.89 a 164.30 ± 3.27 a

1 The determinations were performed at the aqueous solutions of 1 mg/mL. The results are shown as mean ± SD
(n = 3). Differences in mean were detected by ANOVA after conducting a Shapiro–Wilk test and Levene’s test.
Values in the same column with different letters are significantly different (p < 0.05).

It is worth noting that there is no obvious absorption peak of phenol present in the FT-IR spectrum
(Figure 5), and this could be due to the phenolic content of RF4 (18.31 mg GAE/g DDSG dw) being too
low to be detected.

3.4. The Antioxidant and ACE-Inhibitory Activity of Melanoidins In Vitro

3.4.1. Antioxidant Activity

Different methods used for antioxidant measurement could exhibit different experimental data,
and two or more determined methods are needed herein to evaluate the antioxidant activity of
melanoidins. Thus, ABTS•+, FRAP, and DPPH assays were chosen for determination. The results
obtained by these three assays were similar in the RF1-RF4 fractions, of which RF4 showed higher
antioxidant capacity (ABTS•+, 1.03 mmol TE/g DDSG dw; FRAP, 0.33 mmol FE/g DDSG dw; DPPH,
20.57% at 1 mg RF4/mL) than the other three fractions (Table 4). The ability of RF4 to inhibit ABTS•+
oxidation was 38 times higher than the biscuits’ melanoidins [44] and 7 times higher than lightly
roasted coffee melanoidins [7]. The antioxidant activity of RF4 as determined by the FRAP assay
was higher than straw wine melanoidins (0.15–0.26 mmol FE/g) [45]. However, the ability of RF4 to
scavenge DPPH radicals (20.57%) was about one-third that of BSG melanoidins (59.50%) [19].
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Table 4. Antioxidant activity of RF1-RF4 1.

Fractions
ABTS•+

(mmol TE/g DDSG dw)
FRAP

(mmol FE/g DDSG dw)
DPPH (%)

RF1 0.88 ± 0.01 b 0.04 ± 0.02 c 4.90 ± 0.02 c

RF2 0.89 ± 0.02 b 0.11 ± 0.04 b 10.63 ± 0.39 b

RF3 0.87 ± 0.01 b 0.04 ± 0.03 c 5.88 ± 0.26 c

RF4 1.03 ± 0.03 a 0.33 ± 0.03 a 20.57 ± 0.92 a

1 The aqueous fractions used in ABTS•+, FRAP, and DPPH assays were 1 mg/mL. The results are shown as mean ±
SD (n = 3). Differences in mean were detected by ANOVA after conducting a Shapiro–Wilk test and Levene’s test.
Values in the same column with different letters are significantly different (p < 0.05).

Melanoidins from DDSG could be used as a functional ingredient in the production of food due
to its strong antioxidant activity.

3.4.2. ACE-Inhibitory Activity

ACE (EC 3.4.15.1), a zinc-containing dipeptide carboxypeptidase, converts angiotensin I into
angiotensin II in plasma, along with strengthening the contraction of the myocardium and increasing
blood pressure. The inhibitory activity of ACE plays an important role in lowering blood pressure [46].
As shown in Table 5, RF4 exhibited the highest ACE-inhibitory activity, with a value of 95.92% at
2 mg RF4/mL. The ACE-inhibitory activity of RF4 was obviously stronger than that of melanoidins in
coffee (lightly roasted coffee, 36.80%; medium-roasted coffee, 43.10%; dark-roasted coffee, 45.10%) [8],
vinegar (15.75–43.68%) [47], and black brewer’s spent grain (75.18%) at 2 mg/mL [17]. It has been
reported that the ACE-inhibitory activity of melanoidins is related to antioxidant activity [48]. It would
be interesting to study whether the ACE-inhibitory activity of melanoidins from DDSG is related to its
high antioxidant activity under ABTS•+ and FRAP assays.

Table 5. Angiotensin-converting enzyme (ACE)-inhibitory activity of RF1-RF4 1.

Fractions RF1 RF2 RF3 RF4

ACE inhibition rate
(%) 86.43 ± 3.42 63.83 ± 5.18 88.28 ± 3.59 95.92 ± 4.86

1 The aqueous fractions used in the assay of ACE inhibition rate were 2 mg/mL. The results are shown as mean ± SD
(n = 3).

3.5. Preliminary Structure and Properties of Different MW Melanoidin Fractions from RF4

RF4 had the deepest color, the highest content, the strongest antioxidant capacity and
ACE-inhibitory ability of melanoidins compared to the other three fractions. The different MW
subfractions of RF4, RF4-1 (<3 kDa), RF4-2 (3–10 kDa), RF4-3 (10–30 kDa), RF4-4 (30–50 kDa), RF4-5
(50–100 kDa), and RF4-6 (>100 kDa), were obtained by ultrafiltration for further analysis of the structure
and properties.

3.5.1. Yield of RF4 Subfractions

The yields of RF4 subfractions are presented in Table 6, and it is obviously observed that RF4-6
(>100 kDa) had the highest yield (12.76% of the DDSG dw), suggesting that most of the melanoidins
in RF4 from DDSG were >100 kDa compounds. The more than 100 kDa melanoidins have also been
reported in real foods like coffee [49], roasted malt [50], and bread crusts [6]. Furthermore, the formation
of high MW melanoidins (MW > 10 kDa) was related to an intense heating temperature and long
reaction time [51]. Therefore, the formation of melanoidins in DDSG could be derived from the higher
temperature daqu, the higher temperature stacking of fermenting grains, and distillation processes.
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Table 6. Yields of melanoidin fractions with different molecular weights (MWs).1

Fractions Yield (%)

RF4-1 2 0.64
RF4-2 2.46
RF4-3 0.06
RF4-4 0.37
RF4-5 0.94
RF4-6 12.76

1 The yields were calculated on a DDSG dw basis. 2 RF4-1: <3 kDa, RF4-2: 3–10 kDa, RF4-3: 10–30 kDa, RF4-4:
30–50 kDa, RF4-5: 50–100 kDa, RF4-6: >100 kDa.

3.5.2. Color and Chemical Properties of RF4

The RF4 subfractions were characterized in terms of their color, phenolic content, protein content,
and carbohydrate content (Table 7). RF4-6 exhibited the darkest color (0.633, 1 mg RF4-6/mL),
the highest content of phenols (4.66 mg GAE/g DDSG dw), carbohydrate (61.48 mg GE/g DDSG dw),
and protein (34.17 mg BSA/g DDSG dw), followed by RF4-5 and RF4-4. RF4-1 had the lightest
color (0.128), lowest phenols (1.41 mg GAE/g DDSG dw), carbohydrate (5.41 mg GE/g DDSG dw),
and protein content (2.40 mg BSA/g DDSG dw). The higher absorbance exhibited by higher MW
fractions, except for RF4-2, which is indicative of an increase in color contribution as MW increased.
This phenomenon was in accordance with previous work [30]. The total phenols and protein content,
as well as carbohydrate content, were more concentrated in RF4-6, which had the highest yield of
melanoidins, further proving the inference mentioned above, that these three compositions could be
involved in the melanoidin structure.

Table 7. Absorbance, total phenolic, carbohydrate, and protein content of different MW fractions 1.

Fractions Absorbance
Total Phenols

(mg GAE/g DDSG
dw)

Carbohydrate
(mg GE/g DDSG

dw)

Protein
(mg BSA/g DDSG

dw)

RF4-1 2 0.128 ± 0.01 d 1.41 ± 0.06 e 5.41 ± 0.71 f 2.40 ± 0.38 e

RF4-2 0.144 ± 0.01 d 1.93 ± 0.38 d 11.62 ± 0.65 e 4.09 ± 0.52 de

RF4-3 0.135 ± 0.02 d 1.76 ± 0.13 de 15.44 ± 0.87 d 7.41 ± 0.98 d

RF4-4 0.302 ± 0.01 c 2.50 ± 0.38 c 28.70 ± 2.86 c 16.12 ± 1.06 c

RF4-5 0.359 ± 0.03 b 3.03 ± 0.43 b 40.13 ± 3.05 b 23.85 ± 0.82 b

RF4-6 0.633 ± 0.05 a 4.66 ± 0.13 a 61.48 ± 5.15 a 34.17 ± 3.31 a

1 Determinations were carried out on different aqueous fractions of 1 mg/mL, and the results are shown as mean ±
SD (n = 3). Differences in mean were detected by ANOVA after conducting a Shapiro-Wilk test and Levene’s test.
Values in the same column with different letters are significantly different (p < 0.05). 2 RF4-1: <3 kDa, RF4-2: 3-10
kDa, RF4-3: 10-30 kDa, RF4-4: 30-50 kDa, RF4-5: 50-100 kDa, RF4-6: >100 kDa.

3.5.3. Preliminary Structure of RF4 Subfractions

At the wavelength of 200-800 nm, the UV-VIS spectra of RF4 subfractions showed similar shapes
but different absorbance (Figure 6), suggesting that different MW melanoidin fractions had similar
characteristics in terms of structure but different amounts of chromophores.
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Figure 6. UV-VIS spectrum of different MW fractions obtained from RF4 by ultrafiltration. The aqueous
solutions of fractions were 0.2 mg/mL.

The FT-IR assay of different MW melanoidin fractions showed that the structure of these MW
fractions could be similar, except for RF4-6 (Figure 7). It was speculated that different MW melanoidin
fractions contained the same functional groups (C=O, N–H, C–N, O–H, C–H, C–O, C–C, and -C–CO–C–),
except for RF4-6. RF4-6 had an obvious absorption peak at 1519 cm-1, which could be caused by the
presence of a benzene ring according to previous research on the structure of melanoidins [16].

 

Figure 7. FT-IR spectrum of different MW fractions obtained from RF4 by ultrafiltration.

3.5.4. Physiological Activity of RF4 Subfractions In Vitro

The antioxidant capacity of different MW fractions was investigated under ABTS•+, FRAP
(Figure 8a), and DPPH assays (Figure 8b). Except for the similar antioxidant capacity of RF4-2 and
RF4-3, the other MW fractions have statistically significant differences (p < 0.05). On the whole, the
antioxidant capacity of RF4 subfractions increased with the increase in MW. RF4-6 showed the highest
antioxidant capacity, while RF4-1 had the lowest. The ability of RF4-6 to scavenge ABTS•+ (0.23 mmol
TE/g DDSG dw) was 1.8 times higher, FRAP (0.13 mmol FE/g DDSG dw) was 2.5 times higher, and
the DPPH radical-scavenging rate (39.52% at 1 mg RF4-6/mL) was 26 times higher compared with
RF4-1. RF4-2 with lower MW had higher antioxidant activity than RF4-3, possibly because RF4-2
contained more phenols. The phenols of melanoidins can show high antioxidant activity by binding to
melanoidin skeletons with non-covalent bonds [33]. In the case of the DPPH radical-scavenging rate,
the fractions with MW < 30 kDa had little scavenging activity, and DPPH radical-scavenging rate of
MW > 100 kDa fractions could reach about 40%.
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a b 

Figure 8. The antioxidant capacity of different MW fractions assessed by ABTS•+ (a), FRAP (a), and
DPPH assay (b). The aqueous solutions of fractions were 1 mg/mL. Differences in mean were detected
by ANOVA after conducting a Shapiro-Wilk test and Levene’s test. Different letters in the same assay
represent significant differences (p < 0.05).

The ACE-inhibition rate of different MW fractions ranged from 54.64% to 92.74% (Figure 9). For
fractions with MW > 3 kDa, the ACE-inhibitory activity gradually decreased with the increase of MW,
which was contrary to the phenomenon previously observed for antioxidant activity. The fractions
with MW 3-10 kDa (RF4-2) had the strongest ACE-inhibitory activity, at 92.74%.

Figure 9. The ACE-inhibitory activity assay of different MW fractions. The aqueous solutions of
fractions were 2 mg/mL.

4. Conclusions

In this work, preliminary explorations of the content, structure, antioxidant capacity, and
ACE-inhibitory activity of DDSG melanoidins were reported. The determination of content was
achieved through a model system of serine and glucose. The total content of melanoidins was
268.60 mg/g DDSG dw, and melanoidins of DDSG mainly comprised >100 kDa compounds (12.76%
of the DDSG dw). Functional groups such as C=O, N-H, C-N, O-H, C-H, C-O, C-C, and -C-CO-C-
were present in the structure of melanoidins. In addition, DDSG melanoidins were proven to possess
strong FRAP, ABTS•+ scavenging capacity, and ACE-inhibitory activity. The large availability of DSG
and the health benefits of melanoidins suggested herein could provide new possibilities for its high
value-added utilization. Future work on the main production stage of DSG melanoidins and changes
in the baijiu-making process is worth carrying out.

Author Contributions: Conceptualization, W.F.; Methodology, S.Y.; Data curation, W.F.; Writing—Original draft
preparation, S.Y.; Writing—Review and editing, W.F. and Y.X.; Supervision, W.F.; Funding acquisition, Y.X.

176



Foods 2019, 8, 516

Funding: This research was funded by the National Key R&D Program of China under grant no. 2016YFD0400503
and the national first-class discipline program of Light Industry Technology and Engineering (LITE2018-12).

Acknowledgments: The authors thank Golden Seed Winery Co., Ltd. for the DSG donation.

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

References

1. Wei, D.; Fan, W.; Xu, Y. In Vitro Production and Identification of Angiotensin Converting Enzyme (ACE)
Inhibitory Peptides Derived from Distilled Spent Grain Prolamin Isolate. Foods 2019, 8, 390. [CrossRef]
[PubMed]

2. Xing, Y.; Lin, S.L.; Shi, Y.; Ren, G.X. Aerogenic Characteristics of Anaerobic Fermentation Using Vinasse and
Marc. J. Henan Agric. Sci. 2011, 40, 88–90. (In Chinese)

3. Tan, Z.L.; Liu, J.H.; Ma, K.; Chen, D.D. New Technologies for Comprehensive Utilization of Distillers Grains.
Guangdong Chem. Ind. 2015, 42, 72–73. (In Chinese)

4. Niu, G.J.; Liu, J.; Sun, D.W. Study on the Production of Single Cell Pretein with Liquor Lees. Liqur Mak. 2010,
37, 28–30. (In Chinese)

5. Martins, S.; Mussatto, S.I.; Martínez-Avila, G.; Montañez-Saenz, J.; Aguilar, C.N.; Teixeira, J.A. Bioactive
phenolic compounds: Production and extraction by solid-state fermentation. A review. Biotechnol. Adv. 2011,
29, 365–373. [CrossRef]

6. Lindenmeier, M.; Faist, V.; Hofmann, T. Structural and Functional Characterization of Pronyl-lysine, a Novel
Protein Modification in Bread Crust Melanoidins Showing in Vitro Antioxidative and Phase I/II Enzyme
Modulating Activity. J. Agric. Food Chem. 2002, 50, 6997–7006. [CrossRef]

7. Rosa, C.B.; Attilio, V.; Carmela, M.; Monica, A.; Vincenzo, F. Chemical characterization and antioxidant
properties of coffee melanoidins. J. Agric. Food Chem. 2002, 50, 6527–6533.

8. Rufián-Henares, J.A.; Morales, F.J. Angiotensin-I Converting Enzyme Inhibitory Activity of Coffee
Melanoidins. J. Agric. Food Chem. 2007, 55, 1480–1485. [CrossRef]

9. Borrelli, R.C.; Fogliano, V. Bread crust melanoidins as potential prebiotic ingredients. Mol. Nutr. Food Res.
2010, 49, 673–678. [CrossRef]

10. Rufian-Henares, J.A.; Morales, F.J. Microtiter plate-based assay for screening antimicrobial activity of
melanoidins against E-coli and S-aureus. Food Chem. 2008, 111, 1069–1074. [CrossRef]

11. Cammerer, B.; Kroh, L.W. Investigation on the influence of reaction conditions on the elementary composition
of melanoidins. Food Chem. 1995, 53, 55–59. [CrossRef]

12. Tressl, R.; Wondrak, G.T.; Garbe, L.A.; Krüger, R.P.; Rewicki, D. Pentoses and hexoses as sources of new
melanoidin-like Maillard polymers. J. Agric. Food Chem. 1998, 46, 1765–1776. [CrossRef]

13. Hofmann, T. Studies on melanoidin-type colorants generated from the Maillard reaction of protein-bound
lysine and furan-2-carboxaldehyde-chemical characterisation of a red coloured domain. Z. Lebensmittelunters.
Forsch. 1998, 206, 251–258. [CrossRef]

14. Kato, H.; Tsuchida, H. Estimation of melanoidin structure by pyrolysis and oxidation. Prog. Food Nutr. Sci.
1981, 5, 147–156.

15. Adams, A.; Abbaspour, T.K.; Kersiene, M.; Venskutions, R.; Kimpe, N.D. Characterization of Model
Melanoidins by the Thermal Degradation Profile. J. Agric. Food Chem. 2003, 51, 4338–4343. [CrossRef]

16. Moreira, A.S.; Nunes, F.M.; Domingues, M.R.; Coimbra, M.A. Coffee melanoidins: Structures, mechanisms
of formation and potential health impacts. Food Funct. 2012, 3, 903–915. [CrossRef]

17. Piggott, C.O.; Connolly, A.; Fitzgerald, R.J. Application of ultrafiltration in the study of phenolic isolates
and melanoidins from pale and black brewers’ spent grain. Int. J. Food Sci. Technol. 2014, 49, 2252–2259.
[CrossRef]

18. Zheng, J.J. Extraction and Purification Techniques of Melanoidin from Distillers’ Grains. Master’s Thesis,
Shandong Agricultural University, Shandong, China, 2015.

19. Connolly, A.; Piggott, C.O.; FitzGerald, R.J. Characterisation of protein-rich isolates and antioxidative
phenolic extracts from pale and black brewers’ spent grain. Int. J. Food Sci. Technol. 2013, 48, 1670–1681.
[CrossRef]

20. Carvalho, D.O.; Correia, E.; Lopes, L.; Guido, L.F. Further insights into the role of melanoidins on the
antioxidant potential of barley malt. Food Chem. 2014, 160, 127–133. [CrossRef]

177



Foods 2019, 8, 516

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

22. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

23. Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of
Sugars and Related Substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

24. Gizdavic-Nikolaidis, M.; Travas-Sejdic, J.; Bowmaker, G.A.; Cooney, R.P.; Thompson, C.; Kilmartin, P.A. The
antioxidant activity of conducting polymers in biomedical applications. Curr. Appl. Phys. 2004, 4, 347–350.
[CrossRef]

25. So, P.B.T.; Rubio, P.; Lirio, S.; Macabeo, A.P.; Huang, H.Y.; Corpuz, M.J.A.T.; Villaflores, O.B. In vitro
angiotensin I converting enzyme inhibition by a peptide isolated from Chiropsalmus quadrigatus Haeckel
(box jellyfish) venom hydrolysate. Toxicon 2016, 119, 77–83. [CrossRef] [PubMed]

26. Milic, B.L.; Grujic-Injac, B.; Piletic, M.V.; Lajsic, S.; Kolarov, L.A. Melanoidins and carbohydrates in roasted
barley. J. Agric. Food Chem. 1975, 23, 960–963. [CrossRef]

27. Fogliano, V.; Morales, F.J. Estimation of dietary intake of melanoidins from coffee and bread. Food Funct.
2011, 2, 117–123. [CrossRef]

28. Farhat, I.A.; Orset, S.; Moreau, P.; Blanshard, J.M.V. FTIR Study of Hydration Phenomena in Protein–Sugar
Systems. J. Colloid Interface Sci. 1998, 207, 200–208. [CrossRef]

29. Coca, M.; GarcíA, M.T.; González, G.; Peña, M.; GarcíA, J.A. Study of coloured components formed in sugar
beet processing. Food Chem. 2004, 86, 421–433. [CrossRef]

30. Mohsin, G.F.; Schmitt, F.J.; Kanzler, C.; Epping, J.D.; Flemig, S.; Hornemann, A. Structural characterization of
melanoidin formed from D-glucose and L-alanine at different temperatures applying FTIR, NMR, EPR, and
MALDI-ToF-MS. Food Chem. 2018, 245, 761–767. [CrossRef]

31. Kim, J.S.; Lee, Y.S. Effect of reaction pH on enolization and racemization reactions of glucose and fructose on
heating with amino acid enantiomers and formation of melanoidins as result of the Maillard reaction. Food
Chem. 2008, 108, 582–592. [CrossRef]

32. Wang, H.S.; Pan, Y.M.; Tang, X.J.; Huang, Z.Q. Isolation and characterization of melanin from Osmanthus
fragrans seeds. Lwt-Food Sci. Technol. 2006, 39, 496–502. [CrossRef]

33. Brands, C.M.J.; Wedzicha, B.L.; Boekel, M.A.J.S. Van. Quantification of melanoidin concentration in
sugar-casein systems. J. Agric. Food Chem. 2002, 50, 1178–1183. [CrossRef] [PubMed]

34. Brudzynski, K.; Miotto, D. The recognition of high molecular weight melanoidins as the main components
responsible for radical-scavenging capacity of unheated and heat-treated Canadian honeys. Food Chem. 2011,
125, 570–575. [CrossRef]

35. Zhang, H.J.; Qiu, C.; Tian, Q.; Hui, M. Extraction, Composition and Spectral Properties of Melanoidins from
Chinese Rice Wine. J. Henan Univ. Technol. 2016, 37, 57–62.

36. Gu, F.L.; Kim, J.M.; Abbas, S.; Zhang, X.M.; Xia, S.Q.; Chen, Z.X. Structure and antioxidant activity of high
molecular weight Maillard reaction products from casein-glucose. Food Chem. 2010, 120, 505–511. [CrossRef]

37. Oliver, C.M.; Kher, A.; McNaughton, D.; Augustin, M.A. Use of FTIR and mass spectrometry for
characterization of glycated caseins. J. Dairy Res. 2009, 76, 105–110. [CrossRef]

38. Liggett, R.W.; Deitz, V.R. Color and Turbidity of Sugar Products. Adv. Carbohydr. Chem. 1954, 9, 247–283.
39. Brudzynski, K.; Miotto, D. Honey melanoidins: Analysis of the compositions of the high molecular weight

melanoidins exhibiting radical-scavenging activity. Food Chem. 2011, 127, 1023–1030. [CrossRef]
40. Coelho, C.; Ribeiro, M.; Cruz, A.C.S.; Domingues, M.R.M.; Coimbra, M.A.; Bunzel, M.; Nunes, F.M. Nature

of Phenolic Compounds in Coffee Melanoidins. J. Agric. Food Chem. 2014, 62, 7843–7853. [CrossRef]
41. Mesías, M.; Delgado-Andrade, C. Melanoidins as a potential functional food ingredient. Curr. Opin. Food Sci.

2017, 14, 37–42. [CrossRef]
42. Oracz, J.; Nebesny, E.; Zyzelewicz, D. Identification and quantification of free and bound phenolic compounds

contained in the high-molecular weight melanoidin fractions derived from two different types of cocoa beans
by UHPLC-DAD-ESI-HR-MSn. Food Res. Int. 2019, 115, 135–149. [CrossRef] [PubMed]

43. Qin, F.; Johansen, A.Z.; Mussatto, S.I. Evaluation of different pretreatment strategies for protein extraction
from brewer’s spent grains. Ind. Crops Prod. 2018, 125, 443–453. [CrossRef]

178



Foods 2019, 8, 516

44. Borrelli, R.C.; Mennella, C.; Barba, F.; Russo, M.; Russo, G.L.; Krome, K.; Erbersdobler, H.F.; Faist, V.;
Fogliano, V. Characterization of coloured compounds obtained by enzymatic extraction of bakery products.
Food Chem. Toxicol. 2003, 41, 1367–1374. [CrossRef]

45. Goulas, V.; Nicolaou, D.; Botsaris, G.; Barbouti, A. Straw Wine Melanoidins as Potential Multifunctional
Agents: Insight into Antioxidant, Antibacterial, and Angiotensin-I-Converting Enzyme Inhibition Effects.
Biomedicines 2018, 6, 83. [CrossRef]

46. Corvol, P.; Williams, T.A.; Soubrier, F. Peptidyl dipeptidasea—Angiotensin I converting enzyme. Methods
Enzymol. 1995, 248, 283–305.

47. Lu, X. Research on Antioxidant Effect and Anti-ACE Activity of Shanxi Aged Vinegar. Master’s Thesis,
Shanxi University, Shanxi, China, 2015.

48. Jin, W.N.; Hwang, I.G.; Kim, H.Y.; Lee, Y.R.; Woo, K.S.; Bang, Y.H.; Chang, S.J.; Lee, J.; Jeong, H.S. Free radical
scavenging, angiotensin I-converting enzyme (ACE) inhibitory, and in vitro anticancer activities of ramie
(Boehmeria nivea) leaves extracts. Food Sci. Biotechnol. 2010, 19, 383–390.

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

50. Faist, V.; Lindenmeier, M.; Geisler, C.; Erbersdobler, H.F.; Hofmann, T. Influence of molecular weight
fractions isolated from roasted malt on the enzyme activities of NADPH-cytochrome c-reductase and
glutathione-S-transferase in caco-2 cells. J. Agric. Food Chem. 2002, 50, 602–606. [CrossRef]

51. Bekedam, E.K.; Loots, M.J.; Schols, H.A.; Van Boekel, M.A.; Smit, G. Roasting effects on formation mechanisms
of coffee brew melanoidins. J. Agric. Food Chem. 2008, 56, 7138–7145. [CrossRef]

© 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/).

179





foods

Article

Valorisation of Grape Stems as a Source of Phenolic
Antioxidants by Using a Sustainable
Extraction Methodology

Juan Antonio Nieto 1, Susana Santoyo 1, Marin Prodanov 1, Guillermo Reglero 1,2 and

Laura Jaime 1,*

1 Institute of Food Science Research (CIAL), Universidad Autónoma de Madrid (CEI, UAM-CSIC),
28049 Madrid, Spain; juan.nieto@uam.es (J.A.N.); susana.santoyo@uam.es (S.S.);
marin.prodanov@uam.es (M.P.); guillermo.reglero@uam.es (G.R.)

2 IMDEA-Food Institute, Campus de Cantoblanco, 28049 Madrid, Spain
* Correspondence: laura.jaime@uam.es; Tel.: +34-910017900

Received: 7 April 2020; Accepted: 4 May 2020; Published: 8 May 2020

Abstract: Pressurized liquid extraction with ethanol:water mixtures was proposed for obtaining
phenolic antioxidants from grape stems. The optimal extraction conditions were elucidated by using a
central composite rotatable design (solvent (X1, 0–100% ethanol:water v/v), temperature (X2, 40–120 ◦C)
and time (X3, 1–11 min)). Response surface methodology determined 30% ethanol:water, 120 ◦C and
10 min as the optimal extraction conditions regarding total phenolic content (TPC) (185.3 ± 2.9 mg
gallic acid/g of extract) and antioxidant activity (3.55 ± 0.21 mmol Trolox/g, 1.22 ± 0.06 mmol Trolox/g
and 1.48 ± 0.17 mmol Trolox/g of extract in ABTS, DPPH and ORAC methodologies, respectively).
The antioxidant activity was attributed to total polymer procyanidins and flavan-3-ol monomers and
oligomers, although other phenolic compound contributions should not be ruled out. Forty-two
phenolic compounds were identified in the optimal extract, mainly polymer procyanidins and, to a
lesser extent, monomers and oligomers of flavan-3-ols, quercetin-3-O-glucuronide, ε-viniferin, gallic
and caftaric acid. Ethyl gallate, ellagic acid, protocatechuic aldehyde, delphinidin-7-O-glucoside and
cyanidin-3-O-glucoside were reported for the first time in grape stem extracts. In conclusion, this
study highlights the use of this winery side stream as a source of antioxidants within a sustainable
food system.

Keywords: grape stem; phenolic compounds; central composite rotatable design; antioxidant activity;
sustainable food systems; pressurized liquid extraction; side streams valorisation

1. Introduction

Nowadays, there is increasing concern about the sustainability of food production, including an
environmentally friendly use of food by-products. In this context, one of the main goals of FAO is the
promotion of sustainable food systems [1]. Accordingly, the exploitation of vegetable by-products as a
source of bioactive compounds represents a promising opportunity to obtain added-value products for
food or pharma industries. Particularly, wine production generates thousands of tons of solid organic
waste, where grape stems represent up to 5% (w/w) of the processed grapes, being approximately 25%
of the total by-products generated by the wine industry [2].

Whereas several studies have been focused on Vitis vinifera L. grape skins and seeds, less attention
has been paid to grape stems as source of useful bioproducts [3,4]. Research papers focused on stem
phenolic composition pointed out the presence of a high content of flavan-3-ol monomers (catechin
and epicatechin) and, to a lesser extent, stilbenes (mainly resveratrol and ε-viniferin), as well as
different phenolic acids and flavonols [5–7]. These compounds are known for their important biological
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activities; therefore, the use of stem by-products as a source of bioactive compounds has become a
great opportunity to obtain functional ingredients in a sustainable way [4,8]. Nevertheless, there is a
lack of studies with a comprehensive description of the phenolic composition of grape stem extracts.
Thus, some studies are only focused on stilbene compounds [9,10], flavan-3-ol composition [11], their
main phenolic constituents [3,6], or other specific groups [12,13]. However, there is scarce information
about the proanthocyanidin fraction [12,14].

Extraction procedure is an important step to consider in recovery of bioactive compounds
from plant sources. As conventional solid–liquid extraction (SLE) procedures usually have different
drawbacks (such as long extraction time, intensive labour procedures, large volumes of solvents needed,
and low extraction yields), many alternative techniques have been emerged in the last two decades [15].
In this regard, pressurized liquid extraction (PLE), ultrasound assisted extraction (UAE), microwave
assisted extraction (MAE) and supercritical fluid extraction (SFE) have been proposed for extraction of
bioactive compounds. Specifically, PLE has been used for extraction of phenolic compounds from a
wide range of plant materials, e.g., hops, aromatic plants, grapes, as well as microalgae. Methanol,
water, ethanol, acetone or their aqueous mixtures have been commonly used up to 170 ◦C in a light-
and oxygen-free environment, with a greater efficiency than SLE procedures [16,17]. Development of
an extraction methodology implies the establishment of optimal extraction conditions for a specific
compound or group of compounds. For this purpose, the use of experimental designs, along with
response surface methodology (RSM), has been proposed as a useful tool that enables the analysis
of the influence of different extraction factors and allows reducing the number of experimental trials.
Accordingly, it has been successfully used for improving phenolic extraction procedures from vegetable
materials [12,13].

Regarding grape stem by-products, SLE with organic solvents has been commonly used for
extraction of phenolic compounds [18]. However, alternative extraction techniques such as UAE [19],
SFE [20], MAE [21] and PLE [22] have been scarcely studied. Moreover, only a few studies have focused
on the use of green solvents, such as pure sub- and supercritical ethanol [23] or aqueous-ethanol
mixtures with conventional SLE [12,13].

Therefore, to the best of our knowledge, a green extraction procedure based on the application of
PLE to extraction of phenolic antioxidants from grape stems has not been established yet. Moreover,
the relationship between phenolic composition and antioxidant activity should be established.

Hence, the aim of the present study was to develop a sustainable extraction procedure for
valorisation of grape stems as a source of phenolic antioxidant compounds by using PLE and
ethanol:water mixtures as green solvents. For this purpose, an experimental design along with RSM
was used to optimize the extraction procedure (extraction solvent, temperature and time). Additionally,
an extensive analysis of the phenolic composition of the extracts was done.

2. Materials and Methods

2.1. Chemicals and Reagents

Acetonitrile and formic acid, HPLC quality, were supplied by Labscan (Dublin, Ireland) and
Acros Organic (Belgium), respectively. Protocatechuic acid, vanillic acid, syringic acid, caffeic
acid, p-coumaric acid, 3-coumaric acid, ethyl gallate, 3,5,4’-trihydroxystilbene-3-O-β-d-glucoside
(trans-piceid), (+)-catechin, (−)-epicatechin, epicatechin gallate, procyanidin B1, procyanidin B2,
procyanidin B3, quercetin-3-O-galactoside, quercetin-3-O-rutinoside, quercetin-3-O-glucuronide,
quercetin-3-O-glucoside, quercetin dihydrate, delphinidin-3-O-glucoside, cyanidin-3-O-glucoside
and malvidin-3-O-glucoside were purchased from Extrasynthèse (Genay, France). Gallic
acid, 4-hydroxybenzoic acid, trans-caftaric acid, trans-ferulic acid, ellagic acid, protocatechuic
aldehyde, trans-resveratrol, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox),
potassium persulfate, 2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt
(ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 1 M phosphate buffer, fluorescein sodium and
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2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) were obtained from Sigma-Aldrich
(Madrid, Spain). Disodium carbonate, Folin–Ciocalteu reagent, methanol and ethanol were from
Panreac (Barcelona, Spain).

2.2. Plant Material

Grape stems (Vitis vinifera L. cv. Merlot) were provided by Instituto Madrileño de Investigación y
Desarrollo Rural, Agrario y Alimentario (IMIDRA, Spain). Stems were separated manually. Raw fresh
stems were dried at 40 ◦C for 48 h in an air bath Stuart S150 (Stuart, UK). Thereafter, dried material
was ground in a blender and the resulting powder was sieved to a ≤ 1 mm particle size and stored in a
closed bag at −20 ◦C until further use.

2.3. Experimental Design

A central composite rotatable design (CCRD) was used to evaluate the influence of three
independent variables (factors), i.e., solvent composition (X1, 0%–100% ethanol), extraction temperature
(X2, 40–120 ◦C) and extraction time (X3, 1–11 min) on the yield, antioxidant activity (ABTS, DPPH),
total phenolic content (TPC) and flavan-3-ols content (mono-oligomers and polymers), measured
by means of NP-HPLC, after PLE extraction. Therefore, a total of 19 experimental conditions were
established at five levels (23 points of the full factorial design + 6 star points + 5 central points) (Table 1).
To determine the influence of the different experimental factors, response surface methodology (RSM)
was used, and regression analysis of the response variable data was performed and fitted to a quadratic
polynomial model as shown in the following equation:

Y = β0 + β1Et + β2T + β3t + β1,1Et2 + β2,2T2 + β3,3t2 + β1,2EtT + β1,3Ett + β2,3Tt + ε, (1)

where Y is the response variable; β0 the independent term; β1, β2 and β3 the linear coefficients; β1,1,
β2,2 and β3,3 the quadratic coefficients; β1,2, β1,3 and β2,3 the interaction factor coefficients and ε the
experimental error. The goodness of fit was evaluated according to the determination coefficient
(R2), the residual standard deviation (RSD), and the lack of fit test provided by the analysis of
variance (ANOVA).

Table 1. Coded levels and experimental values of the factors used in the central composite
rotatable design.

Factor Coded Symbol Coded Levels

−1.68 −1 0 1 1.68
Ethanol concentration (%) Et 0 20 50 80 100

Temperature (◦C) T 40 56 80 104 120
Time (min) t 1 3 6 9 11

2.4. PLE

Extractions were performed by using an ASE 350 extractor from Dionex Corporation (Sunnyvale,
CA, USA). Dry stem powder (1 g) was mixed in a ceramic mortar with 1 g of diatomaceous earth
(Dionex, Sunnyvale, CA, USA). The solid mixture was loaded in an 11-mL extraction cell. Two cellulose
filters (Dionex, Sunnyvale, CA, USA) were placed at the bottom of the cell to prevent the clogging of
the system. The cell was automatically filled with the proper solvent to a pressure of 1500 psi. The
extraction cell heat-up time was fitted according to the applied extraction temperature (e.g., 5 min, when
the extraction temperature was 40 ◦C). Subsequently, a static extraction was performed. Afterwards,
the cell was rinsed (60% cell volume) and solvent was purged from the cell with pressurized N2 gas for
90 s. A rinse of the complete system was made between extractions. Ethanol from all extracts was
removed by vacuum evaporation at 37 ◦C in an IKA RV 10 control (IKA, Staufen, Germany), followed
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by freeze-drying (Telstar Lyobeta 15 equipment; Telstar, Madrid, Spain). Powder extracts were kept at
−20 ◦C until analysis.

2.5. Identification and Quantification of Phenolic Compounds by RP-HPLC-PAD-MS

Individual phenolics were determined by reversed-phase high-performance liquid
chromatography (RP-HPLC) as described by Grases et al. [24], adapted for grape stems.
Chromatographic analyses were carried out in a C18 ACE RP18-AR (150 mm × 4.6 mm, 3 μm
particle size) (Symta, Madrid, Spain) protected by a guard column ACE 3 C18-AR (7 mm × 13 mm)
packed with the same stationary phase. The column oven was set at 30 ◦C and sample injection volume
was 40 μL. A gradient consisting of 1% aqueous formic acid (solvent A) and acetonitrile containing 1%
formic acid (solvent B) was used at a flow rate of 0.6 mL/min. The elution programme was applied
as follows: 0 min, 0% B; 80 min, 20% B; 115 min, 28% B; 125 min, 50% B; 135 min, 100% B; 145 min,
100% B; and finally 10 min to recover initial chromatographic conditions. Chromatographic separation
was carried out in an Agilent HPLC 1260 series equipped with a photodiode array detector (PAD)
coupled online to an ion trap mass selective detector with an electrospray ionization source (Agilent
Technologies Inc., Santa Clara, CA, USA). The system was controlled by ChemStation software (Agilent,
vers. 6.8). Chromatograms were recorded at 280, 320, 360 and 520 nm. The electrospray ionization
(ESI) parameters were as follows: drying gas (N2) flow and temperature, at 11 L min−1 and 350 ◦C,
respectively; nebulizer pressure 65.0 psi; and capillary voltage 4 kV. The full-scan mass covered the
range from m/z 100 to 2000 uma. Mass spectrometry data were acquired in positive ionisation mode for
anthocyanins and negative ionisation mode for the other phenolic compounds. Prior to injection, all
samples were diluted in 1 mL of ultrapure water:methanol (1:1) mixture and then filtered by a 0.45 μm
PVDF membrane filter.

Phenolic compounds were identified according to their retention time, mass-to-charge ratio
(m/z) of their molecular ions and UV/Vis spectrum by chromatographic comparison with analytical
reference substances. Procyanidin dimers B4 and B7 were purified from natural extracts by high-speed
countercurrent chromatography (HSCCC) as described in Grases et al. [24]. Procyanidin trimer C1

was identified by the use of a purified OPC-rich extract from cocoa as a complex reference substance,
according to Prodanov et al. [25]. The rest of phenolic compounds were tentatively identified on base
of their peak retention time, m/z of their molecular ions and diagnostic fragments, UV/Vis spectrum
and/or data from Scifinder database and literature.

For quantification purposes, PAD was used. Chromatographic conditions were similar to those
already described for identification purposes. Phenolic compounds were quantified by calibration
curves of their respective reference solutions, except for procyanidin oligomers, apart from B2, and
resveratrol derivatives that were quantified from procyanidin B1 and resveratrol calibration curves,
respectively. Hydroxybenzoic acids and flavan-3-ols were quantified at 280 nm, hydroxycinnamic
acids and stilbenes at 320 nm, flavonols at 360 nm and anthocyanins at 520 nm. Samples were analysed
at least in triplicate.

2.6. Analysis of Total Flavan-3-ol Monomers and Oligomers and Total Polymers by NP-HPLC

Analyses of total flavan-3-ol monomers and oligomers and total polymers, based on increasing
order of their molecular masses (degree of polymerization), were performed by NP-HPLC following
Muñoz-Labrador et al. [26] elution programme. A Kromasil 60 DIOL column (250 mm × 4.6 mm,
5 μm particle size; AzkoNobel, Amsterdam, Netherland) was used with a security guard Lichrospher
Diol-5 (7 mm × 13 mm) cartridge packed with the same material. Column temperature was kept at
35 ◦C. Solvent (A) was 2% acetic acid in acetonitrile, solvent (B) was methanol containing 2% acetic
acid and 3% water, and solvent C was a 2% aqueous acetic acid. A constant flow rate of 0.8 mL min−1

was used. Volume sample injection was 10 μL. Chromatographic analyses were performed using an
Agilent Infinity 1260 liquid chromatograph system.
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Flanvan-3-ol monomer and oligomers were identified according to their retention time and UV/Vis
spectrum in comparison with a purified flavan-3-ol oligomer from cocoa-rich extract, used here as a
complex reference substance for oligomer procyanidins of up to octamers. Total polymer procinanidins
eluted as a singular peak at the end of the chromatogram [26]. Both mono- and oligomers and total
polymers were quantified by means of catechin calibration curve at 280 nm. The results were expressed
as mg of catechin equivalent (CE)/g extract. All analyses were done in triplicate.

2.7. Determination of Mean Degree of Procyanidin Polymerization (mDP)

Flavan-3-ol procyanidins were isolated in a minicolumn assembly-line system (minicolumn
cartridge C18 Sep-Pack and tC18 Sep-Pack from Waters, Milford, MA, USA) as previously described
by Sun et al. [27]. After that, degradation of isolated procyanidins was done by acid-catalysed
degradation using toluene-α-tiol. Quantification of degradation products and mDP were conducted
by RP-HPLC-PAD. All analyses were done in triplicate.

2.8. Total Phenolic Content (TPC)

Total phenolic content was determined according to the Folin–Ciocalteu reagent method [28].
The results were expressed as mg of gallic acid equivalents (GAE)/g extract. All analyses were done
in triplicate.

2.9. Antioxidant Activity

ABTS+ and DPPH radical scavenging assays were carried out according to the original method
described by Re et al. [29] and Brand-Williams et al. [30], respectively, and both results were expressed
as TEAC value (mmol Trolox/g extract).

ORAC assay was carried out using the method of Huang et al. [31] with some modifications.
Briefly, 150 μL of fluorescein solution (8 × 10−8 M fluorescein in 0.075 M phosphate buffer) was mixed
with 25 μL of sample, phosphate buffer (blank) or Trolox solution (100, 80, 60, 40, 20 and 10 μmolar
solution), or 50 μL of phosphate buffer (control) in a 96 wells plate. The reaction was carried out by
adding 25 μL of a fresh AAPH solution (165.94 mmol AAPH in phosphate buffer) at 37 ◦C, except
for control wells. The mixture was shaken for 8 s and fluorescence intensity was monitored for
120 min (485 nm and 520 nm for excitation and emission wavelength, respectively). ORAC values
were expressed as mmol Trolox/g extract.

Antioxidant analyses were done in triplicate.

2.10. Statistical Analyses

The statistical analysis of CCR experimental design data was carried out by RSM with the
statistical program Statgraphics Centurion XVI (Statistical Graphics Corp., Warrenton, VA, USA).
Correlation coefficients between the different experimental data were performed using Pearson’s test
(p ≤ 0.05). Moreover, a principal component analysis (PCA) was conducted for correlation between
response variables.

3. Results and Discussion

3.1. Experimental Model Fitting

The present study was conducted to evaluate the optimal conditions for the extraction of
phenolic antioxidants from Merlot’s grape stems (Vitis vinifera L.). This variety is one of the most
representative grape varieties as it is one of the most widespread cultivars. For this purpose, a central
composite rotatable design was applied as displayed in Table 2. Three independent variables or
factors, namely, ethanol concentration (X1, 0–100%), temperature (X2, 40 ◦C–120 ◦C) and time (X3,
1–11 min), were studied to assess their influence on antioxidant activity, flavan-3-ol monomers and
oligomers, polymer procyanidins and total phenolic compounds. These factors are considered as the
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main extraction-independent variables, at the expense of others less significant, such as solid–solvent
ratio or solvent pH [13,32]. Aqueous methanol has been proposed as the most suitable solvent for
the extraction of phenolic compounds from grape products [11,22]. Nevertheless, this toxic solvent
is currently being replace by aqueous ethanol [6,12]. Its high efficiency and GRAS status makes it
suitable for food or pharmaceutical applications [12]. Heating up to 200 ◦C has been commonly used
in PLE extractions, since higher temperatures lead to a greater extraction yield [23]. Nevertheless,
values above 120 ◦C should be avoided as they may cause degradation of phenolic compounds [16].
Accordingly, the maximal temperature value was set at 120 ◦C in the present study. Moreover, the
extraction time variable was limited in low values, since higher extraction time may promote phenolic
degradation without an enhancement of extraction yields [17,32]. Table 2 shows response variable
data corresponding to each experimental condition.

Table 2. Experimental design and experimental response variable data.

Factor Response Variables

Run

X1,
Ethanol

X2,
Temperature

X3, Time Yield

Total
Phenolic

Compounds
(TPC)

ABTS DPPH

Total
Flavan-3-ol
Mono- and
Oligomers

Total
Polymer

Procyanidins

(%) (◦C) (min)
(g Extract/100

g Stem)
(mg GAE/g

Extract)

(mmol
Trolox/g
Extract)

(mmol
Trolox/g
Extract)

(mg
catechin/g

Extract)

(mg
catechin/g

Extract)

1 20 56 3 21.5 118.1 2.06 0.65 19.53 30.02
2 80 56 3 9.4 114.0 1.89 0.55 52.72 14.55
3 20 104 3 27.5 164.0 2.89 0.97 24.48 42.64
4 80 104 3 23.3 145.9 2.50 0.81 31.51 32.10
5 20 56 9 21.0 148.7 2.63 0.86 27.16 41.97
6 80 56 9 10.3 113.2 1.94 0.56 69.97 21.26
7 20 104 9 28.5 178.7 3.33 1.19 26.59 44.58
8 80 104 9 14.8 135.2 2.42 0.72 52.64 19.65
9 0 80 6 24.9 147.8 2.54 0.87 17.81 21.68
10 100 80 6 12.4 87.4 1.39 0.29 98.73 4.06
11 50 40 6 18.8 129.4 2.24 0.77 30.67 34.53
12 50 120 6 30.6 186.6 3.43 1.22 26.51 49.78
13 50 80 1 21.2 147.8 2.60 0.88 26.26 38.42
14 50 80 11 24.8 172.7 2.96 1.06 27.73 44.51
15 50 80 6 22.8 167.6 2.98 1.00 47.45 22.05
16 50 80 6 25.0 171.8 3.00 1.05 45.43 21.62
17 50 80 6 24.3 167.9 2.94 1.03 45.67 21.30
18 50 80 6 24.1 169.7 2.95 0.98 45.34 21.82
19 50 80 6 24.0 160.2 2.77 1.01 46.65 21.48

The regression coefficients of linear, quadratic and interaction terms of the experimental factors
were calculated by fixing the experimental values of response variables to a quadratic linear regression
model. The effect of each term in the model and its statistical significance on the response variables were
analysed from the standardized Pareto chart (data not shown). The quadratic and interaction terms
not significantly different from zero (p ≤ 0.05) were excluded from the model, and the mathematical
model was refitted by multiple linear regression (MLR), resulting in the polynomial equations shown
in Table 3.

These equations suggest that RSM was successfully applied for the optimisation of the considered
variables. The models did not show significant lack of fit (p > 0.05), indicating well-fitting models
for yield, TPC, ABTS and DPPH, opposite to flavan-3-ol monomers and oligomers, and polymer
procyanidin behaviour. However, determination coefficients (R2) for all the studied variables were
over 0.90. Therefore, the proposed models could be used as an approach to the real behaviour of these
compounds regarding these extraction parameters. Concerning extraction yields, the obtained data
exhibited a very good fit for a quadratic model. Moreover, all the experimental factors were significant,
mainly ethanol proportion in a quadratic manner (Table 3). In addition, some significant interaction
factors were found. Response surface plot showed that an increase of ethanol proportion caused an
extraction yield rise of up to almost 25% (Figure 1). Therefore, higher and lower ethanol:water ratios
led to a decrease in the extraction yield, more markedly at high ethanol proportions (Figure 1A,B).

186



Foods 2020, 9, 604

Moreover, temperature caused a linear effect, that is, extraction yield was enhanced linearly when
temperature increased (Figure 1A). On the other hand, a weak quadratic influence of extraction time
was noticed.

Table 3. Polynomial equations and statistical parameters of the fitted models obtained for
response variables.

Variable Polynomial Equation of Fitted Model R2 Lack-of-Fit
(p-Value)

Yields (g extract/g stem)
Y = −2.05097 + 0.188423(Et) + 0.24681(T) +
2.91554(t) − 0.00271887(Et)2 − 0.0115812(Et
× t) − 0.0144409(T × t) − 0.0984341(t)2

0.951 0.15

TPC (mg GAE/g extract)
Y = −15.954 + 2.10974(Et) + 1.94514(T) +

10.808(t) − 0.0212643(Et)2 − 0.0807058(Et ×
t) − 0.00779276(T)2 − 0.408779(t)2

0.97 0.21

ABTS (mmol Trolox/g extract)
Y = 0.578714 + 0.0369343(Et) + 0.0142628(T)
+ 0.112674(t) − 0.000382393(Et)2 −

0.00147263(Et × t)
0.97 0.33

DPPH (mmol Trolox/g extract)

Y = −0.238343 + 0.0209687(Et) +
0.00766806(T) + 0.0851506(t) −

0.000183361(Et)2 − 0.0000407129(Et × T) −
0.00071712(Et × t) − 0.00273786(t)2

0.98 0.19

Figure 1. Response surface plots of the extraction yield as affected by independent factors; ethanol (%)
vs. temperature (A), ethanol (%) vs. time (B).

Similar results were found regarding the total phenolic content (TPC) and antioxidant activity
(ABTS, DPPH), where good fitting models for these response variables were established (Table 3).
Furthermore, extraction solvent was the most important factor, showing a quadratic effect, together
with a linear effect of temperature (Figures 2A, 3A and 4A). Although time and some interaction
factors resulted in meaningful effects, a lower contribution to response variables was determined
for these parameters (Figures 2B, 3B and 4B), where extraction time significance is generally linked
to temperature [32]. The optimum ethanol concentration effect was determined to be close to 30%;
meanwhile, 120 ◦C allowed reaching the highest response variable values. Similar results were found in
other studies, where ethanol:water mixtures’ behaviour was analysed [12,13]. These authors indicated
that extraction solvent was the main factor for both antioxidant activity and TPC of the extracts,
showing a quadratic main effect. The optimum ethanol concentration in ethanol:water mixtures to
achieve the maximum phenolic extraction, and therefore the greatest antioxidant capacity, is generally
observed between 30% and 80% [4,12,13]. In accordance with the present study, the optimization of
conventional solid–liquid extraction for two grape stem samples through RSM determined that ethanol
and temperature were the main factors during phenolic extractions. The optimum ethanol:water
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concentration was determined as 57.9% and 63.8%. Although a strong negative and quadratic effect
was also observed in these studies for ethanol concentration effect, noticeably higher amounts of
ethanol were found [12]. The lower optimum ethanol content in the PLE extraction solvent of the
present study (30%) is probably due to the improvement extraction capacities of the solvents because of
the pressure and higher temperatures applied during the extraction process. Moreover, PLE modified
the extraction capacities of solvents by reducing their polarity [17] and enhancing the extraction of low
polar compounds, such as phenolic compounds. Therefore, PLE reduces the required ethanol:water
proportion compared to conventional solid–liquid extraction [12,13] or ultrasound extraction [4].
Besides, temperature increase is generally associated with enhancements of phenolic compound
extraction [12,13]. Since PLE allows increasing the temperature over the solvent boiling point, the
extraction capacity of the used solvents is generally enhanced [17]. Because of that, optimum extraction
time is reduced when PLE is used in comparison with conventional extraction [12,13].

Figure 2. Response surface plots of the TPC as affected by independent factor; ethanol (%) vs.
temperature (A), ethanol (%) vs. time (B).

Figure 3. Response surface plots of the ABTS as affected by independent factors; ethanol (%) vs.
temperature (A), ethanol (%) vs. time (B).

Furthermore, temperature was found to be an important but controversial factor, regarding
phenolic compound extraction and antioxidant activity. In general, a high extraction temperature is
correlated with an increase in the solubility of phenolic compounds from the matrix [33], as it reduces
solvent viscosity and enhances solvent penetration [34]. On the other hand, high temperatures may
lead to breakdown of thermolabile compounds [13]. Nevertheless, this shortcoming could be avoided
by using high extraction temperatures (100–120 ◦C) at a short extraction time [35]. Accordingly, in the
present study, a short extraction time (up to 10 min) at 120 ◦C avoided thermal degradation of some
phenolic compounds.
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Figure 4. Response surface plots of the DPPH as affected by independent factors; ethanol (%) vs.
temperature (A), ethanol (%) vs. time (B).

Regarding total flavan-3-ol monomers and oligomers or total polymers of procyanidin content,
experimental data did not fit with the quadratic proposed model, suggesting more complex behaviour.
Nevertheless, according to response surface plots, extraction solvent resulted as the main factor
in the total mono-oligomer demeanour, whereas temperature and time were remarkably less
meaningful. Ethanol seems to enhance flavanol-3-ol monomer and oligomer extraction (Figure 5A),
while temperature or time influences are less clear (Figure 5A,B). Opposite to that, higher ethanol
proportions seem to reduce the extraction of total polymer procyanidins, while temperature increased
their extraction yield (Figure 6A). In this case, although extraction time turned out to show a positive
tendency, an important interaction between time and the rest of studied factors distorted the effect
of time into an overall negative trend (Figure 6A,B). Moreover, temperature increase resulted in a
higher extraction of polymers, while ethanol had a suppressive effect, but enhanced the flavan-3-ol
monomer and oligomer yield. Sun and Spranger [36] indicated that temperature allowed higher
proanthocyanidin extraction rates if the temperature did not reach a degradation point. Likewise,
solvent mixtures with higher polarities improve the extraction of these compounds, disrupting the
bonds between phenolic compounds and the matrix. In this sense, Karvela et al. [13] found that greater
flavanol monomers contents were reached at 60% of ethanol:water, whereas oligomers and polymer
proanthocyanidins were achieved at 44% and 55%, respectively.

Figure 5. Response surface plots of flavan-3-ol monomer and oligomer content as affected by
independent factors; ethanol (%) vs. temperature (A), ethanol (%) vs. time (B).
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Figure 6. Response surface plots of polymer procyanidins content as affected by independent factors;
ethanol (%) vs. temperature (A), ethanol (%) vs. time (B).

Nevertheless, it is important to highlight that, in all cases, individual optimisation of extraction
conditions is required as grape variety, agro- and weather conditions or plant material are other factors
that are not taken into consideration and can have significant influence on phenol recovery [12].

3.2. Optimal Conditions and Validation of the Developed Model

Optimal experimental conditions were achieved for extraction yield, TPC and antioxidant activity
since these response variables were fitted to the proposed model. As can be seen in Table 4, only slight
differences were found regarding the optimal conditions of these variables. A tight range of ethanol
concentrations (22%–30%) was found as the optimum, while the highest temperature (120 ◦C) was
optimal in every response variable. Moreover, high extraction time showed better results, except for
extraction yield and TPC, where a slight decrease was shown at 11 min. Therefore, 30% ethanol, 120 ◦C
and 10 min were selected as the most suitable extraction conditions in order to obtain an extract with
the highest contents of phenolic antioxidants (optimum extract) by PLE from Merlot grape stem.

Table 4. Optimal extraction conditions, experimental and estimated values for response variables in
the optimum extract.

Optimal Conditions
Optimal Extract Values (30%

Et, 120 ◦C, 10 min)

Et (%) T (◦C) T (min) Experimental Estimated

Yields (g extract/100 g stem) 25 120 4.5 28.9 29.2
TPC (mg GAE/g extract) 30 120 10 187.3 192.4

ABTS (mmol Trolox/g extract) 27 120 11 3.69 3.81
DPPH (mmol Trolox/g extract) 22 120 11 1.32 1.37

Under such optimal conditions, the statistical model predicted an extraction yield of 29.2%, 192.4
mg GAE/g extract (TPC), and TEAC values of 3.81 and 1.31 mmol Trolox/g extrac regarding the ABTS
and DPPH methods, respectively. To corroborate these values, additional extractions were made at
the optimal extraction conditions (Table 4). The results display that optimum extract showed values
very close to the predicted ones, validating the proposed model. In addition, ORAC assay was carried
out in order to perform a deeper antioxidant characterization of this optimum extract, with an ORAC
value of 1.48 ± 0.17 mmol Trolox/g extract. Moreover, 26.8 ± 0.4 mg of mono-oligomers and 79.17 ±
1.36 mg of proanthocyanidin polymers were quantified in this extract.

These optimal experimental conditions allowed obtaining an extraction yield, TPC and antioxidant
activity in agreement with the wide range of values determined by González-Centeno et al. [22] for
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several grape stem varieties of Vitis vinifera, or even slightly higher results regarding PLE Merlot extract.
However, it should be noted that these authors proposed substantially different extraction conditions.

Experimental designs have been proposed previously to find optimal extraction conditions for
grape stems [12,13]. In these studies, ethanol:water mixtures, time, temperature or pH were studied as
experimental factor using SLE. Slightly higher TPC, along with greater TEAC values, was found in the
present study. It is worth mentioning that a lower ethanol:water proportion was required at optimal
extraction conditions compared to SLE [12,13]. As has been mentioned before, even if the grape variety
or environmental conditions should affect this behaviour, this result could be ascribed to an electric
constant decrease in the extraction solvent at high pressure [37]. Furthermore, shorter extraction time
and less consumption of solvents were used for PLE than for SLE.

Moreover, similar or lower values of TPC and antioxidant activity were observed when data
presented in this study were compared with other SLE or PLE extracts from grape stems [8,18,22].
However, regarding these parameters, the few data in the literature concerning grape stem extracts
show a wide range of values. In this regard, differences caused by ripening stage, grape variety,
geographic factors, climatological factors or oenological practices, as well as different extraction
procedures applied, should be considered [38,39].

3.3. Correlation between Response Variables

Correlations between TPC and TEAC values (ABTS and DPPH) were established in order to
confirm the influence of phenolic compounds on the antioxidant activity of the extracts. Antioxidant
activity, measured by two methods in the present study (ABTS and DPPH) resulted in a strong
correlation with TPC, achieving r = 0.993 and r = 0.987, respectively (p ≤ 0.001). Besides, antioxidant
activities obtained by both methods showed a high correlation between them (r = 0.993; p ≤ 0.001)).
This confirms that phenolic compounds are the main factor responsible for the extract antioxidant
activity, according to the similar optimal conditions predicted by RSM models. In addition, Pearson’s
test indicated a good correlation between TPC and the two fractions of phenolic compounds, flavan-3-ol
monomers and oligomers (r = 0.557; p ≤ 0.05) and polymers (r = 0.586; p ≤ 0.01). Furthermore, statistical
correlations between antioxidant activity and flavan-3-ol monomers and oligomers were found (r =
0.571; p ≤ 0.05 for ABTS method, and r = 0.617; p ≤ 0.01 for DPPH method). However, correlations
turned out to be stronger with polymer procyanidins, being r = 0.621 (p ≤ 0.01) for ABTS and r = 0.637
(p ≤ 0.05) for the DPPH method. These results reveal that the antioxidant activity of the grape stem
extracts could be ascribed to their general phenolic content [38], although particular contributions of
phenolic groups, such as polymer proanthocyanidins, could be higher [13].

Additionally, a PCA was carried out to understand correlations between procyanidins and
antioxidant activity. The principal component of the analysis explains a 90.79% of the samples. The
antioxidant activity, determined using the ABTS method, was mainly explained by PC1 (76.48%)
whereas PC2 contributed to a lesser extent (14.32%) (Figure 7A). Therefore, PCA analyses showed
a strong correlation between the polymer content and the total antioxidant activity of the samples.
Therefore, those samples characterised by higher amounts of polymers, being samples 7, 12 and
the optimum extract, showed greater antioxidant activity. These samples were characterised by the
use of high temperatures during PLE extraction (104 ◦C, 120 ◦C and 120 ◦C, respectively), being in
concordance with the polynomial equations of the fitted models (Table 3). Additionally, the proximity
of samples 3 and 14 in the PCA graph, as well as sample 7, evidences the influence of the extraction
time. Similar results were observed when PCA analysis was conducted for DPPH values (Figure 7B),
explaining 89.65% of the samples.
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Figure 7. Principal components analysis (PCA) of response variables. Projections of the variables and
samples (Biplot) for ABTS (A) and DPPH values (B).

3.4. Phenolic Composition of the Optimum Extract

Forty-two phenolic compounds were identified by HPLC-PAD-MS. Optimal PLE grape stem extract
showed a complex composition of phenolic compounds, including phenolic acids, stilbenes, flavonols
and, especially, flavanols (Table 5). Regarding phenolic acids, gallic and caftaric acids were the main
hydroxybenzoic and hydroxycinnamic acids of the extract, followed by vanillic and syringic acid [19]. In
addition, stilbenes were identified, including trans-resveratrol, ε-viniferin, trans-resveratrol-glucoside
(piceid), along with different dimmers and trimers of trans- and cis-resveratrol [9,10,40].
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Table 5. HPLC-PAD-ESI-MS phenolic analysis of the optimal grape stem extracts (mg compound/g
dry extract).

Phenolic Compound UV-Vis Max. [M − H]−1 [M + H]+1 MS/MS
Fragments

mg/g dry
Extract

No Flavonoids
Hydroxybenzoic acids

Gallic acid 270 169 125 0.541 ± 0.029
Protocatechuic acid 260/290 153 117 0.008 ± 0.000

Monogalloyl glucoside 257/298 331 169 <LOQ
4-Hydroxybenzoic acid 256 137 0.048 ± 0.001

Vanillic acid 259/292 167 153 0.224 ± 0.010
Syringic acid 278 197 183 0.202 ± 0.015
Ethyl gallate 277 197 169 0.010 ± 0.001
Ellagic acid 256/353 301 229 0.073 ± 0.004

Hydroxycinnamic acids
trans-caftaric acid 296/328 311 179 0.357 ± 0.003
trans-caffeic acid 300/324 179 161 0.006 ± 0.000
4-Coumaric acid 290/310 163 119 0.004 ± 0.000
3-Coumaric acid 289/309 163 119 0.003 ± 0.000

Coumaroyl-O-glucoside 280/308 325 163,119 0.003 ± 0.000
trans- ferulic acid 298/322 193 149 0.008 ± 0.000

Stilbenes
trans-Piceid 295/324 389 227 0.016 ± 0.000

trans-Resveratrol 303/328 227 185 0.141 ± 0.003
ε-viniferin 262/308/322 453 359 0.879 ± 0.065

cis-resveratrol trimer 286 679 585 0.031 ± 0.002
trans-resveratrol trimer 296/320 679 587,575 0.012 ± 0.001
trans-resveratrol trimer 288/326 679 587,575 0.042 ± 0.003

trans-resveratrol
tetramer 306/316 905 811 0.136 ± 0.011

trans-resveratrol
tetramer 306/316 905 811 0.086 ± 0.007

cis-resveratrol tetramer 284 905 811,717 0.038 ± 0.003
trans-resveratrol

tetramer 306/318 905 811,799 <LOQ

Flavonoids
Flavan-3-ols

Catechin 278 289 245 2.422 ± 0.034
Epicatechin 278 289 245 1.293 ± 0.039

Epicatechin gallate 280 441 289,169 0.245 ± 0.005
Procyanidin B1 278 577 425 1.410 ± 0.034
Procyanidin B2 278 577 425 0.015 ± 0.003
Procyanidin B3 278 577 425 0.349 ± 0.025
Procyanidin B4 279 577 425 0.036 ± 0.002
Procyanidin B7 280 577 425 0.025 ± 0.003
Procyanidin C1 280 865 577 0.016 ± 0.001

Flavonols
Kaempferol-3-O-glucoside 287/358 447 285 <LOQ
Quercetin-3-O-galactoside 256/354 463 301 0.047 ± 0.000
Quercetin-3-O-rutinoside 256/354 609 301 0.029 ± 0.000
Quercetin-3-O-glucuronide 252/354 477 301 1.425 ± 0.001
Quercetin-3-O-glucoside 254/354 463 301 0.106 ± 0.004

Quercetin 256/368 301 0.005 ± 0.000
Anthocyanins

Delphinidin-3-O-glucoside 292/535 465 303 <LOQ
Cyanidin-3-O-glucoside 290/530 449 287 0.010 ± 0.001
Malvidin-3-O-glucoside 293/537 493 331 0.079 ± 0.002

LOQ: limit of quantification
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Numerous flavan-3-ols were also determined, including monomers, dimers and oligomers [40].
Catechin was the main monomeric compound, followed by epicatechin, whereas dimer B1 turned out
to be the highest dimer compound [11].

Moreover, different flavonols were quantified, mainly as quercetin derivatives. The
most remarkable compound corresponded to quercetin-3-O-glucuronide, followed by
quercetin-3-O-glucoside [40]. These forms of quercetin are the main flavonols of grape stems,
along with others such as quercetin-3-O-rutinoside and quercetin-3-O-galactoside [8,19,40]. In addition,
low quantities of different anthocyanins where detected in the extract, malvidin-3-O-glucoside being
the most abundant of this group [8].

It is remarkable that, as far as we know, it is the first time that compounds such as ethyl gallate,
ellagic acid, delphinidin-7-O-glucoside or cyanidin-3-O-glucoside have been identified in grape stem
extracts, although ethyl gallate has been previously reported in grape seed extracts [25].

Just a few articles depict the composition of proanthocyanidin fraction in grape stem extracts. In
the present study, 80 mg of CE/g extract was quantified as procyanidins according to the procedure
of Sun et al. [27]. Procyanidin characterization revealed a mDP of 12 units. Structural composition
showed catechin as a predominant terminal unit and epicatechin as a principal extension unit, where
approximately 12% of the total constituent units of procyanidins were galloylated (Table 6). Focusing
on general composition, epicatechin was the main monomer unit (72.3%), followed by catechin
(14.6%), epicatechin gallate (12.4%) and, to a lesser extent, epigallocatechin (0.7%). All these results are
consistent with the stem proanthocyanidin fraction described in literature [14,22], and particularly
with Merlot’s proanthocyanidins [7]. Nevertheless, slightly higher mDP was found in the present
study. This result might be attributable to the effect of pressure extraction conditions used in this study,
allowing a higher penetration of the solvent during extraction process.

Table 6. Characteristics and structural composition (percent in moles) of procyanidin fraction from
optimal stem PLE extract.

Terminal Units (%) Extension Units (%) mDP Galloilated Units (%)

Cat EC ECG Cat EC ECG EGC
6.32 1.07 0.81 8.27 71.27 11.59 0.68 12.22 12.40

4. Conclusions

Ethanol:water mixture (30%), 120 ◦C and 10 min turn out to be the optimal extraction conditions of
the environmentally friendly PLE process carried out in this study. These conditions lead to obtaining
an extract with a high phenolic content and a remarkable antioxidant activity from Merlot grape
stems. This methodology allows reducing solvent volume, ethanol concentration and extraction
time compared to conventional solid–liquid extraction. This study shows that this by-product is an
interesting and undervalued source of procyanidins, and to a lesser extent, stilbene and flavonol
derivatives. Moreover, although the contribution of polymer procyanidins to the antioxidant activity
of the extract is established, the role played by other phenolics should not be ruled out. Therefore, the
present study highlights the valorisation of this side stream as a source of natural phenolic antioxidants
by using a green extraction technology as part of a sustainable food system.
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Abstract: Curcumin is one of the most common spices worldwide. It has potential benefits, but its
poor solubility and bioavailability have restricted its application. To overcome these problems,
this study aimed to assess the efficacy of sodium caseinate (SC), α-lactalbumin (α-La), β-lactoglobulin
(β-lg), whey protein concentrate (WPC) and whey protein isolate (WPI) as nanocarriers of curcumin.
Furthermore, the antioxidant, anticancer and antimicrobial activities of the formed nanoparticles were
examined. The physicochemical characteristics of the formed nanoparticles as well as the entrapment
efficiency (%) and the in vitro behavior regarding the release of curcumin (%) were examined.
The results showed that the formation of curcumin–milk protein nanoparticles enhanced both the
entrapment efficiency and the in vitro behavior release of curcumin (%). Cur/β-lg nanoparticles had
the highest antioxidant activity, while SC and WPC nanoparticles had the highest anticancer effect.
The antimicrobial activity of the formed nanoparticles was much higher compared to curcumin and
the native milk proteins.

Keywords: curcumin; milk proteins; nanoparticles; antioxidant; anticancer; antimicrobial activities

1. Introduction

Curcumin is a bright yellow powder produced from Curcuma longa plants. It is the principal
curcuminoid of turmeric (Curcuma longa), which is used as an herbal supplement, cosmetics ingredient,
food flavoring and food coloring [1]. Curcumin has been reported to display several biological
activities, such as antioxidant, antibacterial, anti-inflammatory, anti-amyloid and anticancer activities
in addition to wound healing and antibiofilm properties [1,2]. However, the practical application of
curcumin in functional food formulations is limited due its poor water solubility and bioavailability
and rapid degradation under neutral and alkaline pH conditions [3]. Many attempts have been made to
enhance the solubility and bioavailability of curcumin, including the use of emulsions, liposomes and
nanoparticles [3]. The application of nanotechnology is an important tool to improve the solubility and
bioavailability of curcumin [4]. A variety of nanoparticle formulations has been developed to improve
the functional characteristics of curcumin [5,6]. In this context, various nanocarriers, generally made of
biodegradable substances, such as proteins (including milk proteins), liposomes, carbohydrates and
polysaccharides (i.e., chitosan), have been used [7–9].
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Milk proteins have a specific structural and functional diversity which allows their utilization
as agents of encapsulation and for the transport of bioactive molecules. Milk proteins can be used
as carriers of hydrophobic molecules or ions, and they are excellent interfacial agents, meaning that
they are used in the formation and stabilization of emulsions containing hydrophobic molecules.
Furthermore, milk proteins are able to form covalent or electrostatic complexes with molecules of
interest and to entrap bioactives through the formation of gels. Furthermore, milk proteins are able to
self-assemble or co-assemble to form supra-structures that allow the encapsulation and the transport
of a diversity of small molecules [10]. In this context, using β-lg as carrier for curcumin significantly
enhanced the water solubility, resistance to pepsin, and pH stability of curcumin [11]. In addition,
a complex of whey protein isolate with curcumin increased the solubility of curcumin 180-fold [12].
Furthermore, a whey protein isolate microgel loaded with curcumin had higher antioxidant activity
compared to curcumin dissolved in water [13]. The encapsulation of curcumin in camel beta-casein
increased the solubility of curcumin 2500-fold. Moreover, the antioxidant activity and cytotoxicity to
the human leukemia cell line of curcumin were higher than both camel beta-casein and curcumin [14].
Bovine serum albumin (BSA)–dextran–curcumin nanoparticles exhibited a cellular antioxidant activity
in Caco-2 cells that was higher than free curcumin [15].

Consequently, the aim in this study was to evaluate the efficacy of different milk proteins as
nanocarriers of curcumin. Furthermore, the antioxidant, anticancer and antimicrobial activities of the
developed milk protein–curcumin nanoparticles were assessed.

2. Materials and Methods

2.1. Materials

Sodium caseinate (SC) was kindly provided by Friesland Campina DMV, Nederland. Whey protein
concentrate (WPC 80%) was kindly provided by Onalaska Wisconsin, USA. Whey protein isolate
(WPI), α-lactalbumin (α-La 97.46% protein) and ß-lactoglobulin (ß-lg 97.8% protein) were kindly
provided by Davisco Foods International, USA. Low molecular weight chitosan (Cs) and sodium
tripolyphosphate (TPP) were purchased from Acros Organics, New Jersey, USA. Curcumin
(Cur ≥ 96.1% purity) was purchased from Kolorjet Chemicals Pvt Ltd., Mumbai, Maharashtra, India.
1,1-diphenyl-2-picrylhydrazyl (DPPH), tetracycline, amphotericin B, nutrient agar medium and
Czapek’s Dox agar medium (for antifungal activity) were purchased from Sigma Chemical Company
St. Louis, MO, USA. Human hepatocellular carcinoma (HepG2), human breast adenocarcinoma (MCF-7),
Gram-positive (Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 29213) and Gram-negative
bacteria (Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC 25922) and Candida albicans
(ATCC10231) were obtained from the American Type Culture Collection (ATCC) Manassas, Virginia,
USA. Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from Genetix Biotech,
Asia Pvt. Ltd., India. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium·bromide (MTT) was
purchased from SERVA Electrophoresis GmbH, Heidelberg, Germany. Phosphate buffered saline
(PBS) tablets were purchased from Fountain Pkwy, Solon, USA. All other chemicals used were of
analytical grade.

2.2. Experimental Procedures and Methods of Analysis

2.2.1. Preparation and Characterization of Milk Protein–Chitosan Nanocomposite

Nanocomposites of milk protein–chitosan were prepared by the ionotropic gelation method [16].
Briefly, 1 mL of protein solution (10%) was added to 50 mL chitosan solution (0.2% prepared in 1%
acetic acid) under mild stirring. Then, 15 mL sodium tripolyphosphate solution (TPP 0.5%) was added
drop-wise to the mixture. The overall mixture was stirred for 30 min at 25 ◦C. The resulting particles
were collected by centrifugation (Avanti j-301 Beckman, CA, USA) at 25,000 rpm for 30 min at 4 ◦C,
washed twice with distilled water and then freeze-dried (Labconco freeze dryer, USA).
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2.2.2. Preparation of Curcumin-Loaded Milk Proteins

Curcumin solution was prepared separately by dissolving curcumin (100 mg) in ethanol until
the solution became clear; then, the solution was added to the milk protein–chitosan nanosuspension
(without freeze drying) and stirred for 30 min at 25 ◦C, followed by centrifugation at 25,000 rpm for
30 min at 4 ◦C. The resulting curcumin-loaded nanoparticles (NPs) were washed twice with distilled
water and then freeze-dried.

2.3. Characterizations of Nanoparticles

2.3.1. Particle Size and Zeta Potential Measurements

The size distribution and zeta potential of the resultant nanoparticles were determined using
a zetasizer (Nano-ZS, Malvern, UK) [17]. The measurements were performed at 25 ◦C after the
appropriate dilution of samples with water (1:400). The zeta potential was measured using a disposable
zeta cuvette.

2.3.2. Physicochemical Characterization

The Fourier-transform infrared spectroscopy (FTIR) spectra of native and curcumin-loaded milk
proteins nanoparticles were examined by an FTIR spectrometer (NICOLET iS10, Thermo Scientific Inc.,
USA) in the attenuated total reflection (ATR) mode [18]. The spectra were recorded in the wavenumber
range of 600–4000 cm−1.

The morphology of curcumin-loaded milk protein nanoparticles was imaged using transmission
electron microscopy (TEM) (JEOL, JEM1400, Japan) according to Swed et al. [19]. Drops of aqueous
suspension of nanoparticles suspended in distilled water were deposited in carbon-coated copper
grids and then dried at room temperature before examination.

2.4. Determination of the Entrapment Efficiency (EE %) and In Vitro Release %

The entrapment efficiency (EE %) was determined according to Sadeghi et al. [20]. The amount
of curcumin encapsulated into the developed nanoformulations was obtained by determining the
difference between the total amount of curcumin added initially into the preparation medium and
the amount which remained in the supernatant after centrifugation. The free curcumin present in the
supernatant was determined spectrophotometrically at 426 nm using a UV–Vis spectrophotometer
(Evolution UV 600, Thermo Scientific, USA). The EE% was calculated using the following equation:

EE(%) =
Initial amount of curcumin− free curcumin in supernatant

Initial amount of curcumin
× 100

The method of Teng et al. [21] was adapted to determine the in vitro release percentage of curcumin
from the nanoparticles. Curcumin-loaded milk protein nanoparticles (5 mg) were mixed with 2 mL of
PBS at pH 7.4. The blend was placed into a dialysis bag (MW cutoff 10 kDa) which was then put in
45 mL falcon tubes containing 20 mL of PBS with 0.5% Tween 20. The falcon tubes were incubated
in a shaking bath (Thermo Scientific, MaxQ4450, USA) at 37 ◦C under constant shaking at 110 rpm.
Afterwards, a 1 mL aliquot of the PBS medium was withdrawn at specific intervals of 0.25, 0.50,
1, 2, 4, 6, 24 and 48 h and replaced by a fresh medium. The absorbance was measured at 426 nm,
which was converted to the mass of released curcumin using a linear standard curve (R2 = 0.9976).
The concentration of curcumin at different time intervals was monitored, and then calculated using the
following equation:

Cn = Cn means + A/V·
n−1∑
S=1

Cs means

where Cn is the expected theoretical sample concentration, Cn means is the measured concentration, A is
the volume of withdrawn aliquot (20 mL), V is the volume of the dissolution medium (2 mL), n−1(20-1)
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is the total volume of all the previously withdrawn samples before the currently measured sample and
Cs is the total concentration of all previously measured samples before the currently measured sample.
The in vitro release % of curcumin from the resultant nanocarriers was measured in triplicate, and the
cumulative release percentage was plotted against time.

2.5. Antioxidant Activity

The antioxidant activity (radical scavenging activity %) was measured using DPPH
(1,1-diphenyl-2-picrylhydrazyl) [22]. In brief, 1.5 mL of the tested materials at concentrations of
1.25, 2.5 and 5 mg/mL was mixed with 1.5 mL of 0.1 mM DPPH in ethanol. The mixtures were vortexed
and incubated in the dark for 30 min at room temperature, and then the absorbance was measured at
517 nm.

Radical scavenging activity(%) = (A0 −A1/A0) × 100

where A0 is the absorbance of the control without samples (DPPH solution) and A1 is the absorbance
of the tested materials.

2.6. Anticancer Activity

The cytotoxicity of the tested materials on HepG2 and MCF-7 cell lines was determined by MTT
assay [23]. The cells were plated (1 × 105 cells/mL) in 96 well plates and incubated at 37 ◦C for 24 h to
develop a complete monolayer sheet. The plates were washed with phosphate buffered saline (pH 7.4)
and then incubated at 37 ◦C for 24 h in the presence of 0.1 mL of the tested material solutions (2.5, 5
and10 mg/mL) in Roswell Park Memorial Institute (RPMI) medium (maintenance medium). Then,
20 μL/well of MTT in buffered saline solution (5 mg/mL) was added, and the plates were incubated at
37 ◦C in a CO2 incubator for 1–5 h to allow the MTT to be metabolized, forming formazan. The optical
density at 560 nm and 620 nm (subtract background) was measured. The effect of the tested materials on
the proliferation of human cancer cells is expressed as the cell viability % using the following formula:

Cell viability(%) = absorbance of treated cells/absorbance of control cells× 100

2.7. Antimicrobial Activity

The antimicrobial activity of all tested materials were examined against Gram-positive (Bacillus
subtilis and Staphylococcus aureus) and Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia
coli) as well as Candida albicans using the agar well diffusion method [24]. All strains (individually) were
grown in 10 mL of nutrient broth and adjusted to a count of 108 cells/mL for bacteria or 105 cells/mL
for fungi using a spectrophotometer. Tested strains (100 μL) were added to the growth medium
and allowed to solidify. One milliliter of each tested material (500 μg/mL) was added to each well.
The plates were incubated at 37 ◦C for 24 h for bacteria and at 27 ◦C for 72 h for fungi. After incubation,
the growth of microorganisms was observed. The antimicrobial activity was evaluated by measuring
the diameter of the zone of transparent inhibition against tested microorganisms. Tetracycline was
used as a standard antibacterial drug, while amphotericin B was used as a standard antifungal drug.

2.8. Statistical Analysis

A randomized complete block design with two factors (factor A: concentration. and factor B:
treatments) was employed. For the other parameters, we used a randomized complete block design
with one factor, with three replications for each parameter. The treatment means were compared by
the least significant difference (L.S.D.) [25].
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3. Results and Discussion

3.1. Characterizations of Nanoparticles

3.1.1. Particle Size

The data in Table 1 show that the average particle size of the milk protein–chitosan nanocomposite
ranged from 275.33 to 334.90 nm with non-significant differences between all treatments except for
Cs/WPI NPs. After loading curcumin, the average particle sizes decreased in the case of casein, α-La
and β-Lg nanoparticles with non-significant differences and reached 278.10, 290.83 and 274.80 nm,
respectively, while the sizes significantly increased in the case of WPI and WPC nanoparticles, reaching
462.80 and 439.90 nm, respectively, which may be due to the formation of large aggregates via
nonspecific interactions [26]. All nanoparticles—either without or with curcumin—are the under
nano-scale, which agreed with the data reported by Singh et al. [27] and Arroyo-Maya et al. [28].

Table 1. Particle size, zeta potential and entrapment efficiency (EE %) of curcumin-loaded milk
protein nanoparticles.

Treatments Particle Size (nm) Zeta Potential EE% pH

Cs/SCNPs 328.67 b ± 47.55 −12.73 cd ± 0.87 - 5.00
Cs/α-LaNPs 334.90 b ± 5.84 −12.70 cd ± 0.44 - 5.21
Cs/β-lgNPs 310.53 bc ± 13.17 −11.13 c ± 0.64 - 5.00
Cs/WPI NPs 275.33 c ± 30.89 17.30 b ± 1.90 - 4.30
Cs/WPC NPs 318.17 bc ± 33.98 −14.03 d ± 1.21 - 5.30

Cur-Cs/SCNPs 278.10 c ± 16.89 −12.63 cd ± 2.11 72.27 e ± 0.13 5.20
Cur-Cs/α-La NPs 290.83 bc ± 47.17 −19.50 e ± 0.17 74.67 c ± 0.06 5.31
Cur-Cs/β-lg NPs 274.80 c ± 8.84 −14.83 d ± 2.58 73.97 d ± 0.12 5.30
Cur-Cs/WPI NPs 462.80 a ± 6.15 −13.57 d ± 3.23 76.30 b ± 0.10 5.42
Cur-Cs/WPC NPs 439.90 a ± 2.95 27.73 a ± 0.81 77.27 a ± 0.06 4.20

Different superscripts (a–e) in the same column are significantly different (p < 0.05). SCNPs: sodium caseinate
nanoparticles; WPI: whey protein isolate; WPC: whey protein concentrate; NPs: nanoparticles.

3.1.2. Zeta Potential

Zeta potential values ranged from −11.13 to −14.03 mV (pH 5.3) for milk protein–chitosan
nanocomposites, with the exception of Cs-WPI nanocomposite, where the value was −17.30 mV
(pH 4.3), with significant differences with other treatments. In case of curcumin-loaded milk protein
nanoparticles, the zeta potential ranged from −12.63 to −19.5 (pH 5.2–5.42), while it changed to be
highly positive for Cur-Cs/WPC, at+27.73 mV (pH 4.2). Significant differences were noticed between all
curcumin NPs (Table 1). These findings are in agreement with Awad et al. [29] and Sangeetha et al. [17].

3.1.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra of native and curcumin-loaded nanoparticles explain any structural differences
between pure compounds and the different developed nanoparticle systems. As shown in Figure 1,
the spectrum of native sodium caseinate (SC) had four characteristic peaks at 3273, 2960, 1635 and
1515 cm−1 attributed to NH2/OH, C-H stretching, C=O stretching and NH2 bending, respectively,
while for α-La, the four characteristic peaks of the FTIR spectra appeared at 3273, 2960, 1650 and
1500 cm−1, attributed to NH2/OH, CH stretching, C=O and NH2 bending, respectively. Furthermore,
the FTIR spectra of native β-Lg showed four characteristic absorbance peaks at 3271, 2957, 1633 and
1515 cm−1, attributed to NH2/OH, CH stretching, NH/C=O and NH2 bending of the amide group
respectively. With respect to WPC and WPI, similar results were found in terms of their FTIR spectra,
which exhibited three characteristic absorbance peaks at 2957, 1633 and 1532 cm−1, which correspond
to CH stretching, NH/C=O and N=O, respectively. It is also clear that the spectrum of chitosan showed
three characteristic absorbance peaks. One peak at 3354 cm−1 corresponds to the combined peaks of

203



Foods 2020, 9, 986

NH and OH groups in chitosan, while the peaks at 1592 and 1377 cm−1 correspond to the N-H bending
of the amide group (N-acetylated residues) and symmetrical CH3, respectively. The FTIR spectrum of
curcumin exhibited three strong peaks at 3272, 1505 and 1625 cm−1, attributed to CH/NH2, OH and
N=O, respectively (Figure 1). The characteristic absorbance peak at 3507 cm−1, which corresponds to
the CH stretching vibration of curcumin, disappeared after encapsulation. Furthermore, there was
a shift in the band peak from 1625 and 1505 to 1633 and 1520 cm−1 after nanoparticles were loaded
with curcumin (Cur-NPs). These peaks shifted slightly toward a higher wavenumber, and new
absorption bands appeared (C=O and N=O). This may be due to the structural changes of curcumin
during the encapsulation process. In general, it was clear from these results that NPs were formed
due to the interaction between the carboxyl group (–COO–) of the protein and amino groups of
chitosan. In addition, there was an interaction between milk protein–chitosan nanocomposites and
curcumin; the same spectra were found for curcumin milk protein–chitosan nanoparticles with slight
shifting (Figure 1), and this may be a result of the electrostatic interactions during the formation
of curcumin-loaded milk protein nanoparticles (Cur-NPs). These results are in line with those of
Udompornmongkol and Chiang [30].

Figure 1. Fourier-transform infrared (FTIR) spectra of chitosan (Cs), curcumin (Cur), Sod. caseinate
(SC), α-lactalbumin (α-La), β-lactoglobulin (β-lg), whey protein isolate (WPI), whey protein concentrate
(WPC) and curcumin loaded nanoparticles (Cur NPs).

3.1.4. Transmission Electron Microscopy (TEM)

Figure 2 shows the morphological characteristics of the prepared nanoparticles from the various
treatments. The prepared nanoparticles were regular and spherical in shape, with sizes under the
nano-scale. The average size matched that observed in the dynamic light scattering DLS values.
The loading of curcumin resulted in an increase in the particle size, particularly with WPI and WPC,
which matched the DLS values.
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Figure 2. Transmission electron microscope (TEM) images of curcumin-loaded milk protein nanoparticles.
(A) Cur-SC NPs, (B) Cur-α-La NPs, (C) Cur-β-lg NPs, (D) Cur-WPI NPs, (E) Cur-WPC NPs.

3.2. Entrapment (Encapsulation) Efficiency (EE %)

The EE% ranged from 72.27–77.27% with significant differences between all treatments (Table 1).
Both Cur-Cs/WPI NPs and Cur-Cs/WPC NPs had the highest EE% values, at 76.30% and 77.27%,
respectively, while the lowest EE% was achieved for SC, at 72.27%, which may be due to the presence
of more binding sites on WPC and WPI than other types of proteins. These results are in line with
those reported by Chen and Subirade [31], Pan et al. [32] and El-Sayed et al. [33].

3.3. The In Vitro Behavior Release of Curcumin (%)

In general, the in vitro behavior release of curcumin (%) increased gradually in all treatments as
the experimental time increased, and this was the highest for curcumin-loaded casein nanoparticles
(Figure 3). In the first 2 h, about 50% of the encapsulated curcumin was released from casein, α-la
and WPC, while this value ranged from 31.45% to 36.21% in the first 15 min and gradually increased
with time to reach 96.33–97.83% after 48 h. The obtained results indicated that milk proteins can be
successfully considered to be carriers for curcumin. The release of curcumin was controlled by its
dissociation from the porous polymer matrix and particle size; a smaller size led to a faster release due
to the increase in the surface area [34].
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Figure 3. In vitro release profiles of curcumin from curcumin–milk protein nanoparticles.
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3.4. Antioxidant Activity (%)

As shown in Table 2, the antioxidant activity was dependent on concentration. Furthermore,
the antioxidant activity of all native proteins was significantly lower than that of both of chitosan
or curcumin, except for both β-lg and WPI, whose antioxidant activities were slightly higher or
close to curcumin. The antioxidant activity ranged from 46.12% to 60.32% and 41.60% to 62.13% for
chitosan and curcumin, respectively, while it ranged from 36.30% to 43.70% for native milk proteins
at the level of 1.25 mg/mL and from 52.80% to 61.03% at the level of 5 mg/mL. It is obvious that the
antioxidant activity of all curcumin-loaded milk protein nanoparticles is significantly higher than
that of chitosan, curcumin and all native proteins or nanocomposites with chitosan. The antioxidant
activity of curcumin–milk protein nanoparticles can be arranged in descending order as follows:
Cur/β-lg > Cur/WPI > Cur/SC > Cur α-la > Cur/WPC. These results are consistent with Yi et al. [35],
who reported that the DPPH scavenging activity of curcumin encapsulated with milk proteins such
as α-La was dramatically enhanced due to the increased water solubility and greater surface area,
which facilitated the interaction between curcumin and radicals. Previous studies have demonstrated
that WPI alone exhibits antioxidant activity, while the WPI–curcumin microparticles showed higher
antioxidant activity than curcumin or native WPI [36]. Furthermore, the use of β-casein as a carrier
of curcumin enhanced its solubility and as a result improved the functional activities of curcumin
nanoparticles [14].

Table 2. Antioxidant activity (radical scavenging activity %) of different concentrations of native milk
proteins, chitosan–milk protein nanocomposite and curcumin-loaded milk protein nanoparticles.

Treatments
Concentration (mg/mL)

Mean
2.5 5 10

Chitosan 46.12 ± 2.9 54.08 ± 3.9 60.32 ± 6.7 53.51 ± 4.5
Curcumin 41.60 ± 3.5 54.02 ± 4.0 62.13 ± 2.9 52.58 ± 3.5

SC 39.18 ± 3.0 42.75 ± 3.3 52.28 ± 3.7 44.74 ± 3.3
CS/SCNPs 39.97 ± 2.7 50.48 ± 2.7 66.90 ± 3.5 52.45 ± 3.0

Cur-Cs/SCNPs 49.17 ± 4.4 60.61 ± 4.4 67.54 ± 3.5 59.11 ± 4.1
α-La 36.15 ± 1.7 48.38 ± 3.6 56.55 ± 2.1 47.03 ± 2.5

CS/α-LaNPs 47.06 ± 2.8 56.90 ± 2.5 62.51 ± 3.0 55.49 ± 2.7
Cur-CS/α-La NPs 53.82 ± 2.0 59.35 ± 2.9 66.44 ± 1.9 59.87 ± 2.3

β-lg 43.70 ± 2.9 53.51 ± 2.0 60.49 ± 2.8 52.57 ± 2.6
CS/βlgNPs 46.86 ± 3.1 54.14 ± 3.3 65.90 ± 1.2 55.63 ± 2.5

Cur-Cs/βlg NPs 48.08 ± 2.8 61.62 ± 2.9 69.05 ± 3.5 59.58 ± 3.1
WPI 43.26 ± 3.1 50.52 ± 6.8 60.92 ± 1.9 51.57 ± 3.9

Cs/WPI NPs 51.10 ± 3.8 55.10 ± 2.4 66.49 ± 2.5 57.56 ± 2.9
Cur-Cs/WPINPs 50.11 ± 3.3 55.08 ± 1.6 68.57 ± 2.5 57.92 ± 2.5

WPC 36.30 ± 2.0 52.44 ± 2.4 61.03 ± 4.8 49.92 ± 3.1
Cs/WPC NPs 47.03 ± 3.9 57.26 ± 2.9 65.40 ± 2.7 56.56 ± 3.2

Cur-Cs/WPCNPs 49.03 ± 4.2 56.20 ± 3.1 63.30 ± 2.6 56.18 ± 3.3
Mean 45.21 ± 3.1 54.26 ± 3.2 63.28 ± 3.0

Least significant difference (L.S.D.) value at 0.05: concentrations: 0.72, treatments: 1.72, interaction: 2.98.

3.5. Anticancer Activity

The data presented in Tables 3 and 4 show the anticancer activity of all tested materials against
human hepatocarcinoma (HepG2) and human breast carcinoma cells (MCF-7). It is generally evident
that as the concentration of the tested materials increased and that the anticancer activity significantly
increased [37].
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Table 3. Anticancer activity of different concentrations of native proteins, chitosan–milk protein
nanocomposite and curcumin-loaded milk protein nanoparticles against HepG2 cell lines.

Treatments
Anticancer Activity %/Concentrations (mg/mL)

Mean
2.5 5 10

Chitosan 34.97 ± 1.03 73.35 ± 2.25 91.79 ± 1.96 66.70 ± 1.75
Curcumin 54.06 ± 1.94 81.08 ± 2.32 95.07 ± 2.93 76.74 ± 2.40

SC 33.71 ± 1.29 71.33 ± 2.12 93.05 ± 2.95 66.03 ± 2.12
CS/SCNPs 40.4 ± 3.35 82.95 ± 3.35 95.29 ± 1.71 72.88 ± 2.80

Cur-Cs/SCNPs 46.49 ± 2.64 86.36 ± 2.64 97.31 ± 2.04 76.72 ± 2.44
α-La 36.75 ± 1.75 70.70 ± 2.40 92.04 ± 1.36 66.50 ± 1.84

CS/α-LaNPs 38.23 ± 1.77 76.67 ± 1.43 94.11 ± 1.89 69.67 ± 1.70
Cur-Cs/α-La NPs 45.9 ± 1.40 81.79 ± 1.19 96.80 ± 3.30 74.83 ± 1.96

βlg 17.55 ± 2.55 48.36 ± 4.64 83.58 ± 2.42 49.83 ± 3.20
CS/βlgNPs 40.88 ± 2.12 70.84 ± 2.56 92.55 ± 2.45 68.09 ± 2.38

Cur-Cs/βlg NPs 43.27 ± 1.73 85.54 ± 1.37 95.80 ± 2.20 74.87 ± 1.77
WPI 18.59 ± 1.41 53.91 ± 1.19 76.64 ± 1.66 49.71 ± 1.42

CS/WPINPs 43.03 ± 1.53 81.69 ± 1.91 93.81 ± 1.19 72.84 ± 1.54
Cur-Cs/WPINPs 49.9 ± 1.10 82.20 ± 2.79 96.31 ± 2.81 76.14 ± 2.23

WPC 30.63 ± 2.37 81.29 ± 3.71 93.68 ± 2.18 68.53 ± 2.75
Cs/WPC NPs 42.74 ± 2.26 82.53 ± 1.07 95.27 ± 3.23 73.51 ± 2.19

Cur-Cs/WPCNPs 48.68 ± 4.32 80.36 ± 3.06 98.07 ± 3.07 75.70 ± 3.48
Mean 39.16 ± 2.03 75.94 ± 2.35 93.01 ± 2.31

L.S.D. value at 0.05: concentrations: 0.69, treatments: 1.63, interaction: 2.83.

Table 4. Anticancer activity of different concentrations of native proteins, chitosan–milk protein
nanocomposite and curcumin-loaded milk protein nanoparticles against MCF7 cell lines.

Treatments
Anticancer Activity (%)/Concentrations (mg/mL)

2.5 5 10 Mean

Chitosan 33.22 ± 1.7 67.21 ± 1.6 92.21 ± 2.8 64.21 ± 2.0
Curcumin 33.4 ± 1.7 73.27 ± 2.0 93.52 ± 2.0 66.73 ± 1.9

SC 25.25 ± 2.1 71.27 ± 2.6 92.93 ± 2.1 63.15 ± 2.3
CS/SCNPs 35.86 ± 3.9 75.91 ± 3.9 93.33 ± 1.8 68.37 ± 3.7

Cur-Cs/SCNPs 50.84 ± 2.9 78.15 ± 2.9 96.88 ± 5.5 75.29 ± 3.7
α-La 30.27 ± 2.8 71.27 ± 2.0 93.25 ± 1.8 64.93 ± 2.2

CS/α-La NPs 41.61 ± 3.1 75.13 ± 4.1 94.78 ± 3.7 70.51 ± 3.6
Cur-Cs/α-La NPs 51.26 ± 2.3 77.18 ± 2.2 98.31 ± 1.8 75.58 ± 2.1

βlg 19.24 ± 1.8 50.98 ± 3.1 85.37 ± 4.2 51.86 ± 3.0
CS/βlgNPs 44.08 ± 2.9 61.58 ± 2.5 91.93 ± 2.1 65.86 ± 2.5

Cur-Cs/βlg NPs 53.63 ± 2.6 74.61 ± 3.4 98.47 ± 3.5 75.57 ± 3.5
WPI 16.63 ± 2.5 48.80 ± 4.1 83.17 ± 2.8 49.53 ± 3.1

CS/WPINPs 41.65 ± 2.4 74.78 ± 3.8 94.2 ± 1.3 70.21 ± 2.5
Cur-Cs/WPINPs 52.43 ± 2.8 77.87 ± 5.9 98.48 ± 5.5 76.26 ± 4.7

WPC 17.87 ± 2.1 62.24 ± 2.6 76.30 ± 3.0 52.14 ± 2.6
Cs/WPC NPs 33.26 ± 2.2 74.79 ± 3.3 93.86 ± 2.3 67.30 ± 2.6

Cur-Cs/WPCNPs 50.03 ± 1.5 75.96 ± 2.9 98.06 ± 2.5 74.68 ± 2.3
Mean 37.09 ± 2.4 70.06 ± 3.2 89.12 ± 2.9

L.S.D. value at 0.05: concentrations: 1.15, treatments: 2.73, interaction: 4.7.

As for HepG2 cancer cells, as shown in Table 3, it is evident that the anticancer activity of
curcumin is considerably greater than that of chitosan, which is in agreement with Senft et al. [38]
and Gupta et al. [39] who reported that curcumin has a higher toxic effect on tumor cells owing to the
capability of curcumin to interfere with several biochemical pathways involved in the proliferation and
survival of cancer cells. Furthermore, Bouhenna et al. [40] stated that the anticancer activity of chitosan
may be due to the interactions between the charged groups of chitosan molecules and tumor cells.
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The anticancer activity of the native milk proteins ranged from 17.55% to 36.75% (at the level
of 2.5 mg/mL). Native β-lg had the lowest effect, while α-la tended to have the highest effect.
The mechanism of action of WP on tumor development is due to increased concentrations of tissue
glutathione, which detoxifies free radicals and improves the immune response [41]. Additionally,
the anticancer activity of curcumin-loaded milk protein nanoparticles is significantly higher than that of
the native milk proteins or chitosan–milk protein nanocomposite. The inhibitory activity % of SC and
WPC in all forms was the highest compared to the other tested materials, which confirmed the work of
Pan et al. [42], who reported that the entrapment of curcumin in casein nanoparticles resulted in higher
antioxidant activity and cytotoxicity against cancer cells compared to free curcumin. This may be due
to the antimutagenic properties of the casein structure, which can control the mutagen rather than its
amino acid composition. Furthermore, Krissansen [43] noted that whey protein concentrate could play
a potential role in cancer treatments as it increased baicalein’s cytotoxicity to the HepG2 cell line.

As regards the MCF-7 cancer cells, as previously mentioned, the anticancer activity of all tested
materials increased significantly as their concentration increased. Both chitosan and curcumin had
almost the same anticancer activity (Table 4). It is apparent that native milk proteins (SC and α-La)
had almost the same anticancer activity (at the level of 10 mg/mL) as both chitosan and curcumin,
and they also had the highest effect compared to the other milk proteins. The inhibition % of the
native milk proteins ranged from 16.63% (WPI) to 30.27% (α-la) with significant differences between
the native proteins at the level of 2.5 mg/mL, while it increased to 76.30% (WPC) and 93.25% (α-la)
at the level of 10 mg/mL. The inhibitory effect of whey proteins may be due to its content of sulfur
amino acids which enhanced the glutathione bioavailability and reduced oxidative stress, leading to
cancer prevention [44]. The anticancer activity of the milk protein–chitosan nanocomposite was higher
than native proteins. These findings also implied that curcumin-loaded milk protein nanoparticles
showed the highest anticancer activity relative to all the tested materials. These results are in line
with Adahoun et al. [45], who reported that curcumin NPs had a much stronger antiproliferative
impact on cancer cells compared to native curcumin due to their ability to inhibit specific molecular
signaling pathways involved in carcinogenesis. Tabatabaei et al. [46] proved that curcumin-loaded
poly(lactide-co-glycolide)-poly(ethylene glycol) (PLGA-PEG) has more cytotoxic effects on the MCF-7
breast cancer cell line due to the enhancement of its water solubility as well as its bioavailability and
functionality compared to curcumin.

3.6. Antimicrobial Activity

As shown in Table 5, the antibacterial effect of curcumin was slightly higher, with non-significant
differences compared to chitosan. The inhibition zone ranged from 16.00 to 23.00 mm for curcumin,
while it ranged from 14.00 to 21.00 mm for chitosan. Furthermore, it is notable that B.subtilis was more
sensitive to curcumin and chitosan compared to the other strains. Additionally, all tested materials
displayed variable antibacterial activity. All native forms of milk proteins had almost no effect on all
tested strains, except SC; its antibacterial effect was higher than that of both of chitosan or curcumin.
Its inhibition zone ranged from 15.00 to 26.00 mm. The inhibitory effect of curcumin may be due to cell
membrane damage causing membrane permeabilization [47], while the key mechanism of chitosan
is due to its cationic nature and the electrostatic interaction between positively charged chitosan
groups and negatively charged sites on the microbial cell and its penetration into the bacteria cell
wall, which is linked to the microorganism DNA inhibiting the transcription and consequently the
translation process [48].
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Table 5. Antimicrobial activity of native proteins, chitosan–milk protein nanocomposite and
curcumin-loaded milk protein nanoparticles.

Treatments
Inhibition Zone (mm)

E. Coli Staph. aureus B. subtilis P. aeruginoas C. albicans

Chitosan 15 g ± 4 19 bcd ± 2 21 fg ± 3 14 f ± 4 12 e ± 2
Curcumin 16 fg ± 3 20 bc ± 3 23 ef ± 2 16 ef ± 3 21 bc ± 3

SC 19 efg ± 2 25 a ± 2 26 cde ± 4 15 f ± 3 14 e ± 2
CS/SCNPs 22 cde ± 3 17 cde ± 3 28 bcd ± 3 20 cde ± 3 20 cd ± 4

Cur-Cs/SCNPs 27 ab ± 3 21 b ± 4 31 ab ± 4 25 ab ± 4 28 a ± 3
α-La 0 h ± 0 0 f ± 0 0 h ± 0 0 g ± 0 20 cd ± 3

CS/α-LaNPs 20 def ± 3 15 e ± 4 25 def ± 3 25 ab ± 2 22 bc ± 3
Cur-Cs/α-La NPs 24 bcd ± 3 20 bc ± 3 30 abc ± 3 28 a ± 3 25 ab ± 2

Blg 0 h ± 0 0 f ± 0 0 h ± 0 0 g ± 0 0 f ± 0
CS/βlgNPs 25 bc ± 2 19 bcd ± 2 30 abc ± 3 24 abc ± 3 16 de ± 3

Cur-CS/βlgNPs 30 a ± 3 22 ab ± 3 33 a ± 2 26 ab ± 3 21 bc ± 3
WPI 0 h ± 0 0 f ± 0 0 h ± 0 0 g ± 0 0 f ± 0

Cs/WPI NPs 20 def ± 3 14 e ± 3 28 bcd ± 3 15 f ± 2 16 de ± 3
Cur-Cs/WPI NPs 28 ab ± 3 20 bc ± 3 32 ab ± 3 22 bcd ± 3 21 bc ± 3

WPC 0 h ± 0 0 f ± 0 16 g ± 1 0 g ± 0 0 f ± 0
Cs/WPC NPs 24 b-d ± 3 16 de ± 3 22 ef ± 3 18 def ± 3 15 e ± 3

Cur-Cs/WPC NPs 31 a ± 4 22 ab ± 3 28 bcd ± 3 ‘20 cde ± 3 23 bc ± 2

Different superscripts (a–g) in the same column are significantly different (p < 0.05).

The formation of nanoparticles of milk proteins with chitosan or curcumin (in most cases)
significantly enhanced the inhibitory effect compared to chitosan, curcumin and native milk proteins.
It is also noticeable that all curcumin-loaded milk protein nanoparticles had increased activity against
E. coli and B. subtilis. The inhibition zone ranged from 24 to 31 mm and from 28 to 33 mm, respectively,
as compared to the other tested strains. P. aeruginosa and Staph. aureus were less sensitive to the tested
curcumin-loaded nanoparticles (Table 5). The inhibition zone ranged from 20 mm (Cur-Cs/α-La NPs
and Cur-Cs/WPI NPs) to 22 mm (Cur-Cs/βlgNPs and Cur-Cs/WPC NPs) for Staph. aureus, and from
20 mm (Cur-Cs/WPC NPs) to 28 mm (Cur-Cs/α-La NPs) for P. aeruginosa. These results are in line with
those of Deka et al. [49] who reported that the water solubility and antimicrobial activity of curcumin
were significantly improved by curcumin nanoparticle formation compared to curcumin alone.

Candida albicans is a major fungal pathogen of humans, affecting millions of people and causing
death worldwide [50]. The antifungal activity of curcumin is significantly higher than that of chitosan,
at 21 vs. 12 mm (Table 5). The antifungal effect of curcumin against C. albicans was due to the disruption
of the cell wall [51]; for chitosan, the positive charge of chitosan can interact with the negatively charged
microbial cell surface and disrupt the anion–cation balance, thereby exerting an inhibitory effect [52].

Only native SC and α-La had an antifungal effect similar to chitosan, and this was significantly
lower than curcumin (Table 5). The formation of nanocomposite and curcumin-loaded milk protein
nanoparticles enhanced the antifungal effect more than the native forms. Cur-Cs/SCNPs were most
effective against C. albicans compared to the other tested materials. The diameter of the inhibition zone
ranged from 21 mm (Cur-Cs/WPINPs) to 28 mm (Cur-Cs/SCNPs). It was also remarkable that the
inhibitory effect of the tested nanoparticles in most cases was higher than that of the used standard
antibiotics, which agreed with the results of Paul et al. [53], who reported that curcumin–silver
nanoparticles displayed antifungal activity against different isolates of candida species as compared
to curcumin and AgNO3 solutions. The inhibitory effect of the nanoparticles can be arranged in
descending order as follows: Cur/SC > Cur/α-La > Cur/WPC > Cur/βlg > Cur/WPI.
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4. Conclusions

The obtained results revealed that all milk proteins used had a proven efficiency as nanocarriers for
curcumin. All curcumin-loaded milk protein nanoparticles exhibited antioxidant and anticancer activity
on both HepG2 and MCF-7 cell lines due to the enhanced solubility and bioavailability of curcumin.
This effect was dose-dependent. Curcumin nanoparticles with α-lactalbumin showed the highest
antioxidant activity at a concentration of 2.5 mg/mL. Furthermore, curcumin nanoparticles with WPI had
the highest anticancer activity against HepG2 cell line, while curcumin nanoparticles with β-lactoglbulin
exhibited the highest anticancer activity against MCF-7 cell line. Moreover, all nanoparticles displayed
antibacterial and anticandida effects. It is worth noting that curcumin nanoparticles with β-lactoglbulin
and WPC showed the highest antimicrobial activity against all tested strains. These results allow and
encourage the use of these compounds in the food and medical sectors.
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Abstract: Polyphenols are dietary bioactive compounds able to induce modifications in the gut
microbiota profile, although more clinical studies are needed. With this aim, a randomized cross-over
clinical trial was conducted, where 49 subjects at cardiometabolic risk (exhibiting at least two metabolic
syndrome factors) were supplemented with a daily dose of 8 g of grape pomace (GP) for 6 weeks,
with an equivalent control (CTL) period. The levels of total bacteria and Bacteroidetes, Firmicutes,
Lactobacilliales, Bacteroides and Prevotella were estimated in fecal DNA by quantitative real-time
PCR (qPCR), while fecal short-chain fatty acids (SCFAs) were assessed by gas chromatography.
Several cardiometabolic markers were evaluated in blood samples. GP reduced insulin levels only in
half of the participants (responders). GP supplementation did not cause significant modifications in
the microbiota profile of the whole group, except for a tendency (p = 0.059) towards a decrease in
the proportion of Lactobacilliales, while it increased the proportion of Bacteroides in non-responder
subjects. The reduction of insulin levels in subjects at cardiometabolic risk upon GP supplementation
appears not to be induced by changes in the major subgroups of gut microbiota. Further studies at the
species level may help to elucidate the possible role of microbiota in GP-induced insulinemic status.

Keywords: metabolic syndrome; microbiota; insulin sensitivity; polyphenols; grape pomace

1. Introduction

Colonic microbiota has emerged as a key player in the crosstalk between diet and health.
Increasing evidence connects unbalances in gut microbiota (dysbiosis) with pathologies, such as cancer [1]
or Parkinson’s disease [2]. Dysbiosis appears to be particularly decisive in the development of risk factors
for cardiometabolic disease. It has been shown that the profile of gut microbiota in subjects presenting
obesity [3], impaired glucose tolerance [4], or hypertension [5] are different to those of healthy subjects.
Metabolic syndrome (MetS) is a combination of cardiometabolic risk factors (central obesity, high blood
glucose and triglycerides, low HDL cholesterol, hypertension) arising from underlying pathophysiological
processes such as insulin resistance (IR) [6], sub-clinical inflammation [7], or oxidative stress (OS) [8].
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Since the prevalence of MetS is increasing, there is growing interest in further exploring the role of
dysbiosis as well as the opportunities gut microbiota may offer for dietary interventions [9].

Polyphenols, a wide group of secondary metabolites widely distributed in foods of vegetal
origin, may be effective against MetS-associated risk factors, particularly low HDL-cholesterol [10].
More robust clinical trials are still needed [11]. Polyphenols may exert their action by different
mechanisms: improvement of insulin and adiponectin signaling pathways; inhibition of inflammation
signaling pathways; stimulation of endogenous antioxidant systems; repression of intestinal lipid
absorption; decrease of triglyceride content in skeletal muscle; inhibition of chylomicron/VLDL
secretion; stimulation of nitric oxide production [12–19]. Polyphenols may exert some of their effects
through the modulation of oral and gut microbiota. The limited evidence currently available from
in vitro, pre-clinical and clinical studies is suggesting that some of the effects of polyphenols against
colorectal cancer and cardiovascular disease may be related to changes in the relative populations of
bacterial subgroups such as Bacteriodes, Lactobacillus, and Bifidobacterium [20,21].

Another important aspect in the health effects of dietary bioactive compounds is the inter-individual
variability. Not all subjects exhibit the same response to supplementation (e.g., with polyphenols) [22].
The action of microbiota is probably a major determinant of inter-individual variability as polyphenols
are extensively transformed by several bacterial species, which generate a great variety of bioactive
absorbable metabolites [23]. Indeed, the concept of metabotypes, i.e., groups of subjects with a tendency
to originate certain combinations of circulating polyphenol metabolites as compared to other groups
not able to generate them, has become a key concept in the field of dietary polyphenols [24].

Grape pomace (GP) is generated during wine making being commonly discarded or underutilized.
This product is very rich in both dietary fiber and polyphenols (particularly the so-called non-extractable
polyphenols, associated with dietary fiber [25]), thus, being suggested as a new food ingredient in
multiple products [26]. Indeed, some studies have reported that the intake of GP or derived extracts
improved blood pressure, fasting glucose, fasting or postprandial insulin and lipid profile [27–31].
Several in vitro, preclinical, and clinical studies have evaluated the changes induced by different
grape-derived products in the populations of gut microbiota as well as their associated beneficial
effects [32]. A clinical trial with healthy women supplemented with a GP extract for 3 weeks did not
find any modification in gut microbiota profile [28]. As far as we know, no clinical trial has explored
whether the sustained intake of whole GP may affect microbiota profile.

Dried GP supplementation at nutritional doses (8 g daily) for 6 weeks in subjects at high
cardiometabolic risk led to a significant improvement in insulin sensitivity in a randomized cross-over
clinical trial [29]. This study explored the potential modifications in microbiota profile induced by
GP supplementation, exploring specifically the possible ways in which GP supplementation might
have differentially induced a reduction of insulin secretion in responder individuals, with particular
attention to changes in representative gut bacterial populations.

2. Experimental Materials

2.1. Composition of Grape Pomace

In this study, subjects were daily supplemented with freeze-dried and milled GP (Vitis vinifera L.
cv. Tempranillo) provided in monodoses (8 g). To ensure safety, standard microbiological and metal
analysis were performed in the product.

Detailed composition of the product has been provided elsewhere [29]. Its main constituent was
dietary fiber (68.2%), being insoluble fraction a 98% of it. The next major constituent were polyphenols
(29.6%), with 66% of them being non-extractable polymeric proanthocyanidins. Protein content was
11.6%, fat content was 10.3% and ash content was 5.7%. Simple sugars content in GP was 2.5%.

This study was a randomized cross-over controlled clinical trial. Permissions were obtained
from the Ethics Subcommittee of the Spanish National Research Council (CSIC), Madrid, Spain
(2016/12/13), and the Ethics Committee for Clinical Research of the University Hospital Puerta de
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Hierro-Majadahonda, Majadahonda, Spain (2016/12/02). It was registered in the Clinical Trials database
with the identifier NCT03076463, where whole trial protocol is available. Recruitment for the study
took place between December 2016 and March 2017, while the study was conducted between March
2017 and July 2017. A written informed consent was requested to participate in the study.

Details on this clinical trial have been already reported, together with CONSORT flow diagram [29].
Briefly, participants were aged 18–70 years with at least two of the factors requested for MetS
diagnose [33], without diagnosis or medication for cardiometabolic pathologies. Exclusion criteria were:
pregnancy, lactation, current or close participation in any other dietary intervention study. Although it
was not an exclusion criterion, subjects were asked about dietary supplement consumption and none
of them was consuming probiotics. The number of subjects was fixed in 50; for this, a 30% decrease in
HOMA-IR (homeostatic model assessment for insulin resistance) index was fixed as primary outcome,
based on previous nutritional clinical trials [34]. For a statistical power of 95% and an alpha value of 0.05,
a number of 40 subjects was obtained, which was increased to 50 foreseeing potential withdrawals from
the study. Subject were recruited by mailing and public advertisement in the Madrid region.

The study had a cross-over design, where subjects were randomly assigned (based on recruitment
date) either to supplementation with GP (suspended in water) or to the C arm (since no valid placebo
was found for this period, they followed their usual diet and had the same controls as in the GP period).
Each period had a duration of 6 weeks, separated by a 4 week wash-out. At the beginning of the GP
period, the subjects received the doses for the six weeks and were instructed to keep them frozen,
as well as not to modify their dietary habits. Nevertheless, three days before each visit (at the beginning
and at the end of each period) they had to follow a low polyphenol diet, for which specific instructions
were provided. Random allocation sequence, participant recruitment and participant assignment to
interventions were performed by the same researchers.

When each period started and finished, fasting blood and urine samples were collected. In these
visits, the volunteers also provided a fecal sample from the previous 24 h. Additionally, at the beginning
and at the end of the GP period, half of the participants were subjected to a fasting OGTT (oral glucose
tolerance test). After ingesting 75 g of glucose in 200 mL of water, blood samples were collected at 0,
30, 60, and 120 min. Centrifugation was applied at 1000 g for 15 min in order to obtain serum and
plasma samples. All biological samples were stored at −80 ◦C. Fasting samples were used to assess the
primary outcome, as well as the other cardiometabolic markers described below. Postprandial samples
were used to evaluate glucose and insulin concentration.

Once the study was finished, and after observing that GP caused a significant decrease in fasting
plasma insulin, a more detailed analysis of data for this parameter was performed. It was found that in 23
of the subjects this reduction was of at least 10% (responders, GP-R) while in 26 of the subjects there was
an increase (non-responder, GP-NR). This classification was then used to evaluate the modifications in
other cardiometabolic markers, microbiota composition and fecal short-chain fatty acids (SCFAs).

2.2. Cardiometabolic Markers

The markers measured by an automatic analyzer (ADVIA Chemistry XPT System, Siemens Healthineers,
Tarrytown, NY, USA) were: serum total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides and
high-sensitive plasma C reactive protein. Plasma insulin was determined by a commercial ELISA kit
(Merck-Millipore, Burlington, MS, USA), according to the manufacturer instructions. Commercial kits
were used for plasma and urine uric acid (Spinreact S.A., Sant Esteve de Bas, Spain) and urine
creatinine concentration (Cromatest Linear Chemicals S.L., Montgat, Spain), used to normalize urinary
determinations. The enzyme electrode method was used to assess blood glucose (in fasting and
postprandial state) with a Free Style Optimum Neo blood glucose meter from Abbott (Chicago, IL, USA).

For blood pressure, mean values for two measurements made between 8:00 and 10:00 h in a
quiet temperature-controlled room using an automated digital oscillometric device (Omron model M6
Comfort, Omron Corporation, Tokyo, Japan) were obtained. Height, body weight, and abdominal
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perimeter were measured. Total body fat and abdominal fat were assessed by using a tetrapolar
bioimpedance system (Tanita BC601, Arlington heights, IL, USA).

2.3. Fecal Microbiota

The levels of total bacteria and Bacteroidetes, Firmicutes, Lactobacilliales, and Bacteroides and Prevotella
were estimated from fecal DNA by quantitative real-time PCR (qPCR). First, a DNA extraction from the
feces was performed using QIAamp DNA StoolMini Kit from Qiagen (Hilden, Germany) and then a
Nanodrop 8000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used for quantification.
A dilution to 20 ng/μL was performed in all DNA samples. A LightCycler 480 II (Roche, Basel, Switzerland)
was employed for the qPCR experiments, performed in triplicate. The samples contained DNA (2 μL) and
a master mix (18 μL) made of 2XSYBR (10 μL), the corresponding forward and reverse primer (1 μL each),
and water (6 μL). All reactions were paralleled by analysis of a non-template control (water) and a positive
control. The identified regions of the 16S rRNA gene were previously tested [35–39]. They were predicted
to be highly conserved amongst each studied bacterial subgroup and specific for them. The primers and
annealing temperatures are detailed in Table 1.

Table 1. Quantitative real-time PCR (qPCR) primers and conditions.

Target Bacteria Annealing Temperature (◦C) Sequences (5′-3′) Positive Control Reference

Total Bacteria 65
F: ACT CCT ACG GGA GGC AGC AGT

(a) [35]
R: ATT ACC GCG GCT GCT GGC

Bacteroidetes 62
F: ACG CTA GCT ACA GGC TTA A

Bacteroides fragilis [36]
R: ACG CTA CTT GGC TGG TTC A

Firmicutes 52
F: CTG ATG GAG CAA CGC CGC GT

Ruminococcus productus [37]
R: ACA CYT AGY ACT CAT CGT TT

Lactobacillales 60
F: AGC AGT AGG GAA TCT TCC A

Lactobacillus acidophylus [38]
R: CAC CGC TAC ACA TGG AG

Bacteroides 60
F: GGT TCT GAG AGG AGG TCC C

Bacteroides fragilis [39]
R: GCT GCC TCC CGT AGG AGT

Prevotella 60
F: CAG CAG CCG CGG TAA TA

Prevotella copri [39]
R: GGC ATC CAT CGT TTA CCG T

a Positive control of total bacteria was the same as those the result was rated with.

The qPCR cycling conditions were: 10 s at 95 ◦C, then 45 cycles of 5 s at 95 ◦C, 30 s at primer-specific
annealing temperature (Table 1), and 30 s at 72 ◦C (extension). Next to amplification, the specificity
of the qPCR was evaluated, for which melting curve analysis was carried out by treatment for 2 s at
95 ◦C, 15 s at 65 ◦C followed by continuous increase of temperature up to 95 ◦C (0.11 ◦C/s) with five
fluorescence recordings per degree Celsius. The relative DNA abundances for the different genes were
calculated from the second derivative maximum of their respective amplification curves (Cp, calculated
in triplicate) by considering Cp values to be proportional to the dual logarithm of the inverse of the
specific DNA concentration. For this, this equation: was applied: [DNAa]/[DNAb] = 2Cpb-Cpa [40].
Total bacteria was normalized as 16S rRNA gene copies per mg of wet feces (copies per mg).

2.4. Fecal Short-Chain Fatty Acids

SCFAs were analyzed in feces by gas chromatography. For this, a previously described method [39]
was applied, incorporating several validated changes. First, the freeze-dried fecal samples were
weighed (~50 mg dry matter) and a solution (1.5 mL) providing the internal standard 2-ethylbutiric
acid (6.67 mg/L) and oxalic acid (2.97 g/L) in acetonitrile/water 3:7 was added. Then, SCFAs were
extracted for 10 min using a rotating mixer. The suspension was centrifuged (5 min, 12,880 g) in a 5810R
centrifuge (Eppendorf, Hamburg, Germany) and the supernatant filtered through a 0.45 μm nylon
filter. From this, an aliquot (0.7 mL) was diluted with acetonitrile/water 3:7 up to 1 mL. The equipment
used for SCFAs analysis was a Trace 2000 gas chromatograph coupled to a flame ionization detector
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(ThermoFinnigan, Waltham, MA, USA). The column was an Innowax 30 m × 530 μm × 1 μm capillary
column (Agilent, Santa Clara, CA, USA). Chrom-Card software was used for data analysis.

2.5. Statistical Analysis

Graph Pad Prism 5 (Graph Pad Software, Inc., San Diego, CA, USA) software was used for
statistical analysis. Results are provided as mean values accompanied by standard errors (SEM).
For cardiometabolic markers, the variations in NR and R subjects were compared by Kruskal-Wallis
test, since they did not follow a normal distribution. For microbiota composition and fecal SCFAs,
normal distributions and heterogeneity of the data were evaluated, and the statistical significance was
determined by Student’s t test. Differences were considered significant when p < 0.05.

3. Results

3.1. Subject Characteristics

The study was completed by a total of 49 participants aged 20–65 with a mean age of 42.6 (SEM 1.6).
The proportion of male participants was 55%. Since they must fulfill a minimum of two MetS factors,
it was found that 63% already fulfilled all criteria for official MetS diagnoses. Besides overweight/obesity,
67% of the subjects exhibited hypertension and 57% of them presented glycaemia (both factors were
present in 24% of total population). The less common MetS factor was hypertriglyceridemia, found in 12%
of the subjects. Basal individual values for MetS factors are provided as Supplementary Material Table S1.

3.2. Evolution in Cardiometabolic Markers

No significant differences in the cardiometabolic markers were observed during the control (CTL)
period (data not shown). Regarding the GP period, basal values for the different cardiometabolic
markers, together with the variation observed in NR and R subjects, are shown in Table 2. As expected,
significant differences (p < 0.00001) were observed between NR and R subjects for plasma insulin
values, since this was the criterium (insulin decrease of at least 10% due to GP supplementation) used
to classify the subjects as R or NR. In R subjects, median variation (−42%) was close to mean value,
while in NR subjects, the median variation (49.3%) was far from mean value, evidencing a higher
dispersion in the data. Nevertheless, the mean and median increase in NR subjects would show that,
in this group, insulin was not only not reduced by GP supplementation, but even increased by it.
For the other parameters, significant differences were not found between R and NR subjects .

Table 2. Evolution in cardiometabolic parameters in subjects at high cardiometabolic risk participating
in the clinical trial on grape pomace (GP) supplementation, classified according to their modifications
in insulin response.

Parameter

Pre-GP Supplementation Post-GP Supplementation (Variation, %)

p-Value *Whole Sample (n = 49) Non-Responders (n = 26) Responders (n = 23)

Mean S.E.M. Mean S.E.M. Mean S.E.M.

Body mass index (kg/m2) 31 1 −0.2 0.3 −0.1 0.2 0.618
Abdominal perimeter (cm) 103 2 0.2 0.4 −0.5 0.6 0.591

Total body fat (%) 31 1 0.1 0.8 −1.7 0.9 0.249
Abdominal fat (%) 103 2 −0.3 1.1 0.1 0.8 0.880

Systolic blood pressure (mm Hg) 120 17 −2 3 2 2 0.322
Diastolic blood pressure (mm Hg) 84 12 −1 3 2 2 0.809

Glucose (mg/dL) 98 2 7 2 1 2 0.540
Insulin (μU/mL) 8.9 1.9 82 10 −40 4 <0.00001

HOMA-IR 2.1 0.4 100 10 −40 4 <0.00001
Triglycerides (mg/dL) 147 21 22 8 −2 5 0.595

Total cholesterol (mg/dL) 341 48 −3 2 −5 2 0.353
HDL cholesterol (mg/dL) 47 7 0.0 2 4 2 0.200
LDL cholesterol (mg/dL) 121 17 −6 2 −8 2 0.873

Fibrinogen (mg/dL) 340 50 −0.4 2 −4 2 0.567
Plasma uric acid (mg/dL) 6 1 3 2 −0.3 1 0.548

Urine uric acid (mg/g creatinine) 490 70 −5 7 5 6 0.318

* signficant differences (<0.05) marked in bold; S.E.M., standard error of the mean.

217



Foods 2020, 9, 1279

3.3. Fecal Microbiota and SCFAs

The proportions of selected bacterial phyla, order, and genus of gut microbiota were evaluated
at the beginning and the end of the supplementation (Figures 1 and 2). There were no differences
between the groups in the Bacteroidetes and Firmicutes phyla. The GP supplementation tended to
reduce (p = 0.059) the proportion of the order Lactobacilliales (Figure 1E) with respect to the CTL
period, while these proportions were similar in GP-R and GP-NR groups.

 
(A) (B) 

 
(C) (D) 

 
(E) (F) 

Figure 1. Excreted gut bacteria expressed as percentages of total bacteria in feces from subjects at
high cardiometabolic risk participating in the clinical trial on grape pomace (GP) supplementation:
CTL, control period without supplementation; GP, after GP supplementation; GP-NR, non-responders to
GP supplementation; GP-R, responders to GP supplementation. (A,B): Bacteroidetes; (C,D): Firmicutes;
(E,F): Lactobacilliales.
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Figure 2. Excreted gut bacteria expressed as percentages of total bacteria in feces from subjects at
high cardiometabolic risk participating in the clinical trial on grape pomace (GP) supplementation:
CTL, control period without supplementation; GP, after GP supplementation; GP-NR, non-responders
to GP supplementation; GP-R, responders to GP supplementation. (A,B): Bacteroides; (C,D): Prevotella.
*, p-value < 0.05; **, p-value < 0.01.

The population of the genus Bacteroides was significantly (p < 0.01) increased by the GP intervention
(Figure 2A). This difference is attributable exclusively to the GP-NR group, as the proportion of Bacteroides in
the GP-R group was significantly (p < 0.05) lower than that in the GP-NR group (Figure 2B) and similar to
that in the CTL period. The proportions of the genus Prevotella were similar between the CTL and GP periods,
while there was a tendency (p= 0.130) to a reduction in the proportion of Prevotella in the R group (Figure 2D).

Fecal concentration of SCFAs were similar between periods, with the exception of isovaleric acid,
that was significantly (p < 0.05) lower after GP supplementation than in CTL period (Table 3).

Table 3. Short-chain fatty acid (SCFA) concentration in feces from subjects at high cardiometabolic risk
participating in the clinical trial on GP supplementation: CTL, control period without supplementation;
GP, after GP supplementation; GP-NR, non-responders to GP supplementation; GP-R, responders to
GP supplementation.

Compound
CTL GP

p-Value
GP-NR GP-R

p-Value
Mean SEM Mean SEM Mean SEM Mean SEM

Acetic acid 120 20 120 10 0.602 110 20 118 20 0.879
Propionic acid 55 8 56 7 0.972 60 10 49 9 0.438
Isobutyric acid 6.9 0.5 6.9 0.7 0.940 6.8 0.6 7.1 1.4 0.852

Butyric acid 38 5 31.6 4.1 0.352 31 6 32 6 0.943
Isovaleric acid 7.1 0.5 5.7 0.4 0.023 * 6.0 0.6 5.2 0.6 0.344

Valeric acid 6.8 0.8 5.8 0.7 0.435 6.1 1.0 5.6 1.1 0.731

* signficant differences (<0.05) marked in bold.
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4. Discussion

Polyphenols are dietary bioactive compounds able to induce subtle modifications in many
physiological processes [41]. When associated with insoluble dietary fibers as it occurs in GP,
their effects may be additive to those of the dietary fiber [42]. This diversity of mechanisms of action
makes it difficult to elucidate the processes eventually involved in the health effects associated with
polyphenol-rich dietary fibers such as GP. Gut microbiota may play a prominent role in the action of
GP. As clinical trials in the field of polyphenols and microbiota are still scarce, we explored the effect
of GP supplementation (a polyphenol-rich product containing both extractable and non-extractable
polyphenols) on the populations of some significant subgroups of gut microbiota in subjects at
cardiometabolic risk.

As observed in a previous study, where a GP extract was administered to healthy women [28],
GP did not cause significant modifications in the major microbiota subgroups tested in subjects
supplemented for 6 weeks. This suggests that the observed reduction of insulin levels in overweight
subjects at cardiometabolic risk by GP was not induced by changes in the major subgroups of gut
microbiota. A tendency (p = 0.059) towards a decrease in the proportion of Lactobacilliales was
observed after the supplementation. Although this effect may seem surprising according to the
expected beneficial effects of GP and the traditional consideration of this order as a whole as beneficial
bacteria, several studies have shown that this relationship is not so unequivocal. Thus, an increase in
the Lactobacillaceae family was observed in mice fed industrially-generated trans-fatty acids, an effect
further confirmed by in vitro fermentation of these compounds by the family Lactobacillaceae and the
genus Lactobacillus [43]. A tendency towards an increase in Lactobacilliales was observed in subjects
with Behcet’s syndrome, a systemic inflammatory condition [44] and, recently, an increase in the
genus Lactobacillus has been reported in diabetic rats, being significantly associated with an increase in
body weight and adverse modification in biomarkers of glucose homeostasis and inflammation [45].
While it is still not clear whether the increase in Lactobacilliales in these adverse situations is a cause
or a consequence, after observing an increase in several Lactobacillus spp. in an animal model of
steatohepatitis, the authors suggested that this was due to their involvement in bile acid metabolism [46].
Further studies on the health effects of specific bacterial species belonging to Lactobacilliales are
thus needed.

GP supplementation did not show any significant effect on the major phyla (Bacteroidetes
and Firmicutes) of gut microbiota. Then, we examined the populations of the main genera within
Bacteroidetes, Prevotella and Bacteroides, because the ratio between these two subgroups has been
related to the intake of dietary fiber [47]. The populations of Prevotella were also similar in the
controls and supplemented groups while Bacteroides significantly increased after GP supplementation.
Similarly, the populations of Bacteroides were increased by other grape-derived products such as
grape seed proanthocyanidins [48] and wine [49]. Bacteroides are particularly well-adapted to harsh
environments through several biochemical tools, such as enzymes capable of metabolizing many diet-
and host-derived polysaccharides, cytochrome bd oxidase to tolerate oxygen, and glycosyl transferases
that generate a vast number of cell surface structures [50]. Our results are suggesting that Bacteroides are
particularly equipped to degrade and use GP to foster their growth while Prevotella spp. remain mostly
irresponsive. One of the main mediators that link gut microbiota and host metabolism are the SCFA,
by fermenting indigestible dietary constituents. The changes in gut microbiota are consistent with the
outcome of SCFA analysis (Table 3), which did not show any significant difference between groups.

A closer observation of the results from the human experiment revealed that the increase in the
relative population of Bacteroides was only evident in the GP-NR group (Figure 2B). The subjects in
the GP-NR group were those with significantly lower fasting plasma insulin concentration compared
to those in the GP-R group, which upon GP supplementation had their insulin levels reduced
(Ramos-Romero et al., submitted). These results evidence that the possible relationship between the
Bacteroides sensitivity to GP and insulin responsiveness deserves further attention, including a more
thorough examination at the species level.
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The main limitations of this study arise from the lack of an appropriate placebo in the study
design, as well as microbiota evaluation at species level. Future studies using next-generation
sequencing techniques could complete the presented results. In contrast, the main strengths of
the study are a cross-over design focused on overweight or obese subjects at cardiometabolic risk,
as well as the comparative evaluation of microbiota between responders and non-responders s to
GP supplementation.

5. Conclusions

Results from a randomized cross-over clinical trial suggest that a reduction of insulin levels in
overweight subjects at cardiometabolic risk by GP is not induced by changes in the major subgroups
of gut microbiota. Those subjects non-responsive to GP supplementation experienced a significant
increase in the relative population of the genus Bacteroides. Further studies at the species level should
shed more light on the biological significance of the changes induced by GP in the gut microbiota.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1279/s1,
Table S1: Basal individual values for Metabolic Syndrome factor in subjects at high cardiometabolic risk
participating in the clinical trial on grape pomace supplementation.
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