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Review article
Food Quality and Functionality Section

Phenolic Compounds from Apples: Reviewing their Occurrence, Absorption,
Bioavailability, Processing, and Antioxidant Activity — a Review

Maltgorzata Starowicz'*©, Bohdan Achrem—Achremowicz’, Mariusz K. Piskuta’ ®, Henryk Zieliriski'

!Department of Chemistry and Biodynamics of Food, Division of Food Sciences, Institute of Animal Reproduction and Food
Research of the Polish Academy of Sciences, ul. Tuwima 10, 10-748 Olsztyn, Poland
’Department of Technology and Evaluation of Plant Products, Faculty of Biology and Agriculture,
University of Rzeszow, ul. Zelwerowicza 4, 35-601 Rzeszow, Poland

Key words: apples, bioactive compounds, phenolic compounds, functional properties, geographic origin, cultivars, production influence

This review summarises the research on phenolic compounds in apples in relation to their geographical origin, cultivars, technological processes,
and human health effects due to their antioxidant activity and bioavailability. Apples are popular among consumers and are known as a rich source
of vitamins, minerals, and biologically active compounds. In this review article, we have focused on their phenolic compounds. Some epidemiological
studies have confirmed the protective effects of apples against chronic diseases, which can be linked to the high content of phenolics in plant tissues
and their bioavailability. However, according to the available literature, the geographical origin and variety of apples influence the content of these
bioactive compounds and are highly related to their antioxidant activity fluctuation. The gathered studies have confirmed that the choice of polyphenol-
-rich raw material as well as proper processing are important to achieve high-quality fruit-based products with a high content of antioxidants after a few
stages of production. It was proven that the processing of apples could significantly modify the content of phenolics in the finished products, including
juices, concentrates, vinegars, and ciders. For instance, the use of high pressure or vacuum has been proposed as a highly potent solution in inhibiting
flavonoid degradation during intensive processing. Moreover, several methods have been screened to monitor the phenolic content and antioxidant
activity of apple samples, based on spectrophotometry, HPLC, LC-MS, and LC-MS/MS techniques for chemical compound separation and identifica-

tion. The main assumptions of these techniques and results obtained are described in this review.

INTRODUCTION - THE PROTECTIVE EFFECTS
OF BIOACTIVE COMPOUNDS FROM FRUITS
AND VEGETABLES IN HUMANS

Data published by the World Health Organization
(WHO) show that low consumption of fruits and vegetables
might be the reason for the increased incidence of chronic dis-
eases, and could be the cause of 14% of deaths from gastro-
intestinal cancers, 11% of those from coronary heart disease,
and 9% of those from strokes [WHO, 2009; Arts & Hollman,
2005]. One of the hypotheses is that vegetables and fruits
contain high amounts of biologically active compounds elicit-
ing protective effects against lifestyle-related diseases [Arts &
Hollman, 2005]. This effect might be due to the antioxidant
properties of certain compounds. Antioxidants inhibit oxida-
tion reactions, thus scavenging oxygen free radicals formed
upon these reactions. Free radicals can bind proteins, damage
lipids of cell membranes, or disrupt the structure of nucleic
acids. They are naturally counteracted by the human organ-
ism; however, this natural balance might be upset by illnesses,
stress, excessive consumption of highly-processed foods,

* Corresponding Author: Tel.: +48 8§95234639; Fax: +48 895234693;
E-mail: (Dr. M. Starowicz)

and high environmental pollution. The consumption of fruits
and vegetables is highly recommended to support the body
in this respect. The main antioxidants found in fruits and veg-
etables are A, E, and C vitamins; B-carotene; lycopene;
and a diverse group of compounds named phenolics. There-
fore, it is hard to select one specific compound responsible for
health benefits. That is why, Ohr [2004] stated that “scientists
are currently studying how mixtures of antioxidants ... work
together. They are looking for synergistic effects among indi-
vidual antioxidants.”

The most important group of antioxidants is the pheno-
lic compounds ( ). They are organic chemical com-
pounds with at least one phenol unit, represented by, i.a.,
tannins (hydrolysable and condensed), flavonoids, and lig-
nans. Phenolic compounds can be found in a variety of plant
species. Their high content is correlated with antioxidant ac-
tivity, which decreases the risk of coronary disease and pro-
tects against neurodegeneration [Giacalone et al., 2015].
The positive effect of flavonoids on memory improvement
was also studied [Whyte & Williams, 2011]. Of 12 epidemio-
logical surveys about coronary heart disease risk assessment
compared by Arts & Hollman [2005], seven demonstrated
the protective effects of a diet enriched with polyphenols. An
inverse relationship has also been determined between poly-

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
(
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FIGURE 1. Representatives of phenolic compounds with their chemical structures.

phenol intake and stroke and breast cancer risk [Bosetti et al.,
2005; Knekt et al., 2002]. In turn, Jiao et al. [2019] have dem-
onstrated that phenolics affect obesity by modulating the gut
microbiota and prebiotic agents. Moreover, the anti-inflam-
matory properties of flavonoids were discussed by Maleki
et al. [2019], who suggested that the possible mechanism
of their action is by inhibiting enzyme activity and transcrip-
tion factors responsible for inflammation. In epidemiological
studies conducted on the Finnish population (>10,000 peo-
ple), it was proven that flavonoid intake might be crucial
for decreasing the risk of development of chronic diseases
[Knekt et al., 2002]. Also, in clinical studies, a positive cor-
relation was observed between flavonoid administration
and the progress of type 2 diabetes [Guo et al., 2019]. Finally,
a positive effect of nutritional supplementation with flavo-
noids was seen in the research on skeletal muscle atrophy
to prevent oxidative stress-induced muscle waste [Salucci &
Falcieri, 2020].

One of the most affordable fruit-based products on
the market is juice. Juices have been proved to contain
a high number of antioxidants, such as vitamin C, and to
be rich in varied polyphenols [Jacob et al., 2008; Marti et al.,
2009]. Therefore, it has been experimentally confirmed
that the polyphenols from grape juice prevent heart disease
and that compounds with high antioxidant activity from ber-
ries or apple juice inhibit hypercholesterolemia [Habanova
et al., 2019]. In another example, juice from pineapples, or-
anges, and grapefruits was seen to be a rich source of folic
acid derivatives, which help prevent nervous system diseases
and malformations, such as spina bifida. In turn, cranberry

juice has been shown to decrease urinary tract infections
[Jepson et al., 2004].

Among the polyphenols, considerable attention has been
paid to flavonoids, the intake of which varies from 60 to
600 mg per day among different dietary patterns. Ample
studies have focused on determining their content in differ-
ent food products using novel methodologies and advanced
equipment. Today, their bioavailability in the human body
is a topic related to phenolic compounds’ influence on human
health [Manach ez al., 2005].

APPLE PHENOLIC COMPOUNDS - PROFILE
AND INTAKE

Apples are a rich source of flavonoids, including flavones,
flavanols, anthocyanins, and dihydrochalcones (Figure 2).
The major individual flavonoids in apples are quercetin
and its glycosides, (-)-epicatechin, (+)-catechin, and phlo-
ridzin and its derivatives [Lee ef al., 2003; Francini & Sebas-
tiani, 2013]. Cyanidin glycosides can be found only in apples
of red varieties. Other apple polyphenols are procyanidins
— the oligomers of (-)-epicatechin and (+4)-catechin, with
their content in apple fresh weight ranging from 38 to 154 mg
[Hellstrom et al., 2009]. Phenolic acids, e.g., chlorogenic acid,
are also present in apple flash and skin. However, the quan-
titative and qualitative profile of phenolic compounds found
in apples differs depending on their variety, country of origin,
and special pre-treatment, which is summarised in Table 1.

Zhang et al. [2019] reported that the positive effect
of phenolic content and composition might be due to the pol-
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lination of apples with quince pollen. A significant increase
in (4)-catechin, (-)-epicatechin, chlorogenic acid, phlorizin,
quercetin, and quercetin 3-O-galactoside contents was ob-
tained by this modification.

Only a part of phenolic compounds is found in the free
form in plant tissues, and most are bound to cell wall com-
ponents. Important is that apples have the highest portion
of free phenolics when compared to other fruits [Sun et al.,
2002]. The apples’ bound phenolics are less bioavailable than
free phenolics since they need to be released from the food
matrix during digestion [Williamson et al., 2018]. Therefore,
an important aspect of research is to study phenolics occur-
rence in natural food products and then to determine their
intake by consumers. Apples, blackcurrants, strawberries,
raspberries, chokeberries, cranberries, blackberries, plums,
apricots, pomegranates, oranges, pineapples, and grapefruits
are known to be the richest sources of polyphenols [Calderon-
-Oliver & Ponce-Alquicira, 2018]. Their consumption is esti-
mated to range from 100 to 200 g per day. Apples provide
approx. 22% of polyphenols in the diet [Scalbert & William-
son, 2000]. An apple portion contains 400 mg of polyphe-
nols, whereas the average portion of pears or grapes provides
300 mg of polyphenols, and a portion of cranberries, cherries
or blueberries provides 200-400 mg [Scalbert & Williamson,
2000]. In general, the intake of polyphenolic compounds var-
ies widely among populations with the average approximat-
ing 1 g per day [Scalbert & Williamson, 2000]. For example,
the main source of flavonoids in a diet of the Australian
population is soy and its products, whereas 55.2% of to-
tal flavonoids come from non-alcoholic beverages in a diet
of the French population [Del Bo et al., 2019]. In many coun-
tries (e.g., Poland), tea and fruits are also a common source

of flavonoids in the diet. According to data selected by Mur-
phy et al. [2019], flavonoid intake also varies by gender: wom-
en in Australia consume a higher amount of flavonoids than
men: 659 vs. 566 mg per day. The interest in purchasing natu-
ral food products with a high flavonoid content by consumers
might be driven by their positive effects on human health.

APPLE PHENOLIC COMPOUNDS -
BIOLOGICAL EFFECTS

THE

As mentioned in the Introduction section, dietary phe-
nolics can play a positive role in reducing the risk of devel-
opment of chronic diseases associated with oxidative stress.
The biological effects of apple phenolic compounds are also
of interest. Flavonoids extracted from apple peel were im-
plicated in the suppression of breast cancer and the growth
of carcinogenic cells in the bronchi [George & Rupasinghe,
2017; Loung et al., 2019]. In turn, Zielifiska et al. [2019]
proved the potential benefits of apple-derived polyphenols
in modulating inflammation at the intestinal level. Apple ex-
tracts can also regulate carbohydrate metabolism through
the inhibition of a-glucosidase activity, thereby potentially
reducing the risk of type 2 diabetes development [Raphael-
li et al., 2019]. The newest research from Zou et al. [2020]
showed that apple phenolics might be effective in the preven-
tion of obesity via promoting brown adipogenesis. There is no
clear evidence as to whether apple flavonoids protect lipids
and proteins in plasma and decrease LDL cholesterol level
[Zou et al., 2020]. Zeng et al. [2020] explained, with the ex-
ample of apple proanthocyanidins, that the hypocholesterol-
emic activity of polyphenols might be related to their ability
to bind cholesterol. In their in vitro study, tannins were potent

Anthocyanins

Cyanidin
3-0O-galactoside

Flavonols

Quercetin

FLAVONOIDS

Flavanols

(+)-Catechin

Dihydrochalcones

o
oH
o
° o oH
HO
H
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Phloridzin

FIGURE 2. Flavonoid classes with examples of each class and their structure.
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TABLE 1. The summary of latest studies about major phenolic compounds found in apples according to variety, country of origin, and special pre-treatment.

Material gfoc;lr?;% \':I;gg/ Content of major phenolic compounds Main remarks Reference
Apistar’ (-)-epicatechin: 119.5 mg/100g DW Tfh ehc ontﬁnt L -
Apple peel Croatia ‘Bobovac’ (—)-epicatechin: 131.8 mg/100g DW orp f?;};cs cl)nczanzc
‘BoZicnica’ (-)-epicatechin: 50.4 mg/100g DW in peet ailers et al. [2020]
among varieties
procyanidin B,: 91.55 mg/100g DW
Raw apple (-)-epicatechin: 76.30 mg/100g DW
quercetin 3-O-rhamnoside: 8.35 mg/100g DW
E;i?ég?;;?ge Spain Golden Delicious procyanidin B,: 95.02 mg/100g DW
(400 MPa at 35°C (-)-epicatechin: 73.08 mg/100g DW
. quercetin 3-O-rhamnoside: 11.08 mg/100g DW High-pressure ,
for 5 min) releases flavonoids Ferndndez-Jalao
procyanidin B : 74.51 mg/100g DW from the matrix etal. [2019]
Raw apple (-)-epicatechin: 67.89 mg/100g DW
quercetin 3-O-rhamnoside: 9.73 mg/100g DW
Eéiggi:;;ge Tialy Golden Delicious procyanidin B,: 103.57 mg/100g DW
(600 MPa at 35°C (-)-epicatechin: 98.58 mg/100g DW
for 5 min) quercetin 3-O-rhamnoside: 20.15 mg/100g DW
(-)-epicatechin:
Before frozen storage: 19.3 mg/100g DW
Dipped: 21.2 mg/100g DW
Ttaly ‘Golden De{icious’ Vacuumed with lemon juice: 18.1 mg/100g
organic Vacuum pre-
After frozen storage: 19.4 mg/100g DW treatment
Dlpped 16.7 mg/lOOg DW method in acid
Raw apple Vacuumed with lemon juice: 18.0 mg/100g environment Santarelli
(-)-epicatechin: inhibits et al. [2020]
Before frozen storage: 19.6 mg/100g DW degradation
Dipped: 20.0 mg/100g DW of flavonoids
Ttaly ‘Golden Delicious’ Vacuumed with lemon juice: 25.4 mg/100g during storage
conventional
After frozen storage: 15.0 mg/100g DW
Dipped: 16.9 mg/100g DW
Vacuumed with lemon juice: 19.0 mg/100g
(-)-epicatechin:
‘Golden Delicious’ peel: 20.37-41.24 mg/100g DW
pulp: 10.36-22.21 mg/100g DW The profile
o of phenolics differs
(-)-cpicatechin: among apple Dhyani
Raw apple Japan ‘Red Delicious’ peel: 37.74-52.97 mg/100g DW arts ¢ g pple cal %’2 018]
pulp: 13.21-22.45 mg/100g DW pdrls ‘}HA gI'O'WIIlg erat
X ocations at
Total tannin content (TTC): different altitudes
‘Royal Delicious’ peel: 16.03-33.29 TAE/g FW
pulp: 11.64-25.83 TAE/g FW
procyanidin B : 103.57 mg/kg DW
Malus (-)-epicatechin: 36.34 mg/kg DW
“Red splendor’ phloridzin: 24.57 mg/kg DW
' hyperin: 72.09 mg/kg DW
isoquercitrin: 25.01 mg/kg DW
procyanidin B : 847.88 mg/kg DW
(+)-catechin: 430.96 mg/kg DW Total polyphenol
M. micromalus procyanidin B,: 203.47 mg/kg DW content Han
Crabapple China . Haihon 10 (-)-epicatechin: 1220.76 mg/kg DW is the highest etal. [2019]
88 phloridzin: 94.42 mg/kg DW in apple cultivar '
hyperin: 72.09 mg/kg DW ‘Red splendor’

M. micromalus

isoquercitrin: 49.06 mg/kg DW
procyanidin B : 1534.78 mg/kg DW
(+)—catechin: 1326.33 mg/kg DW
procyanidin B,: 2151.86 mg/kg DW
(-)-epicatechin: 2727.69 mg/kg DW
cyanidin 3-O-galactoside: 190.17 mg/kg DW

DW — dry weight; FW — fresh weight; TAE — tannic acid equivalent.
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to precipitate cholesterol via interactions of ions and hydro-
phobic and intermolecular hydrogen bonds. Moreover, Ham-
auzu et al. [2005] demonstrated apple phenolic compounds
to be significant inhibitors of the influenza viral activity. Then,
in later research, Pastene ef al. [2009] observed suppressed
Helicobacter pylori urease activity after incubation with apple
peel extracts, which suggests that apple phenolic compounds
have a strong gastro-protective effect. It was also proved that
apple extracts had an antibacterial effect against Gram-posi-
tive bacteria [Pires et al., 2018].

Flavonoids are metabolized in vivo, which suggests that
they have a low impact on the antioxidant activity in humans.
The significant importance of the higher overall antioxidant
activity after the consumption of foods with a high flavonoid
content (e.g., fruits, vegetables, tea, wine, or chocolate) might
be explained by the change in the concentration of antioxi-
dant metabolites in human plasma (for example, uric acid)
[Lotito & Frei, 2004a,b; 2006]. The addition of ‘Red Deli-
cious’ apple extract to human plasma in vitro increased fer-
ric reducing antioxidant power (FRAP). In this case, FRAP
values of plasma increased from 454 uM to 486 uM (+7%)
and up to 532 uM (+17%), respectively, after the addition
of 7 and 14 ug of apple polyphenols to I mL of plasma [Lo-
tito & Frei, 2006]. Such an increase in plasma FRAP is com-
parable to the results reported after the consumption of other
polyphenol-rich foods [Lotito & Frei, 2006]. Further in vivo
study of Wruss ef al. [2015] has shown that the antioxidant
activity of human plasma increased after apple consumption.
The highest oxygen radical absorbance capacity (ORAC)
of plasma was determined 1 h (120% of change) and 6 h
(120% of change) post intake.

Moreover, the addition of apple polyphenols to plasma
in vitro significantly increases its antioxidant resistance. Al-
though apple polyphenols do not inhibit the peroxidation
of ascorbate in plasma, the endogenous half-life of urate
and a-tocopherol and the delay in lipid oxidation were ob-
served to be higher. Lotito & Frei [2004a] demonstrated
a high content of polyphenols in extracts from ‘Red Delicious’
apples, as reflected by a high radical scavenging activity
in vitro. To prove this in vitro observation, in a further in vivo
study by Lotito & Frei [2004a], six volunteers consumed five
apples per day to deliver a total of 1825 mg of polyphenols.
Plasma was collected 6 h after consumption, and antioxi-
dant activity was measured. The results of an ex vivo study
did not prove the in vitro measurements; no significant im-
pact of apple polyphenols on plasma antioxidant status
was found. Furthermore, the antioxidant activity of plasma
measured by the FRAP method significantly increased 1 h
after apple consumption, to 60 uM of TE [Lotito & Frei,
2004b]. In the next step, volunteers consumed 260 g of ba-
gel, as a control without flavonoids and 750 mL of water;
the amount was matched to the consumed amount of carbo-
hydrates and weight of apples. Approx. 60 mg of vitamin C
was delivered with apples, which led to a slightly higher
amount of ascorbic acid in plasma. The removal of ascor-
bate from plasma by ascorbate oxidase did not increase
the antioxidant capacity. The results indicated that vitamin C
from apples did not significantly modulate the antioxidant
activity. The bagel consumption resulted in a decreased level

of FRAP in plasma, which suggested the effect of food con-
sumption per se [Lotito & Frei, 2004a,b]. This hypothesis
was also tested on the same six volunteers. They drank a so-
lution of 64 g of fructose in 1000 mL of water, and the fruc-
tose amount was estimated according to the weight of five
apples. Plasma activity, expressed as FRAP, significantly
increased after about 1 h, up to 40 uM, since fructose ad-
ministration. Moreover, the changes in antioxidant activity
depending on time were comparable to those observed after
apple consumption. The concentration of uric acid in plasma
significantly increased in every patient after fructose admin-
istration; the same was observed after apple consumption,
while the level of ascorbate in plasma remained unchanged
[Lotito & Frei, 2004b]. This research is consistent with
the findings reported by Wruss er al. [2015], who observed
that an increase in the total phenolic content over time did
not correlate with an observed, highly elevated antioxidant
capacity in the blood plasma after apple juice consumption.
In addition, they concluded that the antioxidant activity was
rather due to a high fructose content of the apple juice.

ANTIOXIDANT
COMPOUNDS

ACTIVITY OF PHENOLIC

The antioxidant activity of different food products has
been broadly addressed in recent investigations [Shahidi &
Ambigaipalan, 2015]. For example, such products as cof-
fee, tea, chocolate, wine, and beer possess high antioxidant
activities that are linked to the high content of polyphenols.
The total polyphenol content, including flavonoids, in fruits
and juices is also correlated with the antioxidant activity
of these products in vitro [Murillo et al., 2012].

Flavonoids are strong antioxidants in vitro, mainly be-
cause of their low redox potential and ability to donate
electrons and hydrogen atoms; however, their activities vary
For example, flavanols have a redox potential of +0.53-
-0.57 V. From a thermodynamic point of view, they can pro-
tect urates (+0.59 V) but not ascorbate (+0.28 V) against
oxidation by peroxide radicals (+1.06 V). Therefore, they are
more effective than ascorbate in the antioxidant protection
of a-tocopherol in a micellar solution [Frank et al., 2006].
However, high flavonoid contents are not always strictly
correlated with strong antioxidant activity in the stud-
ied samples. For example, the highest antioxidant activity
(ORAC assay) of blueberries was noted in their ‘Northland’
and ‘North country’ varieties, ie., 6747 and 6265 umol
TE/100 g of fresh matter, respectively, whereas the highest
total flavonoid content was determined in those of ‘North
country’ and ‘Blomidom’ varieties [Wang et al, 2017].
A weak correlation was also demonstrated between anti-
oxidant activity and total phenolic compounds for different
varieties of apple [Jelodarian et al., 2012]. Despite the high
antioxidant activity of flavonoids in vitro, their effectiveness
in vivo is limited. In in vitro studies, the antioxidant activ-
ity of biologically active compounds of apples and their ex-
tracts were determined using the FRAP and ORAC methods
[Lotito & Frei, 2006]. Water extracts of the apple variety
‘Red Delicious’ contained 176 mg of phenolic compounds
per 100 g of apples. The FRAP and ORAC values were at
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1421 and 1508 pmol TE/100 g apples, respectively. How-
ever, polyphenols contribute 14-18% of FRAP and ORAC
values. This could mean that other biologically active com-
pounds also make a high contribution to the overall antioxi-
dant activity measured in vitro.

The high antioxidant activity of apples might also be re-
lated to their procyanidin contents. Procyanidins are found
in fruit and cocoa products and are deemed good antioxi-
dants due to their multiple hydroxyl groups [Hellstrom et al.,
2009]. Their antioxidant potential depends on the chain
length of oligomers and the type of oxygen they react with
[Spranger ez al., 2008; Zhou et al., 2014]. This also applies to
apple procyanidins [Lu & Foo, 2000]. Procyanidins and their
monomer, possess comparable antioxidant efficiency against
peroxide radicals, whereas procyanidins with different degrees
of oligomerization different significantly in their lipid-protect-
ing ability against oxidation induced by iron and ascorbate
[Plumb et al., 1998]. Procyanidins are stronger antioxidants
than more absorbable (-)-epicatechin and (+)-catechin.

As it was mentioned above, the effectiveness of flavo-
noids in vivo is limited; however, some studies reported an
increase in the overall antioxidant activity in plasma. This
observation leads to the general conclusion that flavonoids
play an important role as antioxidants in plasma and tis-
sues [Arts & Hollman, 2005]. After the ingestion of food or
a beverage, flavonoids in the ingested matrix must pass from
the gut lumen into the circulatory system in order to be ab-
sorbed. Since in planta almost all flavonoids are in the form
of glycosides, the attached sugar must be removed following
consumption before absorption can take place [Williamson
et al., 2018]. Some studies have pointed out that flavonoids
are poorly absorbed and that their plasma concentrations
are low even after flavonoid-rich food consumption [Lotito
& Frei, 2006].

PHENOLIC COMPOUNDS - BIOAVAILABILITY AND
ABSORPTION

A crucial aspect of research dedicated to molecules with
antioxidant properties is their bioavailability from food.
The list of factors that influence the bioavailability of anti-
oxidants is quite long [Porrini & Riso, 2008]. They can be di-
vided into four main categories: 1) related to the antioxidant
(structure, molecular linkage, amount introduced, etc.); 2) re-
lated to food and its preparation (matrix characteristics, tech-
nological processing, presence of positive/negative effectors,
etc.); 3) related to the host (disorders and/or pathologies,
enzyme activity, gender, efc.); and 4) external (exposure to dif-
ferent environment and food availability). Also, the complex
relationship between factors was discussed. In the mucosa
of the intestine and liver, flavonoids are being modified via
glucuronidation, methylation, and sulfating. Biotransforma-
tion influences their physical properties; therefore, they are
more soluble in water and have better antioxidant properties.
Some metabolites of phenolics have the same antioxidant ac-
tivity as their precursors; however, in general, metabolites are
weaker antioxidants because of the modifications of their cat-
echol and phenol groups. Moreover, phenolics are degradable
by digestive tract bacteria and their metabolites exhibit biolog-

ical activity vig an antioxidant or non-antioxidant mechanism
[Minatel ef al., 2017]. Phloretin was established as a urinary
biomarker of apple intake by Saenger ez al. [2017]. Phlorentin
content determined in urine 12 h after apple consumption al-
lows discriminating low- and high apple consumers. There-
fore, the study of Yuste ef al. [2018] proved that glucuronide
derivatives of phloretin, catechol, and hydroxyphenyl-y-
-valerolactone, and also sulfate derivatives of dihydroxyphen-
ylpropionic acid and (methyl) catechol are the main apple
phenolic metabolites detected in human blood and plasma.
In a further study, Yuste et al. [2019] specified that phlorentin
glucuronide, and galactosides of cyanidin and peonidin were
the intake markers of red-fleshed apples.

Quercetin is one of the most studied phenolic compounds
because of its wide distribution in food and high antioxidant
potential in vivo. Its main sources include onions, apples, tea,
and wine. Quercetin occurs in a conjugated form as a quer-
cetin glycoside. It is transferred to enterocytes via a sodium-
dependent transporter of glucose 1. Some other studies point-
ed out that, before absorption in the intestine, enzymatic or
bacterial deglycosylation takes place. Quercetin glycosides can
persist in the bloodstream for more than 10 h, which is longer
than other flavonoids like anthocyanidins and flavanols. After
the intake of foods rich in quercetin, its blood plasma level was
at 0.7-7.6 uM [Lotito & Frei, 2006]. In contrast to querce-
tin, flavanols are the main compounds of tea and chocolate,
but are also found in apples (the amounts of (+)-catechin
in apples and apple products are presented in and 2).
Usually, flavanols occur in plants as aglycones and can be di-
rectly absorbed into the bloodstream. However, the concentra-
tion of free flavanols in the plasma is low were they are found
in glucoronated and methylated forms. Anthocyanidins from
berries and wines are absorbed intact, as glycosides. It was
shown that their ethylated and glucuronated conjugates can
be found in blood plasma in the nanomolar ranges [Porrini
& Riso, 2008]. Other important phenolics in apples, phlor-
etin and phloridzin, were investigated in the plasma of rats
by Crespy et al. [2001]. They showed that the highest con-
centration of phloretin, in both conjugated and unconjugat-
ed forms (conjugated forms of phloretin were dominant at
85-95% of the total amount), was found in plasma after 10 h
and rapidly decreased after 24 h. In turn, the research con-
ducted by Rios ef al. [2003] has shown that procyanidins are
degraded by bacterial intestinal microflora to more absorbable
phenolic acids with low molecular weights. While the bioavail-
ability of quercetin, flavanols, and anthocyanidins in organ-
isms is limited, the absorption of non-degradable procyanidins
seems to be even lower, or almost null [Serra et al., 2010].

The absorption of flavonoids in humans is rather low
in comparison to other antioxidants, such as vitamins C
and E. Their maximum concentration in human plasma
is observed between 1 and 3 h after flavonoid-rich food con-
sumption. Levels of flavonols, flavanols, and flavanones are
established at 0.006-7.6 uM, while these of anthocyanidins
are lower than 0.15 uM [Hollman ef al., 1997]. Moreover,
the half-life of flavonoids in human plasma is short, reaching
only a few hours. These limitations influence the higher activ-
ity of diet-derived flavonoids as antioxidants in vivo, in com-
parison to other active compounds present in higher amounts,
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TABLE 2. Phenolic compounds determined in products from apples according to apples’ variety, country of origin and special pre-treatment.

Material CO“‘.“?Y Apple Content of dominant phenolic compounds Main remarks Reference
of origin variety
‘Elstar Elshof’ procyanidin B,: 74.6 mg/L .
(variety susceptible (-)-epicatechin: 61.8 mg/L Hlfgléer Con,tgm
, to scab) procyanidin C,: 46.6 mg/L ol Hiavonoids Schempp
Juice Germany o L was determined
‘Rubinola procyanidin B,: 106.6 mg/L in varieties et al. [2016]
(scab-resistant (-)-epicatechin: 89.9 mg/L resistant to scab
variety) procyanidin C : 53.3 mg/L
. procyanidin B,: 169.5 mg/L
Cloudy juice (—)-epicatechiznz 95.1 mg/L N
Cloudy juice after procyanidin B,: 157.6 mg/L ‘?ddmot?
3-year storage (-)-epicatechin: 95.1 mg/L 0 dascor 1€ d
Cloudy juice with . o i acaid preserve Kolniak-Ostek
S oland ‘Shampion procyanidin B.: 202.1 mg/L the content )
ascorbic acid . hin: L of flavonoids etal. [2013]
(AA) addition (-)-epicatechin: 73.7 mg/ of 1 (
in juice during
Cloudy juice with o storage
AA addition after FESJCZ air::tl:d?fr'l 1:25 39:;1 g//t
3-year storage p - 843 Mg
(+)-catechin: 1.46 mg/L
Cider after (-)-epicatechin: 3.33 mg/L
ethanol caffeic acid: 0.75 mg/L Pulp maceration
fermentation chlorogenic acid: 16.50 mg/L increased
— i id: 0.04 L
Turkey ‘Red Delicious’ preoumaric ?C‘ mg/ the content Budak
Cider after (+)-catechin: 2.13 mg/L of phenolic etal. [2015]
maceration with (-)-epicatechin: 4.63 mg/L compounds
caffeic acid: 0.96 mg/L in cider
pulp and ethanol h i acid: L
fermentation chlorogenic acid: 24.13 mg/
p—coumaric acid: 0.03 mg/L
protocatechuic acid: 0.82 ug/mL
Vinegar (Zi Lin) chlorogenic acid: 10.91 ug/mL
p—coumaric acid: 0.17 pg/mL The content
Vinegar (Heng no information, protocatechuic acid: 1.54 pg/mL S(frﬁhgi?éics Liu
Shun) China commercial chlorogenic acid: 2.99 ug/mL di ffererc)l amon etal. [2019]
Cider vinegar samples protocatechuic acid: 1.00 ug/mL vinegars fromg ’
(Heinz) chlorogenic acid: 0.23 pg/mL various producers
Cider vinegar S
(Xin He) chlorogenic acid: 4.67 ug/mL
gallic acid: 0.8 mg/100 mL -
p-hydroxybenzoic acid: 0.2 mg/100 mL Charsllgelglgcarel;re q
Vi . L, (+)—catechin: 2.4 mg/100 mL Nges appe Bakir
inegar Turkey ‘Malus domesticus Lo in phenolic
syringic acid: 0.12 mg/100 mL compounds durin etal. [2016]
caffeic acid: 0.4 mg/100 mL vinli ar makin &
p-coumaric acid: 0.08 mg/100 mL & &
) (-)-epicatechin, caffeic acid and quercetin
Pomace Total amount: 141.30 mg/100 g DW T}fle }clonteipt
Pomace after C . ! iy Gallic acid, (-)-epicatechin, caffeic O PActone Dibanda
. ameroon  ‘Malus sylvestris . > VIV e compounds
microwave acid, p—coumaric acid, ferulic acid, increased after et al. [2020]
blanching; rosmarinic acid, quercetin. blanching
50°C, 5 min Total amount: 93.13 mg/100 g DW

e.g., 30-150 uM of vitamin C, 160-450 uM of urinate, or
15-40 uM of vitamin E. Long-term consumption of flavo-
noid-rich food does not lead to the accumulation of their high
amounts in plasma. Concentrations of quercetin in human
plasma are lower than 1 uM [Loito & Frei, 2006]. Data about
the concentration of flavonoids in human tissues are not avail-
able, but it is unlikely that flavonoids have a significant impact
on the antioxidant activity in cells, where ascorbate and re-
duced glutathione can be found in mM concentrations [Loito
& Frei, 2006]. Poorly absorbed phenolic compounds are me-
tabolized in intestines and liver. Moreover, they are good sub-
strates and indicators of phase II enzymes [Williamson et al.,
1996]. This suggests that they are recognized by organisms

as xenobiotics, potentially toxic compounds, because of their
polyhydroxy structure and strong redox potential [Dunnick &
Hailey, 1992]. Therefore, by inducing the detoxification of en-
zymes, flavonoids protect the organism against mutagenic
and carcinogenic factors, thus preventing cancer development
[Knekt et al., 2002]. Probably, the absorbed flavonoids (in low
concentrations) and their metabolites exert other biological
activities, including e.g., changing cell signaling and gene ex-
pression, which contributes to the health benefits. Hence, fla-
vonoids after intensive metabolic transformations and chemi-
cal forms of flavonoids present in fruits and vegetables (mainly
glycosides, except for flavanols in aglycon forms), differ from
the metabolites formed in vivo.
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FACTORS INFLUENCING THE CONTENT OF
PHENOLIC COMPOUNDS IN APPLES

There are a lot of factors influencing the phenolic content
in apples. In the West Himalayan apple varieties, the pheno-
lic content was significantly differentiated among cultivars
and locations [Bahukhandier al., 2018]. It was also confirmed
that the variety and maturity of apples significantly affected
their chemical composition, content of phenolics, and anti-
oxidant activity [Oszmiafiski et al., 2008]. Oszmianski et al.
[2008] compared 120 apple varieties and found they were
highly diversified in terms of pehnolics content. Accord-
ing to this research, the highest phenolic content was found
in apples of ‘Ozark Gold’ variety (~2116.03 mg/kg), whereas
the lowest one in these of ‘Ligol’ variety (~814.17 mg/kg).
The quality and quantity of phenolics in apples directly in-
fluences their antioxidant activity [Wojdyto et al, 2008].
Orchard cultivation system has an impact on the chemical
composition of apples as well. Apples from organic farming
have a higher content of phenolics in comparison to those
from conventional cultivation [Wojdyto et al., 2010]. Sut et al.
[2019] noted that the content of phloretin 2-O-xyloglucoside
and quercetin 3-O-arabinoside was significantly higher in an-
cient apple varieties (‘Friuli Venezia Giulia’, northern Italy)
than in the commercial ones (e.g., ‘Golden Delicious’, ‘Red
Delicious’, ‘Granny Smith’, and ‘Royal Gala’). Also, ancient
Croatian apple varieties were observed to be an important
source of phenolics, especially proanthocyanidins, phenolic
acids, and dihydrochalcones, compared to the commercial
ones [Jakobek er al., 2013]. Also, Kschonsek ez al. [2018] no-
ticed the significant difference in phenolics content between
old (29 mg/ 100 g) and new (13 mg/ 100 g) cultivars of apples
from Germany. It might be said that even the ancient cultivars
can be a good source of bioactive compounds in the formula-
tion of novel products. However, the results are not unam-
biguous in comparison to other research data. For example,
the peel, pomace, and juice made of the old Spanish cultivar
‘Verde Doncella” had lower contents of flavanols and quercetin
derivatives compared to ‘Red Delicious’ cultivar. However, this
study pointed out that ‘Verde Doncella’ had a higher content
of p-coumaric acid and procyanidin B, in the peel [Krawitzky
etal.,2014]. Interesting results were described by Sktodowska
et al. [2018], who observed that apple leaves might be a rich
source of bioactive compounds due to the variety and geo-
graphical origin, which significantly differentiated the apple
leaf phenolics. The methods and conditions of apple process-
ing also have a major impact on polyphenols.

FACTORS INFLUENCING THE CONTENT OF
PHENOLIC COMPOUNDS IN APPLE PRODUCTS

In Poland, clarified beverages and wines are the most pop-
ular products made from apple juice concentrate. This type
of manufacturing leads to large differences in the chemical
composition between the raw material and the final product,
such as an almost total lack of pectin and vitamin C, and 90%
loss of phenolics. The lowest content of valuable procyani-
din is found in apple juice. Procyanidins bind to the cell walls
of apples and are removed during the clarification process

of juice. This leads to a significant decrease in the polyphenols
in juices [Kolniak-Ostek et al., 2013]. Oszmianski & Wojdyto
[2009] noted a 6-fold lower antioxidant activity of apple juice
compared to blackcurrant juice. Cloudy and puree juices are
good alternatives to clarified apple juices. The content of phe-
nolic compounds depends on the apple variety and type
of manufactured juice. Clarified juice made of ‘Idared’ apples
contained only 250.1 mg/L of phenolics, whereas the content
in cloudy juice made from “‘Szampion’ was 5-fold higher reach-
ing 1044.4 mg/L of juice [Oszmianski et al., 2007]. Cloudy
juice made of ‘Szampion” apples had up to 31% higher anti-
oxidant potential, measured by the DPPH method, and that
made of ‘Idared” apples had about 45% higher antioxidant po-
tential than the respective clarified juices [Oszmiafiski et al.,
2007]. In other research, cloudy juices produced without
the enzymatic treatment, clarification, or filtration contained
more biologically active compounds [Oszmiafiski & Wojdylo,
2009]. The juice clarification process removes brow prod-
ucts of phenolic compounds oxidation. Omitting this step
in cloudy juice manufacture leads to their unattractive brown
color. Cloudy juices should be produced from high-quality,
fresh, and matured apples. Their cloudiness can range from
15% (var. ‘Elstar’) to 47% (var. ‘Gostar’) [Wojdyto et al., 2008].
Schempp ez al. [2016] noted that ‘Elstar’ variety was a rich
source of flavanols, e.g., (-)-epicatechin, and their oligomers,
e.g., procyanidin B, and C,, with their content approximat-
ing 240.0 mg/L. Considering the oxidation and browning
of juices, they should be manufactured in an inert gas envi-
ronment, after ascorbic acid addition to the pulp. The qual-
ity of cloudy juices can be improved by employing decanting
instead of pressing. Juice production using decanters takes
only a few seconds, which inhibits the oxidation of crushed
fruits. The addition of ascorbic acid or rhubarb to apple pulp
during fruit crushing reduces the effects of oxidation pro-
cesses, including color change. The addition of ascorbic acid
proved necessary in all types of juices except for those made
of var. ‘Szampion’ apples. Juices with ascorbic acid contain
significantly more phenolic compounds (approx. 1.2-fold
higher) and have higher antioxidant activity (3.5-fold higher)
compared to juices without its addition [Kolniak-Ostek et al.,
2013]. Promising results in terms of decreasing the browning
of juices were achieved by using high-pressure carbon dioxide
treatment [Murtaza et al., 2020]. This processing of juices also
increased (-)-epicatechin and (+)-catechin concentrations;
however, more studies need to be done to establish the ap-
propriate temperature and pressure conditions to achieve
the highest content of phenolics. In another study, an attempt
to increase the content of phenolic compounds and antioxi-
dant activity in apple juices and beverages by the enzymatic
treatment of apple pulp and the addition of apple leaves
proved successful [Zielinski et al., 2014]. The phenolic com-
pound contents increased by 2 to 5 times, whereas the anti-
oxidant potential by about 1.29 times. Moreover, the addition
of apple puree produced from different enzymatic formula-
tions increased the phenolic content in the studied juices from
441 mg/L to 612 mg/L, and antioxidant activity by 5-21%
[Zielinski e al., 2014]. The obtained data show that enriching
natural cloudy juices with ascorbic acid, apple pulp or leaves
is useful. If enriched with this technology, juices can be an
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attractive product, with antioxidants that will have a ben-
eficial influence on human health. Oszmianski et al. [2008]
demonstrated a high content of polyphenolic compounds
and antioxidant activity in juices made of ‘Idared’ apples.
Furthermore, the addition of blackcurrants not only enriched
apple juice with phenolic compounds and improved its col-
or, but also protected it from enzymatic oxidation. Ascorbic
acid from blackcurrants, used in this reaction, also effectively
protected the polyphenols of ‘Idared’ apples from oxidation.
Antioxidant activity is measured as the ability to scavenge
DPPH radicals; therefore, the antioxidant activity of black-
currant juice was about 40-fold higher than that of apple
juice. The addition of 20% blackcurrant juice to apple juice
increased the antioxidant activity about §-fold in compari-
son to apple juice without any additives [Oszmiafiski e al.,
2008]. However, Srednicka-Tober ez al. [2017] demonstrated
that the addition of chokeberry juice to apple juice led to
a decrease in quercetin and kaempferol contents. Whereas
green tea extract addition resulted in a significant enrichment
of apple juice with phenolic acids (~2- times) and flavonoids
(~10- times), with molecules characteristic for tea: (+)-cat-
echin, (-)-epicatechin, (-)-epigallocatechin, and (-)-epigal-
locatechin 3-O-gallate. Bat er al. [2018] successfully used
phytochemicals as markers to prove the origin and variety
of apple juices. Moreover, Adamenko et al. [2019] established
a new product, i.e., fermented apple beverage with Cornelian
cherry addition (10%) having a strong antioxidant properties
(ABTS, DPPH, and FRAP tests) and enriched with phenolic
compounds and iridoids. This treatment caused the highest
content of 5-O-caffeoylquinic acid (from 70.0 to 96.8 mg/L).
In turn, Verdu et al. [2014] presented that the apple proge-
ny significantly influenced the phenolic compounds content
of another type of apple beverage, namely cider. The content
of 12 phenolics varied in apples as a genetic effect and be-
tween harvest years.

Kahle er al. [2005] pointed out that the phenolic com-
pounds content was significantly different in juices made
from dessert or cider apples. Moreover, there was a dif-
ference in phenolic contents between apple cultivars, while
freshly squeezed juices were richer in phenolic compounds
than commercially available juices. The influence of stor-
age on phenolic stability in apple juices was also studied
by Maragoé et al. [2015]. They demonstrated that the contents
of total phenolics and flavanols were almost 5-fold and 8-fold
higher, respectively, in ‘Panaia-red’ juice than in juice made
of ‘Golden Delicious’ apples. Higher stability of phenolics was
achieved in ‘Panaia-red’ juice. Pavun et al. [2018] highlighted
that the use of fruit nectar definitely lowered the phenolic
content in commercial juices, which was ultimately correlated
with their antioxidant activity. It was also demonstrated that
not pasteurization but pre-pasteurization had a significantly
stronger impact on phenolics content during processing
of not from concentrate (NFC) juices [Tian et al., 2018].

Another important aspect affecting contents of antioxi-
dants is the technological preparation of raw fruits. The mi-
crowave-treatment of apple peels [Dibanda ef al, 2020]
and their storage method affected phenolics content and an-
tioxidant activity [Santarelli ez al., 2020]. According to San-
tarelli ez al. [2020], there is a difference between the response

of tissues of organicaly and conventionally farmed apples
to freezing. The antioxidant activity of organic apples after
freezing was reduced by only 13%, whereas in the convention-
al ones a decrease of up to 25% was noted. This was related to
the higher resistance of organic apple tissue to thermal stress,
which caused a decrease in free and conjugated phenolics
related to antioxidant activity. Fernandez-Jalao et al. [2019]
increased extractability of flavonoids from apple pulp by up to
54% using high-pressure processing at 600 MPa. In another
study, Ferrentino ez al. [2018] successfully used supercritical
fluid extraction to improve the recovery of extracted phenolics
from apple pomace. The mechanism of these two methods
might be related to the flavonoid compounds from cell walls
being trapped in an insoluble matrix.

Also, the consumption of dried apples is quite popular
among consumers nowadays. It is known that food product
stability over storage period is an important aspect to be con-
sidered during its production process. In this context, the ad-
dition of a green tea extract to dried apples might be a perfect
solution, providing a new type of product that would combine
the preservation of apples and an increased phenolic content
in the final product [Corey ef al., 2011]. Pajak et al. [2017]
proposed biofilms made of white or green tea extracts to pro-
long the freshness of sliced apples. The proposed application
of white tea allowed them to obtain a stored product with
a similarly high content of total phenolics to that in the fresh
material. Tappi et al. [2018] used cold atmospheric plasma to
study the effect of phenolic behavior in fresh-sliced apples.
They noticed that phenolic content significantly decreased
in slices after 2 h (1.774 mM/kg fresh weight); however,
it was not significantly lower after half an hour (from 2.142 to
2.092 774 mM/kg fresh weight). The high content of phenolic
compounds and health-promoting properties of food prod-
ucts play an important role in consumer acceptance. From
the sensory point of view, in the study of Wang ez al. [2019a],
the most preferred by the panelists were the dried apple slices
pretreated with steam blanching and osmotic dehydration
of the apple slices. Freeze-dried apple powders were also
found to be good sources of antioxidants [Raudone et al.,
2016], like chlorogenic acid and procyanidin C, which were
responsible for their high antioxidant activity.

Apples are eagerly consumed mostly because of their
pleasant taste and the fact that they are widely available
worldwide. FAO statistics reported that, in 2016, the global
production of apples exceeded 80 million tons, and over
3 million were converted into juice [Matsuoka, 2019]. Ac-
cording to these statistics, a large amount of waste is si-
multaneously produced. Therefore, growing attention has
been paid to the reuse or limitation of the amount of waste
produced. The benefits of apple pomace consumption were
described in a publication prepared by Skinner ef al. [2018].
The positive antioxidant effect on human health might be re-
lated to the phenolics in this apple waste. Therefore, quercetin
(5.72 ug/kg), phloretin (2.01 pg/kg), and phloridzin (1.23 pg/
kg) were determined to be the main phenolics in apple pom-
ace [Ranaeral., 2015]. Apple peel is also a rich source of bio-
active compounds [Raudone et al., 2017]. Its main flavonoids
are (-)-epicatechin and quercetin, at 0.28 and 0.19 mg/g,
respectively [Bhagwat er al, 2011]. This is in agreement
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with Escarpa & Gonzalez [2001], who found high amounts
of phenolic compounds (in the order: rutin, chlorogenic acid,
and (+)-catechin) in “Golden” and “Reinette” apples (both
peel and pulp). A possible innovation is the use of apple peels
after microwaving, which is a good method for releasing
phenolic compounds bound in the cell wall [Dibanda ez al.,
2020]. Furthermore, apple peels can be a good component
to formulate functional foods, because of the high total phe-
nolic content (1.1 g GAE/g of dry weight). Du et al. [2020]
proposed “cold-pressing technology” as an effective method
for peeling and deseeding apple fruits, with a positive effect
on phenolic compounds retention in pomace. A 3- to 18-fold
higher content of gallic and vanillic acids, (-)-epicatechin
3-O-gallate, and phloridzin was detected in apple pulp than
in juice, cider, and/or vinegar. Xu et al. [2016] pointed out
that seeds could also be a rich source of phenolic compounds.
However, the content of phenolics differs in seeds from dif-
ferent apple cultivars. The dominant phenolics determined
in seeds were phloridzin > hyperin > chlorogenic acid. Other
examples of apple products and the main conclusions about
phenolics variation during apple processing are summarized
in

METHODS OF PHENOLICS DETERMINATION
AND ANTIOXIDANT ACTIVITY MEASUREMENT
IN APPLES

A broad review of phenolic compounds’ determination
was prepared by Naczk & Shahidi [2004]. They gathered
the main existing knowledge about phenolic compound ex-
traction and analysis of their profile using spectrophotometric
and chromatographic methods; however, since then, some new
insights have been presented in this respect. The Folin-Ciocal-
teu’s reagent is still commonly used to spectrophotometric-
ally characterize the total content of phenolic compounds
in apples and their products [Azlan et al., 2018; Bakir et al.,
2016; Dhyaniet al., 2018; Xu et al. 2016 ]. Total phenolic con-
tent is one of the most frequently analyzed factors, even after
it was shown that the spectrophotometric method can lead to
inaccurate results because of the strong interference of sugars
and proteins in the assay results [Escarpa & Gonzalez, 2001].
In this context, HPLC-UV-VIS was used to determine the phe-
nolic compound profiles in apple samples, preceded by an
appropriate extraction procedure. Solvent extraction, sample
fragmentation and its pretreatment, and compound-of-inter-
est isolation are also important steps [Starowicz, 2019]. For
example, Stan et al. [2017] proposed conventional extraction
as a more efficient method to extract phenolics from dried
apples than microwave- or ultrasound-assisted extraction.
However, they noted that the content of compounds extracted
can be different upon using different extraction procedures.
Chlorogenic acid, (4)-catechin, and quercetin contents were
higher after conventional than microwave-assisted extrac-
tion. The microstructure analysis conducted by Wang et al.
[2019b] revealed that ultrasound treatment released phyto-
chemicals from fruit cell walls, proving to represent a more
efficient technique to increase phenolic compounds extract-
ability. An interesting procedure was presented by Loncari¢
et al. [2020], who extracted flavonoids from apple peels

using micro-matrix solid-phase dispersion (micro-MSPD)
with sea sand and a solvent mixture of methanol:water:for-
mic acid. Also, different instrumentation is used to increase
the efficiency of compound determination. Both qualitative
and quantitative methods are in matter of interest, and can
be used with internal/external standards to determine phe-
nolic compounds content. The HPLC with a diode array
detector (DAD) is the most common method applied for
phenolic compound determination in apples [Duda-Cho-
dak et al,, 2010]. However, its modifications were proposed
in further studies. Gomes et al. [2016] used the electrochem-
ical properties of flavonoids to measure their content in fruit
powders by RP-HPLC-EC. This method was appropriate to
determine low content of selected polyphenols in either fresh
or dried samples. The LC-MS/MS was also adapted to phe-
nolic compound determination in samples of apples because
of its low sensitivity and good repeatability [Loncari¢ et al,
2020]. In the study of Jakobek et al. [2013], two different de-
tectors were used to determine contents of specific phenolic
compounds in apples, i.e., UV-Vis and MS/MS. Moreover,
using various HPLC columns and conditions in the inter-lab-
oratory study, Hollands et al. [2017] developed, validated,
and assessed analytical method for the separation, identifi-
cation and quantification of procyanidins in an apple extract.
Additionally, many researchers have tried to establish a rela-
tionship between bioactive compounds and antioxidant activ-
ity, to determine which phenolic compound has the greatest
influence on antioxidant activity.

There are several mechanisms of the antioxidant action
of phenolic compounds and therefore different methods
must be used to determine their antioxidant activity. Alam
et al. [2013] found that the most frequent methods used to
determine antioxidant activity in vitro in plant material are:
a,a-diphenyl-B-picrylhydrazyl (DPPH) radical scavenging
assay, hydroxyl radical scavenging assay, and superoxide
radical scavenging activity determination. According to these
authors, the in vivo methods frequently used to determine
antioxidant activity included lipid peroxidation assay (LPO)
in tissues and determination of superoxide dismutase (SOD)
and catalase (CAT) activities in erythrocytes of experimental
animals. The antioxidant activity is often measured by using
a few methods. The DPPH" and ABTS"* scavenging activi-
ties of apple extracts were measured by Duda-Chodak et al.
[2010]. A significant difference was found between the ana-
lyzed ABTS** scavenging activities of apple extracts, whereas
no significant differences were noted in the DPPH method.
Also, the FRAP method is usually introduced to evaluate an-
tioxidant capacity. Pajak et al. [2017] found a high correlation
between the antioxidant activities measured by FRAP, DPPH,
and ABTS assays, and total phenolic content (with correla-
tion coefficients of 0.914, 0.950, and 0.965, respectively). Fur-
thermore, ethanol, water, and methanol are the solvents most
commonly used to extract phenolic compounds before anti-
oxidant activity determination usually conducted with spec-
trophotometric methods using cuvettes. As an innovation,
Horszwald & Andlauer [2011] proposed 96-well plates (mea-
surement done on a microplate reader) instead of cuvettes.
The main advantages of this method are the low amounts
of chemicals and extracts needed, and the very good repeat-
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ability of the results obtained. Gokmen ez al. [2009] presented
a novel approach, “QUENCHER,” to the analysis of antioxi-
dant activity. A direct QUENCHER procedure allows mea-
suring the antioxidant activity in the samples in which “a great
part of antioxidants is bound to insoluble matrices” [Gokmen
et al., 2009]. An interesting method was presented by Rau-
done et al. [2017], in which a combination of HPLC-DAD
and FRAP assay was applied to measure the flavonoid con-
tent and antioxidant activity in apples and apple peels. Based
on the HPLC-DAD-FRAP post-column analysis, it was
established that among 12 flavanol compounds, flavanols
and phenolic acids exhibited antioxidant activity, whereas
no ferric ion reducing activity was observed for phloridzin.
Therefore, it was observed that phloridzin cannot be used as
a reference compound in antioxidant activity determination.

CONCLUSIONS

Apples are an important source of phenolics in the human
diet, and their consumption has been implicated in the pre-
vention of degenerative diseases. The polyphenols that can
be found in apple peel and pulp are flavonols (mainly querce-
tin and its glycosides), flavanols ((-)-epicatechin and (+)-cat-
echin), procyanidins, anthocyanidins, and dihydrochalcones
(phloridzin and its derivatives). Their content was strictly
related to the geographical origin, variety, and processing
techniques of the apple products. Information about cultivar-
-typical apple polyphenol content and profile is important for
bioactivity studies and, consequently, essential for the devel-
opment of consumer-relevant products with particular nutri-
tional functionalities. As to what the future holds, much work
should be put into determining the bioavailability, transport,
and bioactivity of dietary flavonoids. Moreover, a strong em-
phasis should be put in further studies on the reuse of apple
by-products, e.g., peels and seeds, as novel food components.
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Nutritive Parameters and Antioxidant Quality of Minimally Processed “Cime di Rapa”
(Brassica rapa subsp. sylvestris) Vary as Influenced by Genotype and Storage Time
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Key words: “cime di rapa” (broccoli-raab, rapini), dietary fibre, glycemic carbohydrates, antioxidant parameters, packaged product quality, hybrid and
conventional genotypes

In order to assess the quality and performance of bagged broccoli-raab, a recently marketed product, several nutritive parameters were determined
in novel hybrid and conventional cultivars at pre- and post-packaging stages in the industrial environment. The characterization of shoots and com-
posing organs at post-cut stage included contents of dietary fibre (DF), glycaemic carbohydrates (GC), antioxidant compounds (ACC) and capacity
(AOC), which were determined by chromatographic methods and spectrophotometric assays. ACC and AOC were analysed during shelf life of bagged
products. Genotype and storage effects were addressed as variability factors at fixed packaging conditions. Contents of DF and GC (39.64-34.57;
7.56-2.21 g/100 g), glucosinolates (37.47-24.63 mg/g SIN), and ACC (total phenolics: 18.64-14.92 mg GAE/g; flavonoids: 34.74-30.96 mg/g CE; fla-
vonols: 14.62-14.08 mg QE/g), and AOC (Oxygen Radical Absorbance Capacity: 354.62-293.25 umol/g TE; DPPH" scavenging activity: 59.35-46.14)
were lower in shoots of the hybrid than marketed cultivar. In both genotypes, AOC was maximal in leaves, followed by florets and stems. The integrated
analyses suggested that the hybrid genotype was better suited for fresh consumption and that increased ratio of florets/leaves vs. stem is expected to
raise product antioxidant properties. The comparison of unprocessed and bagged products pointed at a value decay of most parameters except for
glucosinolates and correlation analyses supported the necessity of performing multiple antioxidant assays to enhance product quality evaluation.
As for shelf life, storage time was the major factor affecting antioxidant properties, while genotype and interaction effects were minimal.

ABBREVIATIONS

TPC - total polyphenol content; FID - flavonoids;
FOL - flavonols; GSL - glucosinolates; AOC - antioxidant
capacity; ACC - antioxidant compound content; DW — dry
weight; FW — fresh weight; hpp, hours post packaging.

INTRODUCTION

Cruciferous vegetables encompass nutritionally and eco-
nomically important crops worldwide and the “broccoletto”
group (Brassica rapa L.) was proposed based on morphologi-

* Corresponding Author: Tel.: +39 0690672210
E-mail: (Dr. D. Giannino)
# Authors have equally contributed to this work

cal traits [Bonnema ef al., 2011] and molecular phylogeny.
It includes “cime di rapa” and “friariello” vegetables from
south Italy [Elia & Santamaria, 2013], also known as brocco-
li-raab or rapini [PlantUse, 2020] and consumed as cooked or
raw (salads or sauces).

Botanically, broccoli-raab falls into the subspecies syl-
vestris Janch var. esculenta Hort. [Romani et al., 2006],
and the edible products are shoots bearing leaves, stems,
and corymb-inflorescences (florets). Local farmers usually
select parental lines phenotypically, aiming at progenies with
superior traits and minimal inbreeding depression. Seed com-
panies exploit these local selections to develop synthetic va-
rieties or to create inbred lines for F, hybrids with new traits
such as regrowth attitude (for multiple cutting), product ten-
derness and antioxidant content. Landraces cultivation spans
fall-winter cycles of 50-90 days in open field [Elia & Santa-

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
(
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maria, 2013] with minimal agronomic practices and pesticide
treatments; greenhouse and hydroponic systems are also fea-
sible [De Pascale et al., 2007].

Nutritional quality of broccoli-raab relies on dietary fibre
[U.S.D.A., 2019] and on bioactive phytochemicals, such as
tocopherols, ascorbate (vitamin C) [Annunziata ef al., 2012;
Cefolaetal.,2010; Conversaet al., 2016], carotenoids [https://
fdc.nal.usda.gov], phenolics [De Pascale et al., 2007; Romani
et al., 2006], and glucosinolates (GSL) [Annunziata et al.,
2012; Cefola et al., 2010; Conversa et al., 2016]. These latter
are typical of Brassicaceae and some specific classes could fin-
gerprint “cime” ecotypes. The GSL breakdown products exert
effects against different cancer types and their bioavailability
is affected by product processing [Barbieri e al., 2008]. As for
phenolics (PP), broccoli-raab abound in phenolic acids (chlo-
rogenic and ferulic) and flavonols (a flavonoid subclass) that
are mainly quercetin, kaempferol, isorhamnetin, and respec-
tive conjugates [De Pascale et al., 2007; Romani et al., 2006].
Phenolics health-promoting action is mediated by interac-
tions with gut microbiota and potential direct effects of Bras-
sica phenolics are reported [Cartea et al., 2010]. Chemical an-
tioxidant capacity (AOC) of foods can be assessed by in vitro
assays that detect various scavenging mechanisms. The AOC
measurement is often unlinked to in vivo outcomes and feeble
to provide health claims, though valid to assess potential ef-
fects in B. rapa vegetables [Soengas et al., 2011].

Found that consumers associate local products to qual-
ity, tradition and health, industries were prompted to release
bagged broccoli-raab into the ready-to-use market, favouring
the ex situ consumption; with nutritional value preservation,
undisclosed florets, stay-green leaves, typical taste without
off-odours being the major quality parameters. Some factors
(e.g., seasonality, cultivation techniques) affect these charac-
teristics during conservation [Barbieri ez al., 2009] and airflow
modifications were effective to prolong floret storage [Cefola
et al., 2010]. Moreover, increased sulphur fertilization dur-
ing cultivation and light exposure during storage enhanced
the antioxidant quality of film-and-tray packaged product
[Barbieri ez al., 2009]. Lab-scale results identified suitable gas
equilibria and wrapping material for modified atmosphere
packaging [Conte et al., 2011; Torrieri et al., 2010].

This work intended to gain novel information on dietary fi-
bre and glycaemic carbohydrate content of two broccoli-raab
genotypes, a novel F, hybrid and a marketed cultivar, and to
provide information on the antioxidant quality of bagged
products derived from an industrial process by monitoring
ACC and AOC. Genotype and storage effects were the stud-
ied variability factors at fixed packaging conditions.

MATERIALS AND METHODS

Plant materials and growth conditions

Plants of ‘Broccoletto di rapa novantino riccio San Mar-
zano’ (BSM90) were marketed by “Domenico Pagano e Fi-
gli” (Scafati, SA, IT); plants of the unpatented ‘F, Hybrid
39" (H39) were provided by a seed company. They were
grown under a 90-day cycle at the “Di Pastina and Meletti”
farm (LT, Italy); reports information on environ-
ment, cultivation, and farming practices. The parental lines

TABLE 1. Environment and cultivation parameters of two genotypes
of Brassica rapa subsp. Sylvestris.

Murillo Sezze, Latina

Coordinates
Latitude N 41°27° 7.382”
Longitude E 13°345.666”
Altitude (m asl) 5.0
Climate!
Temp. min (°C) 8.7+3.0
Temp. max (°C) 17.2+3.0
Temp. mean (°C) 12.2+2.6
Relative humidity (%) 71.7£9.7
Total rain (mm) 127.0
Soil?
Clay (<0.002 mm) (%) 440
Silt (0.05-0.002 mm) (%) 220
Sand (2-0.05 mm) (%) 340
Total nitrogen (%) 1.40
Organic matter (%) 249
P,O, available (mg/kg) 462.6
K O exchangeable (mg/kg) 450.6
E.C. (mS/cm) 0.480
pH 7.84
Cation Ex. Cap. (meq/100 g) 30.3
Cultivation dates
rammom e (I oy
Sowing - density 70 plants/m? 07/11/2015
Harvest 12/02/2016
Farm delivery 15/02/2016
Processing 16/02/2016

'sowing-harvest; www.arsial.it/portalearsial/agrometeo; 2USDA classifi-
cation [U.S.D.A., 2006]

of BSM90 and H39 derive from landraces of south Italy
(Apulia and Campania regions) and the breeding schemes are
undisclosed. Phenotypically, H39 showed less fringed margin
leaves ( ), synchronous flower disclosure, and erect
habitus with a primary axis prevailing over secondary branch-
ing (not shown) as compared to BSM90 ( ).

Product processing, sampling criteria, and sample
treatment

Seventy plants were processed by “San Lidano” company
(http://www.sanlidano.it/) according to quality management
standard of standard for quality [ISO 9001, 2008] and trace-
ability [ISO 22005, 2007]. Personnel performed manual se-
lection and cutting to produce 10-20 cm long shoots; the av-
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erage yield was ca. 45 g out of 100 g of starting material.
Sanitary treatment (sodium hypochlorite 30 mg/L), water
wash (both at 4-6°C), mechanized drying (automatic electric
spin dryer extra compact — Turatti Group, Venice, Italy) at
4400/5000 round per minutes using a load of 5-8 kg. The bags
were flushed (active modified atmosphere packaging) to reach
a final concentration of 7.2% O,, 8.8% CO,, and 84% N,,
measured by Portable Gas Analyzer Checkpoint3 Dansen-
sor (Mocon ® Europe, Milan, Italy). Filling was at calibrated
weight of 500 g+2%. Weight parameters (g) were measured
using ten bags (gros: 514.51+9.33, net: 503.8=10.33, bag +
humidity: 10.83+1.27, inflorescences: 28.67=4.49, stems:
101.83+7.43, leaves: 351.56+10.09; i+s+1: 482.06=+11.85,
b+h+i+s+1: 492.19+10.24). Automated vertical packaging
(Olimpia 4000 Simotion, Miele, Italy) produced bags made
of anti-fog polypropylene film (size 645 mm x 380 mm, thick-
ness 35 mm; density 910 kg/m?*; model PP AFM035, Master-
pack S.p.A., Milan, Italy). Film permeability parameters were
8.155 (standard test method ASTM D3985), 37.69 (ASTM
D1434) and 22.93 (ASTM F1249) 10-"2 mol/mm? s Pa respec-
tively for O,, CO,, and H,O. Filled-in bags were stored in cold
rooms at 7+1°C in the dark.

As for sampling of unprocessed material ( ),
three bulks (each of 1 kg, biological replicate) of delivered
shoots were used to generate four batches, each consisting
of entire shoots (ca. 15 cm), flowers, stems, and leaves. Di-
etary fibre and glycaemic carbohydrates were determined
in entire shoots, while antioxidant parameters were assessed
in entire shoots and composing organs. As for the packaged
material, the content of each bag represented a replicate
batch ( ). All samples were immediately frozen
and crunched in liquid nitrogen, stored at -80°C. An aliquot
of 100 g was weighed without thawing, lyophilized at -50°C
for 72 h (laboratory freeze dryer with stoppering tray dryer,
FreeZone®, Labconco Corp., Kansas City, MO, USA)
and stored at -20°C. Three replicates were used in all assays
and all the measurements were in triplicate. The Italian law
imposes consumption within 2 days after bag opening (DM
n° 3746-2014); factories have conventionally fixed the sell-
by dates at 7 days post packaging (pp) because consumer’s
choice is affected by storage prolongation [Stranieri & Baldi,
2017]. In this work, the storage time analyses of antioxi-
dant parameters included plant material before processing

Selection and cutting

and bagged shoots at 1, 48, and 96 h pp (hpp), considering
this lapse as the one during which the consumer most likely
eats the product.

Contents of extractive,
carbohydrate, and ashes

Entire shoots were sampled at the post-cut stage; quan-
tification of cellulose, hemicellulose, and lignin was per-
formed on ground lyophilized tissue (0.3 g) after separation
of extractive; it was based on acid treatment to depolymerize
polysaccharide and release Klason and soluble lignin frac-
tions [Sluiter ez al., 2008b]. Monomeric sugars were analysed
by HPAE chromatography, using pulsed amperometric de-
tection (Thermo Scientific™ Dionex™ ICS-5000, Sunnyvale,
CA U.S.A)) and CarboPac PA20 (4 mm x 250 mm)/dedicated
guard columns[Dionex Technical note 40, 2016].

Runs were carried out at 30 °C, flow rate of 0.4 mL/
min, and a sodium hydroxide/sodium acetate-stepped gradi-
ent that consisted of: 2.4/0 mM, 0-18 min; 100/0 mM,18-
=20 min; 100/0 mM, 20-30 min; 100/100 mM, 30-30.1 min;
100/100 mM, 30.1-46 min; 200/0 mM, 46-46.1 min;
200/0 mM, 46.1-50 min; 2.4/0 mM, 50-50.1 min. The eluents
and the standard solutions were prepared using HPLC grade
reagents (Sigma, Steinheim, Germany). Data were processed
by Chromeleon software versions 6.8. Dietary fibre was
calculated as the sum of total lignin, hemicellulose, pectin,
and cellulose. Extractive separation and ashes determination
were carried out exactly as described [Sluiter et al., 2008a,c].
Starch and soluble sugars (glucose, fructose and sucrose)
were determined as previously reported [Moscatello et al.,
2017] with minor modifications. Briefly, 10 mg of lyophilized
tissue powder was added to 1.5 mL of an extraction ethanol-
buffer mixture — 80% ethanol and 20% buffer (Hepes-KOH
100 mM, 10 mM MgCl, pH 7.1), gently shaken (80°C,
45 min) and centrifuged (14,000 xg, 5 min). The supernatant
was collected for soluble sugars analysis (5 min centrifuga-
tion at 16,000xg). The pellet containing starch was washed
four times with 1 mL of acetate buffer (40 mM, pH 4.5), au-
toclaved (1 mL of washing buffer, 45 min, 120°C) to solubi-
lize starch, and finally incubated with a-amylase and amylo-
glucosidase (4 and 40 U, respectively) for 1 h at 50°C up to
complete hydrolysis into glucose. The quantification of glu-
cose, fructose, and sucrose from the extraction supernatant

dietary fibre, glycaemic

Processing

Bunches

Organs from fresh material

Material assayed at 1, 48, 96 h post packaging

FIGURE 1. Industrial process chain: “cime di rapa” at San Lidano industry (a). Batches of flowers (b), leaves (c), and stems (d) that derived from
shoots of BSM90 before processing (e). Shoots of H39 (f), arrows indicate leaf margin that is less fringed than BSM90. Packaged product (g) and inner
content (h). Dietary fibre and glycaemic carbohydrates were determined in shoots (e and f), while antioxidant parameters were assessed in all samples.
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and of glucose from starch hydrolysis (after centrifugation,
16,000xg, 5 min) was achieved by spectrophotometric cou-
pled enzymes assays, using a Plate reader (Spectrotar Nano
BMG, Labatech Gmbh, Ortenberg, Germany).

Extraction and determination of total contents of
phenolics, flavonoids, flavonols, and glucosinolates

Extraction was carried out based on previous protocols
[Li et al., 2011]. Briefly, lyophilized material (0.2 g) was
added to (final concentration of 10 mg/mL) a water-meth-
anol mixture (20-80%, v/v). The suspension was shaken for
3 hin the dark at 4°C, and then centrifuged at 3,000xg for
10 min at 4°C. The supernatant was recovered, aliquoted at
4°C for the content determinations, and stored at —80°C. Phe-
nolic compounds were measured spectrophotometrically at
760 nm according to the Folin-Ciocalteu method [Li et al.,
2011] and the total phenolic content was expressed as mil-
ligrams of gallic acid equivalents per gram (mg GAE/g) of dry
weight (DW). Total flavonoid amount determination followed
a method used for fruit [Kim et al., 2003] using absorbance
at 430 nm, and values were converted into milligrams of cat-
echin equivalents per gram of DW (mg/g CE). Total flavo-
nol quantification was at 360 nm [Castillo-Mufoz et al.,
2009] using quercetin as standard and expressed in milligram
of quercetin equivalents per gram of DW (mg QE/g). Total
glucosinolates were determined at 365 nm [Giorgetti et al.,
2018]. Briefly, aliquots (0.5 mL) from extracts were vacuum-
-dried, the pellet was re-dissolved in 0.2 mL distilled sterile
water and treated with myrosinase (28 U/mL) for 1 h at 37°C
to catalyse the glucosinolates conversion into isothiocyanates.
Cyclo-condensation of these was achieved by adding a pre-
dissolved mixture of 80 mM 1,2-benzenedithiol (0.1 mL),
methanol (0.9 mL), and 0.1 M potassium phosphate buffer
(0.78 mL) in a final volume of 2 mL and incubated at 64°C for
1 h. The reaction generated 1,3-benzedithiol-2-thione from
1,2-benzenedithiol (¢=23,000 /M cm at 365 nm) and glu-
cosinolates were quantified referring to the calibration curve
of sinigrin and expressed as milligram of sinigrin equivalents
per gram of DW (mg/g SIN).

Antioxidant activity by chemical assays

The oxygen radical absorbance capacity (ORAC) as-
say was performed by minor modifications [Ninfali e al.,
2005]. Briefly, 100 uL of the extract was diluted (1:10, 1:100:
1:1000, v/v) and added to a mixture of 1 mL final volume.
The mixture contained 800 pL sodium phosphate buffer
(75 mM, pH 7.0) with fluorescein sodium salt (0.05 pM)
plus a 100 uL solution of 2,2’-azobis(2-amidinopropane)
dihydrochloride (400 mM). The standard mixture consisted
of 100 pL of 50 uM 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox); the control consisted of sodi-
um phosphate buffer (75 mM, pH 7.0). The Perkin-Elmer
Victor™ X3 apparatus (Waltham, MA) measured fluores-
cence every 5 min at 37°C at 485 nm excitation, 520 nm
emission for 60 cycles. The ORAC values were calculated
by the formula (As-Ab/At-Ab)*KA, where: As, area subtend-
ed by the curve (AUC) of fluorescein in the sample (Perkin
Elmer 2030 Work Station); At and Ab, Trolox and control
AUCs, respectively. K, dilution factor; and A, Trolox concen-

tration (uM). The ORAC unit was expressed in micromoles
of Trolox equivalents per g of DW (umol/g TE). The radical
scavenging activity was also determined by the 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH") assay [Boudjou ef al., 2013].
The extract (50 pL) was added to a solution of 60 pM
methanol dissolved DPPH" (final volume 2 mL), vortexed
and incubated at 25°C for 60 m in the dark. Blank consisting
of pure methanol and control was ethanol (50 pL) instead
of extract; absorbance was measured at 517 nm. The anti-
radical activity (ARA) was expressed as percentage of DPPH
inhibition relative to the control by the equation: ARA =
[1-(As/Ac)] x 100, with As and Ac as absorbance values
of sample and control, respectively.

Statistical analysis

All parameters were analysed according to a completely
randomised design with three replications. ANOVA was car-
ried out by a General Linear Model (GLM, SAS Software,
Cary, NC, USA). Fibre and sugar content data were analysed
in relation to genotypes by a one-way ANOVA, while two-way
ANOVA was applied to the antioxidant data deriving from
post-cut fresh product (genotype/organs) and from packaged
product (genotype/storage). The Least Significant Difference
test (0=0.05) was used to separate means. PROC CORR
in SAS performed variable correlation analyses on samples
of entire shoots and composing parts at the time 0 plus
bagged products sampled at 1, 48, and 96 h of storage for
both genotypes analysed.

RESULTS AND DISCUSSION

Dietary fibre and glycaemic carbohydrates of pre-packaged
shoots

The H39 and BSM90 entire shoots were sampled after
cutting during the industrial process ( ) and assayed
for the contents of sugars, dietary fibre, extractives, and ash-
es ( ). Overall, the extractives (polar and non-polar
soluble fractions included sugars, organic acids, lipids, phe-
nolics, soluble proteins, and pigments) were the most abun-
dant category and the genotypes showed no significant dif-
ference. Sugars ( ) were grouped into dietary fibre (cell
wall components and lignin, DF) and glycaemic carbohy-
drates (GC) following their nutritional function [EFSA Pan-
el on Dietetic Products Nutrition and Allergies, 2010]. DF
was over 5 times higher than GC and higher in BSM90 than
H39 (39.64 vs. 34.57 gram per 100 grams of DW). As for
total lignin, the genotypes shared similar contents (9.21-
-9.56 g/100 g DW), though the soluble component was higher
in BSM90 (4.11vs. 3.07 g/100 g DW), while the Klason frac-
tion was higher in H39 (6.13 vs. 5.45 g/100 g DW) leading
to a Klason/soluble ratio of 2.0 and 1.3 in H39 and BSM90,
respectively. Galactose, arabinose, xylose, and mannose
participated to the hemicellulose polymer, which had con-
tents of 5.67 and 7.61 g/100 g DW in H39 and BMS90,
respectively. The most abundant monomer was galactose
followed by arabinose, xylose, and mannose, respective-
ly representing the 35%, 29-34%, 19-24%, and 12-13%
fractions of the total content. The BSM90 genotype was
ca. 1.3-fold richer in total hemicellulose than H39 due to
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TABLE 2. Fibre and sugar contents of entire shoots of “cime di rapa”
after cutting.

BSM90 H39

Compounds' (¢/100 2) (2/100 @) Signif.
Lignin (Klason) 5.45+0.03*  6.13x0.32¢ *
Soluble lignin 4.11+0.22¢ 3.07=0.2° o
Total lignin 9.56+0.19 9.21+0.13 n.s.
Arabinose 2.58+0.01*  1.63x0.11° o
Galactose 2.67+0.03*  1.97x0.18° o
Xylose 1.48+0.04*  1.34=0.07° *
Mannose 0.89+0.06*  0.73x0.05" *
Total hemicellulose 7.61=0.15*  5.67x0.4° o
Ramnose 0.79+0.05¢  0.70=0.04° *
Galacturonic acid 11.20=0.40*  9.82+0.49° *
Total pectin 11.99x£0.45*  10.52+0.53° *
Cellulose 10.48£0.35*  9.18+0.70° *
Dietary fibre 39.64x1.14  34.57+1.69° o
Glucose 3.48=0.16*  0.80=0.08" ok
Fructose 2.80=0.15*  0.99x0.15° ok
Sucrose 0.70+0.01*  0.27+0.03" o
Soluble sugars 6.97+0.32*  2.06x0.26" ok
Starch 0.59+0.04*  0.15%0.05 ok
Glycaemic carbohydrates  7.56+0.28*  2.21+0.30° o

Other parameters

Residual humidity 3.58+0.05 3.27+0.07 n.S.
Ashes 10.84+0.02° 13.15+0.17* o
Extractives 4741507  46.75+1.36 n.s.

"'mean = standard deviation; g, grams of dry weight. Significance letters re-
fer to the genotype incidence; n.s., non-significant; *, **, ** = significant at
P<0.05, 0.01, and 0.001, respectively. Mean ratios (percentage) of dry (ly-
ophilized) vs. fresh weight tissues were 11.75+1.03 and 10.58+0.43 with
no significant difference for BSM90 and H39, respectively. Division fac-
tors of 8.5 and 9.5 were used to convert data into g/100 g fresh weight for
BSMO90 and H39, respectively.

the higher level of each monosaccharide, and particularly
of arabinose and galactose. The pectin group consisted
of galacturonic acid and rhamnose (93 vs. 7% of the to-
tal pectin, respectively) and total contents were higher
in BSM90 (11.99 vs. 10.52 g/100 g DW). BSM90 also had
a higher amount of cellulose (10.48 vs. 9.18 g/100 g DW)
and, overall, the great DF content was due to the major con-
tribution of hemicellulose. GC included glucose fructose,
sucrose, and starch and showed abundance differences be-
tween the two genotypes. Looking at mean values of soluble
sugars in H39 and BSM 90, glucose (0.80 vs. 3.48 g/100 g
DW) and fructose (0.99 vs. 2.80 g/100 g DW) prevailed on
sucrose contents (0.27 vs. 0.70 g/100 g DW). The amounts
of soluble sugars and starch (0.15vs. 0.59 g/100 g DW) were

atleast 2.5-fold higher in BSM90 than H39 shoots, account-
ing for the higher total carbohydrate content in the former
(7.56 vs. 2.21 g/100 g DW). Finally, ashes were more abun-
dant in H39 than BSM90 (13.15 vs. 10.84 g/100 g DW, re-
spectively).

Rapini nutrient contents are expressed as g/100 g fresh
weight (FW) in the USDA database [https://fdc.nal.usda.
gov] and those of BSM90 and H39 were converted accord-
ingly (see notes of Tables 2 and 3 for DW/FW ratios and con-
version factors). The comparisons of BSM90-H39 vs. USDA
showed that values of the former were higher as for ashes
(1.3-1.4 vs 0.9) and fibre (4.7-3.6 vs. 2.7), lower as for to-
tal carbohydrates (0.9-0.2 vs. 2.9), and in comparable ranges
as for soluble sub-fraction (0.8-0.2 vs. 0.4). Quantification
of DF components was previously undescribed in broccoli-
-raab (B. rapa subsp. sylvestris) that showed higher levels
than turnip greens of B. rapa subsp. rapa [Francisco et al.,
2011] and comparable to that of broccoli (B. oleracea), which
have positive impact on human microbiota with a 200 g dai-
ly consumption [Kaczmarek et al., 2019]. Given that a 25 g
daily consumption of DF is optimal [EFSA Panel on Di-
etetic Products Nutrition and Allergies, 2010], 200 g serve
of BSM90 and H39 would respectively provide 37% and 22%
of the requirement. Content variations of lignin, pectin,
and hemicellulose monomers were under genotype effects as
also reported in turnip greens [Francisco ez al., 2011]. Galac-
tose, arabinose, xylose, and mannose were here included as
hemicellulose components, however the abundance of arabi-
nose and galactose may also derive from arabinogalactans.
The total content of pectin was underestimated because only
galacturonic acid and rhamnose were quantified; however
they were the most abundant fraction of DE The GC higher
content in BSM90 vs. H39 may confer a sweeter flavour (ap-
preciated by consumers) that counterbalances the bitterness
associated to glucosinolates [Schonhof ef al., 2004]. Finally,
starch quantification enriched information on “cime” nutrient
compared to the USDA database.

Antioxidant compounds and capacity of shoots and
composing organs before packaging

Comparing BSM90 with H39 ( ), mean values from
entire shoots were 18.64-14.92 mg GAE/g of total phenolic
compounds (TPC) content, 34.74-30.96 mg/g CE of flavo-
noids (FID) content, 14.62-14.08 mg QE/g of flavonols (FOL)
content, 37.47-24.63 mg/g SIN of glucosinolates (GSL) con-
tent, 354.62-293.25 umol/g TE of ORAC, and 59.35-46.14
% ARA against DPPH". The sum of values measured in each
shoot component was not always consistent with the values
of entire shoots (e.g., +48-56% for FOL content, +12-20%
for ORAC, +10-14% for ARA against DPPH"), likely because
of the variability of organ frequency in the shoots. The leaves
of both genotypes showed the highest values of all param-
eters, followed by those of florets and stems. Specifically,
leaves had on average double ORAC and contents of FID,
FOL, and GSL than florets, and at least five-fold higher
levels of FID and GSL than stems. The ANOVA pointed at
the genotype (G) effects on TPC, GSL, ARA against DPPH"
and ORAC levels (P<0.01 and 0.001) that were recurrently
higher in BSM90 than H39. The organ type (O) significantly
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TABLE 3. Antioxidant compound and glucosinolate contents and antioxidant capacity in shoots and organs of H39 and BMS90 “cime di rapa” at

post-cut phase'.

Genotype Organ TPC FID FOL GSL ORAC Al}}A
(mg/g GAE) (mg/g CE) (mg/g QE) (mg/g SIN) (umol/g TE) (%)
Shoot 18.64=1.29 34.74+8.51 14.62+2.76 37.47+6.39 354.62+39.21 59.35+£5.51°
Leaves 9.85+1.82 33.07x12.42 19.51+5.42 28.60+7.37° 242.97+21.19 29.57+3.44¢
BSME0 Flowers 7.47+2.10 17.03+2.82 10.21+1.46 8.70+4.57 125.22+4.26 26.17=0.11¢
Stems 3.15+0.88 5.69+1.54 3.27+0.44 3.21+1.144 73.17+5.07 10.43+0.39¢
Shoot 14.92+0.98 30.96+9.07 14.08+2.54 24.63+2.04° 293.25+18.14 46.14%0.56°
Leaves 7.66=1.13 36.03+23.36 16.21+4.82 14.69+3.12¢ 190.48+5.13 25.36%6.61¢
1 Flowers 5.89+2.24 12.94+2.91 7.73+2.20 6.3+£4.89¢ 82.66=1.53 18.54+1.469
Stems 2.35+0.40 4.30+0.61 2.93+1.15 3.18+1.169 61.252.80 9.86+0.89°
G s ns. ns. s s s
Signif 0 s s s - s s
GxO n.s. n.s. n.s. * n.s *

'mean =+ standard deviation; g, grams of dry weight. G, genotype; O, organ. Significance letters refer to G x O interactions; n.s., non-significant; *, **, ***
= significant at P<0.05, 0.01 and 0.001, respectively. TPC, total phenolic compounds; FID, flavonoids; FOL, flavonols; GSL, glucosinolates; ORAC,
oxygen radical absorbance capacity; ARA, DPPH"-based antiradical activity. Other abbreviations are in Materials and methods. See Table 2 for divi-

sion factors to convert into mg/g fresh weight.

influenced all parameters (P<0.001), whereas G x O interac-
tions affected only GSL and ARA against DPPH" variations
(P<0.05). The higher contents of TPC were likely to explain
the 1.2-fold higher antioxidant activity (ARA against DPPH",
ORAC) of BSM90 vs. H39 shoots.

Hereafter we refer to literature results based on methods
and units comparable to this work. As for the entire shoot,
TPC ranges of “friariello” were 89-118 and 220-250 mg
GAE/100 g FW [De Pascale et al., 2009; Romani ef al., 2006]
and are consistent with those of , converted into 157-
-219 mg GAE/100 g FW. FID determination included values
of 39-104 mg CE/g FW from B. oleracea vegetables [Reilly
et al., 2014], namely over four times lower than broccoli-raab
shoots (325-408 mg CE/g FW). As for the shoot components,
FOL content ranges of B. oleracea florets were 4.5-5.4 mg
QE/g DW [Naguiber al., 2012] and lower than those of “cime
di rapa” ( ). These FOL content differences (higher
contents in B. rapa “friariello” than B. oleracea) were also
observed by chromatographic quantifications of quercetin,
kaempferol, and isorhamnetin forms [Romani ez al., 2006]. As
for GSL, total sums of different classes revealed similar con-
tents between leaves (10.6-39.8 umol/g DW) and entire shoots
(20.9-31.4 pmol/g DW) in “friariello” [Barbieri et al., 2008;
De Pascale et al., 2007], while in this study, leaf GSL con-
tent was 60-76% of the entire shoot. The discrepancies may
be due to different type of sampling or genotypes. Moreover,
GSL amounts of rapini florets (66.32-102.35 mg SIN/100 g
FW) were comparable with those of broccoli [Fernandez-
-Ledn et al., 2013]. Regarding ORAC values, those previously
reported [Wu et al., 2004] for broccoli-raab fell in the ranges
of this work (30.8 vs. 30.8-41.7 umol/g TE FW); ARA per-
centages of B. rapa var. rapa leaves [Igbal et al., 2013] were
higher than stems, 25-35% vs. 20-25% similarly to “cime di
rapa”. The G, E, and GxE effects were reported for phenolic

compound contents and antioxidant properties of “friariello”
[Barbieri er al., 2009; De Pascale ef al., 2007], while GSL con-
tents were under control of these factors in several Brassica
vegetables [Reilly ez al., 2014], consistently with results of this
work. “Cime di rapa” contained higher TPC and AOC values
in leaves than flowers similarly to other Brassica vegetables
[Bhandari & Kwak, 2015]. Finally, leaves, stems, and florets
represented the 72.95+2.08, 21.12=1.28 and 5.94+0.83%
of the packaged product. Considering that florets have higher
TPC/AOC values than stems and are much enjoyed by con-
sumers, increasing the flower/stem ratio (by selective cutting
or genetic improvement) can improve the final product anti-
oxidant quality.

Antioxidant quality profile of bagged shoots during shelf
life

The product at 48 hpp was assumed as the most prob-
ably consumed; the mean values for BMS90 and H39 were
respectively: 16.07-14.54 mg GAE/g of TPC content,
12.17-9.39 mg/g CE of FID content, 2.96-4.29 mg QE/g
of FOL content, 34.55-24.71 mg/g SIN of GSL content,
185.49-178.36 umol/g TE of ORAC, and 86.80-90.44%
of ARA against DPPH" ( ). During the 1 to 96 hpp
lapse, the storage time (ST) effects were strongly significant
on FID, FOL, and ORAC variables (P<0.001), less on TPC
and ARA ones (P<0.05), and unrevealed on GSL ( ).
More precisely, ST effects were linear in ORAC (-25%)
along the whole time lapse, and oscillatory for FID and FOL
contents (e.g., for FOL -50 % at 48 hpp and -10% at 96 vs.
1 hpp). The genotype had a modest influence on the varia-
tion of TPC and ORAC values and the G x ST interaction
mildly affected FID variations, essentially due to an increase
in FID content in H39 at 96 hpp, opposite to the general
decreasing trend. Finally, looking at the compound con-
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TABLE 4. Variation of compound contents and antioxidant capacity during storage of “cime di rapa” bagged products'.

Genotype Storage TPC FID FOL GSL ORAC ARA
(hour pp) (mg/g GAE) (mg/g CE) (mg/g QE) (mg/g SIN) (umol/g TE) (%)
1 15.21=1.67 21.85+5.812 8.51x2.11 31.00=8.43 248.13=35.77 87.13x1.29
BSM90 48 16.07+1.00 12.17+2.12° 2.96+0.31 34.55+6.02 185.49+16.17 86.80+2.57
96 12.43=1.16 14.34+2.73° 5.38=0.76 26.86=11.32 195.26=13.46 90.26+1.07
1 12.71x1.27 20.52x4.91® 8.44x1.51 22.81=x1.19 222.37+28.94 87.07+1.06
H39 48 14.54+0.13 9.39+1.52° 4.29+1.01 24.71=1.19 178.36+3.56 90.44+0.99
96 11.79£2.63 23.36x2.16° 5.97+0.63 26.50+6.68 156.46+3.42 89.34+1.48
G * n.s. n.s. n.s. * n.s.
Signif ST * - s s - -
GxST n.s. * n.s. n.s. n.s. n.s.

'mean * standard deviation; g, grams of dry weight. Mean ratios of dry vs. fresh weight (percentage) calculated for the 1-48-96 hpp timing were
9.15+0.39 and 7.86=0.21, with no significant difference for BSM90 and H39, respectively. Division factors of 10.9 and 12.7 were used to convert
data into mg/g fresh weight for BSM90 and H39, respectively. Conversion factors specifically refer to packaged material. TPC, total phenolic com-
pounds; FID, flavonoids; FOL, flavonols; GSL, glucosinolates; ORAC, oxygen radical absorbance capacity; ARA, DPPH"-based antiradical activity.
G, genotype; ST, storage time. Significance letters refer to G x ST interactions; n.s., non-significant; *, **, *** = significant at P<0.05, 0.01 and 0.001,

respectively.

tents and chemical antioxidant capacity, the ORAC positive
correlation with TPC was very strong (r>0.80) and strong
(0.60<r<0.80) with GSL and FID. The ARA against DPPH"
antiradical activity showed strong positive correlation with
TPC and GSL amounts, however a significant weak positive
correlation (r=0.45) occurred between the two antioxidant
assays ( ).

Processing steps are known to alter nutritive contents
of packaged vegetables and, consistently, the comparison
of shoots at the post-cut phase vs. bagged products at 48 hpp
(Tabs 3 and 4) pointed at level drops of most variables (3—14%
for TPC, 65-70% for FID, 70-80% for FOL, 0-8% for GSL,
and 39-48% for ORAC). Storage time behaves as an ad-
ditive factor affecting ACC and AOC of B. rapa [Pouria &
Seid Mahdi, 2019] and its effects on FID, FOL, and ORAC
values were significant in this work. The FID fall-and-raise
trend of packaged broccoli-raab recalled that of kale at similar
modified atmosphere packaging (MAP) and storage condi-
tions [Kobori et al., 2011]; this behaviour may reflect time-
-regulated interactions between stress response and senes-
cence pathways as described in lettuce leaves [Ripoll ef al.,
2019]. Moreover, specific FID classes occur in distinct Brassica
spp. tissues [Fernandes et al., 2007], and fluctuations may
also derive from organ-specific stress responses. Regarding
GSL, the O,/CO, equilibria (3-10% vs. 5-10%) in MAP are
crucial for brassica product quality and specific conditions for
broccoli-raab (8% O, and 2% CO,) increased shelf-life, while
higher CO, was envisaged to improve it [Conte et al., 2011].
Here, the 7.2% O, and 8.8% CO, contributed to stabilize
the GSL content until 96 hpp and, concurrently, off-odours
(not quantified in this work) were unperceived by subjective
sensorial analyses. The genotype effects on TPC and ORAC
were non- or lowly-significant in pre-processed shoots vs.
bagged products; the mitigation of differences between
H39 and BSM90 might have been due to diversified responses
to work steps before packaging. TPC levels showed a positive

TABLE 5. Correlations between antioxidant activities and compound
contents' in B. rapa subsp. sylvestris.

| TPC | FID | FOL | GSL | ARA |ORAC

TPC 1.00 037 02lns. 0.83¢*  0.77%%  (.82%
FID .00 0.82%* 034" 0.05ns. 0.64"*
FOL 1.00  025ns. -0.22ns.  0.58%
GSL 1.00 0.71%%  0.79%
DPPH 1.00 0.45**
ORAC 1.00

'Pearson’s correlation coefficients (r) and related significance (asterisks).
The correlation was established using the whole data set of unprocessed
and bagged materials (n=42). TPC, total phenolic compounds; FID,
flavonoids; FOL, flavonols; GSL, glucosinolates; ORAC, oxygen radical
absorbance capacity; ARA, DPPH"-based antiradical activity. n.s., not
significant; * P<0.05; ** P<0.01; ** P<0.001.

correlation with those form both AOC assays, in agreement
with several studies on Brassica vegetables [Li et al., 2018].
Focusing on GSL, their radical scavenging activity depends
on the chemical assay and accounts for a small percentage
of the total antiradical activity [Cabello-Hurtado et al., 2012];
the GSL positive correlations vs. both AOC assays confirm
their (minimal) contribution. In addition, the modest positive
correlation between ORAC/ ARA against DPPH" assays has
been previously observed and rely in different sensitivity to
diverse antioxidant compounds and/or their mixtures [Floe-
gel ef al., 2011], some of which were untested in this work
(e.g., vitamin C, carotenoids efc.). Finally, the ORAC value
drop and the moderate ARA against DPPH" value raise dur-
ing storage may reflect this differential sensitivity and confirm
the necessity of multiple and combined assays to assess anti-
oxidant quality criteria.



344

Nutritive Quality of Packaged “Cime di Rapa”

CONCLUSIONS

Genotype-dependent differences were observed in fresh
unprocessed “cime di rapa” as for the contents of dietary
fibre, glycaemic sugars, phenolics, flavonoids, flavonols,
glucosinolates, and antioxidant capacity; most values were
lower in the hybrid genotype, which may specifically tar-
get fresh consumption considering that low fibre levels en-
hance tenderness. Reducing the stem component in favour
of leaves and florets will enhance the antioxidant properties
of the product. Level decay of most parameters (except for
glucosinolates) occurred in the minimally processed products
compared to the pre-packaged ones. The antioxidant qual-
ity of packaged product was strongly affected by storage time
while feebly by genotype (and factor interactions). Proper gas
composition in MAP may have compensated genotype differ-
ences and stabilized glucosinolates content variation. Corre-
lation analyses between antioxidant contents and antioxidant
capacity support the necessity of performing multiple antioxi-
dant assays to evaluate the product quality.
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This study aimed to characterize twelve vinegar samples produced by the traditional method with the use of whole fruits and without any preserva-
tives in terms of their physicochemical properties, total phenolic content (TPC), total flavonoid content (TFC), phenolic compound profiles, antioxi-
dant activity (DPPH* scavenging activity, FRAP, CUPRAC), and volatile compositions, as well as their abilities to delay oxidation in mayonnaise. Types
of raw material significantly affected all of the above parameters (p<0.05). Gallic acid, protocatechuic acid, and caffeic acid were detected as the major
phenolic acids in all vinegar samples. Among, flavonoids, rutin, and kaempferol were also identified. The major volatiles belonged to acetic acid esters
and alcohol groups, and isoamyl acetate was determined in all vinegar samples at changing ratios. The high positive correlation coefficient (r>0.70)
was determined between DPPH* scavenging activity of vinegars and induction period of accelerating oxidation based on the OXITEST of mayonnaises
produced with these vinegars. Vinegar types significantly affected the oxidative stability of mayonnaise (p<0.05). Furthermore, it was demonstrated
that vinegar samples could be clearly discriminated by principal component and cluster analyses. This study suggests that fruit type should be con-
sidered as a crucial factor in the production of vinegars affecting not only sensory properties but also their physicochemical and bioactive properties.

INTRODUCTION

Vinegar is produced from fruits and vegetables contain-
ing sugar or starch through a two-stage fermentation process,
namely alcohol and subsequently acetic acid fermentation.
In the first stage, fermentable sugars are converted to ethanol
and CO, under anaerobic conditions by yeast, and in the sec-
ond stage where alcohol formed in the first stage, is con-
verted to acetic acid by acetic acid bacteria [Ho et al., 2017].
Vinegar is mainly used for pickling of fruits and vegetables
and in the preparation of mayonnaise, salad dressings, mus-
tard, and other food condiments due to its taste and aroma.
Besides, it is one of the most famous folk medicines used to
curb infections [Chen et al., 2016]. The presence of various
types of polyphenols and other bioactive compounds con-
tribute to its therapeutic effects, among them antimicrobial,
antidiabetic, antihypertensive, antiobesity, and lipid-lowering
ones [Chou et al., 2015; Samad et al., 2016].

The chemical composition and physicochemical param-
eters of vinegar are affected by the manufacturing techniques
and raw materials used. Traditional vinegar typically results
from a long fermentation (up to a month) and uses natural vin-
egar as the starter culture, whereas industrial vinegar typically
can be manufactured in approximately one day [Budak ez al.,

* Corresponding Author: +90 212 383 45 83; Fax: +90 212 383 45 71;
E-mail: (A. Karadag)

2014]. Research on producing new types of vinegar has been
ongoing to obtain not only different organoleptic and senso-
rial properties but also provide a varying phenolic composition,
antioxidant activities, and volatile compounds. For example,
in the study of De Leonardis et al. [2018], compared to apple,
white wine, and balsamic vinegars, olive vinegars provided
the highest amount of total phenolics (3600 mg GAE/L, almost
three times higher than those of balsamic vinegar, 1227 mg
GAE/L) and displayed a high presence of hydroxytyrosol
(1019 mg/L) which is a potent antioxidant and its daily intake
of 5 mg can prevent low-density lipoprotein (LDL) oxidation
[Lopez-Huertas & Fonolla, 2017]. In other respect, the use
of second-quality strawberry to produce vinegar rich in antho-
cyanins also resulted in the formation of furaneol, mesifurane,
and y-decalactone which are considered to be the major con-
tributors of fruit flavor due to their low odor threshold and their
high quantities [Ubeda et al., 2013]. Among other different raw
materials used for vinegar production, onion juice [Horiuchi
etal., 1999], oat, buckwheat [Yu et al., 2018], coconut, pineap-
ple juice [Mohamad et al., 2018], hawthorn, artichoke [Ozturk
et al., 2015], and tomato [Lee et al., 2013] can also be listed.
In Turkey, apple, lemon, and grape are the most widely used
raw materials for vinegar production, however, vinegar produc-
tion with new sources and traditional methods has attracted
growing interest lately due to the increase in consumer demand
and the market value of vinegars.

Thus, the aim of the present study was to perform a com-
parative analysis of vinegar samples manufactured according

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
(
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to the traditional method using different raw materials, i.e.
rosehip, fig, lemon, jujube fruit, artichoke, blackberry, guelder-
rose, walnut, pomegranate, red grape, apple, and hawthorn,
concerning their physicochemical properties (acidity, pH,
color, and °Brix), bioactive properties (phenolic compound
profiles and antioxidant activities), and volatile composi-
tion. Also, mayonnaise samples were produced with the use
of vinegars and subjected to accelerated lipid oxidation tests,
and the correlation between the antioxidant activity values
of vinegars and oxidative status of mayonnaise samples was
evaluated.

MATERIALS AND METHODS

Materials

Twelve vinegar samples, namely rosehip, fig, lemon, jujube
fruit, artichoke, blackberry, guelder-rose, walnut, pomegran-
ate, red grape, apple, and hawthorn vinegar, at least three
samplings for each vinegar, were supplied from the same
manufacturer (Nahita, Icmeli Dogal Urunler Co) that pro-
duces according to traditional methods by using whole fruits
and without adding any preservatives. The vinegar samples
were stored in the laboratory at a constant temperature
of 25+1°C before analysis. All chemicals and reagents used
for the analyses were of analytical or high-performance lig-
uid chromatography (HPLC) grade and obtained from
Merck (Darmstadt, Germany) unless otherwise specified.
6-Hydroxy-2,5,7,8-tetramethylchroman-2  carboxylic acid
(Trolox, 97%), 2,2-diphenyl-1-picrylhydrazyl (DPPH, 95%),
2,4,6-tripyridyl-s-triazine (TPTZ), neocuproine and phenolic
standards used for HPLC analysis were obtained from Sig-
ma-Aldrich Ltd. (Steinheim, Germany).

Physicochemical properties

The pH values of the samples were measured by using
a pH meter (InoLab 720, WTW GmbH, Weilheim, Germany).
The titration acidity of the samples was calculated as acetic
acid equivalents. After titration of 5 mL of vinegar with 0.1 N
NaOH, spent volume of NaOH was noted, and titration acid-
ity as a percent was calculated:

o o V x E x 100

Titration acidity (%) = M (D
where: V was the spent volume of NaOH, E was taken as
0.006005 g acetic acid (major acid for vinegar) equivalent to
1 mL of 0.1 N NaOH spent, and M was the sample weight
[Bakir et al., 2017].

°Brix values of the vinegars were measured using an Abbe
refractometer (Reichert, Benchtop Refractometers AR 700,
New York, NY, USA) calibrated with distilled water. The val-
ues were expressed as °Brix.

Color values of the vinegar were measured using a chro-
mameter (Lovibond RT Series Reflectance Tintometer, Ames-
bury, UK). Color was expressed as L* (whiteness/darkness),
a* (redness/greenness), and b* (yellowness/blueness).

Total phenolic and total flavonoid content
Vinegar samples were filtered using a 0.45 wm polytetra-
fluoroethylene (PTFE) syringe filter and appropriately diluted

with methanol for further analysis. Total phenolic content
(TPC) of the vinegar was determined with the Folin-Ciocalteu
(FC) reagent according to the method described by Singleton
& Rossi [1965]. Gallic acid was chosen as a reference stan-
dard. An aliquot of 0.5 mL of the sample was added to 2.5 mL
of FC reagent (0.2N) and 2 mL of Na,CO, (2%). The final
mixture was incubated for 30 min at room temperature
in the dark, the absorbance was measured at 760 nm using
a Shimadzu 150 UV-1800 spectrophotometer (Kyoto, Japan).
The results were presented as mg gallic acid equivalent (GAE)
per 100 mL of vinegar. The linear range of the standard curve
was from 0.01 to 0.6 mg/mL (r?=0.999).

Total flavonoid content (TFC) of the vinegar was deter-
mined according to the method described by Zhishen et al.
[1999]. The sample (1 mL) was mixed with 4 mL of distilled
water, 0.3 mL of NaNO, (5%), and 0.3 mL of AICI, (10%) so-
lution, and allowed to stand for 6 min. Then, 2 mL of NaOH
(1 M) was added and the volume was completed to 10 mL
with distilled water. Absorbance was measured at 510 nm us-
ing a Shimadzu 150 UV-1800 spectrophotometer. The results
were presented as mg catechin equivalents (CE) per 100 mL
of vinegar. The linear range of the standard curve was from
0.01 to 0.5 mg/mL (r?=0.998)

Antioxidant activity assays

The DPPH assay was performed as described by Brand-
-Williams et al. [1995]. Volumes of 0.1 mL of each vinegar
diluted with the same ratio (1:12, v/v) were added to 4.9 mL
of DPPH* solution (6x10° M in methanol). The mixture
was incubated at room temperature for 20 min in the dark.
The absorbance was measured at 517 nm by Shimadzu UV-
1800 spectrophotometer, and the results were given as inhibi-
tion percentage (/%) according to the following equation.

_Abs .~ Absg % 100 )

I(%) =
SC
where: Absg and Abs . were the absorbances of the sample
and control (DPPH* solution), respectively.

The CUPRAC assay (the cupric-reducing antioxidant
capacity) was carried out according to the method of Apak
et al. [2004] with slight modifications. The 1-mL portions
of CuCl, solution (0.01 M), neocuproine (7.5 mM), and 1 M
ammonium acetate buffer (pH 7.0) solutions were added to
a test tube. After the addition of 0.1 mL of vinegar sample,
the total volume was adjusted to 4.1 mL with distilled wa-
ter. All samples were incubated at room temperature for 1 h
in the dark. The absorbance was measured at 450 nm using
a Shimadzu UV-1800 spectrophotometer. The results were ex-
pressed as mg Trolox equivalent (TE) per 100 mL of vinegar.
The standard curve ranged from 25 to 400 uM (1?=0.994).

The FRAP assay (ferric reducing antioxidant power) was
performed according to Benzie & Strain [1996]. The FRAP
reagent was produced by mixing 300 mM acetate buffer
(pH 3.6), 10 mM TPTZ solution and 20 mM FeCl3><6HZO
in a 10:1:1 (/) ratio just before use. The TPTZ solution
was prepared in 40 mM HCI. A 100 L sample was mixed
with 900 uL of H,O and 2 mL of FRAP reagent and incubated
at room temperature for 30 min in the dark. The absorbance
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was measured at 593 nm using a spectrophotometer. The re-
sults were expressed as mg Trolox equivalent (TE) per 100 mL
of vinegar. The curve for the Trolox was linear in the concen-
tration range of 10-100 uM (r*=0.999).

HPLC analysis of phenolic compounds

Phenolic profiles of vinegar were evaluated using
the HPLC system (LC-20AD pump, SIL-20A HT autos-
ampler, CTO-10ASVP column oven, DGU-20A5R degasser,
and CMB-20A communications bus module) coupled to
a diode array detector - SPDM20A DAD (Shimadzu Corp.,
Kyoto, Japan). Standard calibration curves were prepared
by using gallic acid, protocatechuic acid, p-hydroxybenzo-
ic acid, caffeic acid, syringic acid, p-coumaric acid, rutin,
and kaempferol. The samples were filtered through a 0.45-um
membrane filter and 1 mL of the filtered samples was placed
into vials and analyzed. Separations were conducted at 40°C
on an Inertrsil® ODS C-18 reversed-phase column (250
x4.6 mm, 5 um particle size, GLSciences, Tokyo, Japan).
The mobile phase included solvent A (distilled water with
0.1% (v/v) acetic acid) and solvent B (acetonitrile with 0.1%
(v/v) acetic acid). A gradient elution as follows: 10% B (0 to
2 min), 10% to 30% B (2 to 27 min), 30% to 90% B (27 to
50 min) and 90% to 100% B (51 to 60 min), and at 63 min
returns to initial conditions. The flow rate was 1 mL/min.
Chromatograms were recorded at 278, 320, and 360 nm.
Identification and quantitative analyses were done based
on the retention times and external standard curves. HPLC-
-DAD results were presented as mg of individual phenolic
per L of vinegar for all samples.

Volatile compound analysis

Volatile compounds of vinegars were identified us-
ing the GCMS-QP2010 system (Shimadzu, Milan, Italy)
combined with a CTC-Combi-PAL-Autosampler (Bender
and Holbein, Zurich, Switzerland).

The column used for chromatographic separation was
Restec (Bellefonte, USA) Rtx-5SMS fused silica capillary col-
umn (30 mx0.25 mm, 0.25 pwm). Firstly, vinegar samples
were transferred to 20 mL of headspace vials. The samples
were heated to 70°C and agitated at 500 rpm for 15 min.
The headspace parameters used were: incubation tempera-
ture, 70°C; incubation time, 15 min; syringe temperature,
70°C; agitation speed, 500 rpm; injection volume, 500 wL;
fill speed 200 uL/s; pull up delay 500 ms; injection speed,
350 uL/s; pre-injection delay, 500 ms; and post-injection
delay, 1500 ms. Volume of 0.5 mL of the headspace sample
was injected into the column of GC-MS system. GC condi-
tions were: injection temperature, 150°C; oven temperature,
40°C for 3 min, then programmed at 8.0°C/min to 176°C, fi-
nally 176°C for 20 min; interface temperature, 280°C; and ion
source temperature, 230°C. The carrier gas was helium with
a flow rate of 1.71 mL/min. The mass spectrometer was op-
erated in the selected ion-monitoring mode with an electron
impact ionization voltage of 70 eV, and data were collected
over a range of m/z 35-550. Analyses were performed in du-
plicate for each sample. The identification of volatiles was
performed by comparison of the mass spectra of detected
volatile compounds with the commercial mass spectra librar-

ies (NIST27 and WILEY7). Quantification was performed
based on the relative peak areas that were used directly to give
the percentage volatile composition of the vinegar by dividing
the area of each peak by the total area under all of the peaks.

Analysis of lipid oxidation in mayonnaise samples

Preparation of mayonnaise samples

The recipe contained the following ingredients in a weight
ratio (w/w): sunflower oil (70%), egg yolk (10%), vinegar
(18%), sugar (0.82%), salt (0.82%), and xanthan gum (0.36%).
A coarse emulsion was initially formed by dissolving egg yolk,
sugar, salt, xanthan gum, and vinegar. Mayonnaise was pre-
pared by adding the oil to the aqueous mixture at a steady
rate and mixing the ingredients using an IKA T-25 Ultra-
Turrax high-speed homogenizer (IKA®-Werke GmbH & Co.
KG, Staufen, Germany) at 7000 rpm for 5 min until a homog-
enous emulsion was obtained.

Oxidation tests

Oxidation of mayonnaise samples was monitored using
an OXITEST-Oxidation stability Reactor (Velp Scientifica,
Usmate, Milan, Italy), equipped with two separate oxidation
chambers. After placing the sample in a chamber, it was her-
metically sealed and heated to 90°C. Then, pressurized oxygen
(99.9999% purity) was injected into the chamber. The analy-
sis was initiated after the oxygen pressure reached 6 bar.
The OXITEST reactor monitors the absolute pressure change
inside the chambers calculating the oxygen uptake of the oxi-
dizable compounds of the samples and automatically gener-
ates the induction period (IP) of oxidation. The higher the IP
value, the higher the resistance of the sample to the oxidation.

The data obtained from the OXITEST reactor were set
to first-order oxidation kinetics to estimate the oxidation rate
constant (k). The change in the pressure by time was fitted to
the first-order kinetic equation, kinetic parameters were cal-
culated by using nonlinear regression analysis using Statistica
software (StatSoft, Tulsa, USA). First-order kinetic equation
followed:

C=C, xexp(-k x1) 3)

where: C represents the initial pressure value (bar) in the sam-
ple vessel of the OXITEST device, k introduces the rate con-
stant for oxidation kinetics, C represents the pressure that
varies with time, and time is defined as 7 in hours.

Statistical analysis

All data were presented as a mean of at least three mea-
surements, i.e. = standard deviation for each vinegar. The dif-
ferences among the vinegar samples were evaluated by one-
-way analysis of variance (ANOVA) combined with the Tukey
comparison test at p<0.05 significance level. Principal com-
ponent analysis (PCA) was performed to analyze all data.
Multivariate data analysis was performed to discriminate
vinegar samples by applying PCA and hierarchical clustering
analysis (HCA). PCA data matrix consisted of TPC, TFC,
color parameters, antioxidant activity, induction period,
and phenolic content as variables. HCA data matrix consisted
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TABLE 1. Physicochemical properties of vinegars.

Color values

Vinegar type Iy . Total acidity (%) pH °Brix
* 4"

Rosehip 60.4+0.426% 7.62+0.278¢ 39.4+0.241° 3.74+0.040¢ 2.59+0.006¢ 4.01+0.006
Fig 79.0+0.620" -0.227+0.029¢ 13.7£1.54" 4.01+0.028° 2.66+0.006 4.87+0.058°
Lemon 82.1=0.780* -1.54+0.078" 5.70x0.530" 3.04=0.046¢ 2.71=0.010° 4.17=0.058°
Jujube Fruit 71.3%0.200° -1.36+0.086" 14.2+0.355" 2.55%0.023" 2.64=0.000¢ 4.53+0.058"
Artichoke 80.5+1.06% -1.41x0.040" 8.84+1.47¢ 2.19+0.006! 2.78+0.006° 3.67+0.148¢
Blackberry 60.2+0.772% 6.41+0.355 32.4+0.311¢ 3.80+0.009¢ 2.56+0.006" 4.13+0.058¢
Guelder-rose 55.1+1.07¢ 11.5£0.354° 36.7+0.905* 5.04+0.030° 2.55+0.010" 4.03+0.028¢
Walnut 57.2+1.32% 2.70+0.562" 20.4£1.79 3.78+0.009¢ 2.68+0.006¢ 4.43+0.058"
Pomegranate 41.5+0.556' 12.5+0.146* 22.4+0.475¢ 3.29+0.015° 2.50+0.006¢ 3.23+0.058¢
Red grape 58.0+0.68 11.8+0.180* 28.1+0.118¢ 3.89+0.009¢ 2.35+0.006" 3.33+0.058¢
Apple 53.7x1.07 8.19£0.375¢ 34.5+0.220% 3.50+0.016¢ 2.72+0.006° 4.17=0.106°
Hawthorn 61.3+0.62¢ 4.47+0.343¢ 33.1+1.72¢ 2.29+0.017 2.76=+0.006 3.17+0.058"

Data represent the means + standard deviations of three measurements. The comparison is between values in rows, means with the same letter are not

significantly different (p>0.05).

of major volatiles observed in vinegar samples. Data analy-
ses were conducted with Minitab® 17.3.1 (Minitab Inc., State
College, USA) software. The Pearson correlation test was
employed to determine the correlation coefficients between
antioxidant assays and total phenolic and flavonoid contents.

RESULTS AND DISCUSSIONS

Physicochemical properties

The physicochemical properties of vinegar samples are
given in . The pH levels of the vinegar samples were
between 2.35 and 2.77, and the total acidity ranged between
2.19 and 5.04%, the guelder-rose vinegar had the highest,
whereas artichoke and hawthorn vinegars had the lowest acid-
ity. °Brix value represents the sugar equivalents in vinegar,
and it is related to the fermentation since the level of soluble
sugars decreases as a result of microorganism activity. The raw
material, type of starter cultures, and the methods of production
affect °Brix values [Nakamura et al., 2010]. In our study, fig vin-
egar had the highest °Brix value. The color properties of vinegar
are important regarding consumer perception. L*, a* and b*
parameters indicate the lightness-darkness, redness--greenness,
and yellowness-blueness of the samples, respectively. L* values
of the samples ranged from 41.5 (pomegranate vinegar) to §2.1
(Iemon vinegar), a* values ranged from -0.227 (fig vinegar) to
12.5 (pomegranate vinegar), b* values were between 5.70 (lem-
on vinegar) and 39.4 (rosehip vinegar), and the color of the vin-
egar samples was mainly related to the raw material.

Total phenolic, total flavonoid content and antioxidant
activities

Bioactive properties, namely total phenolic content (TPC),
total flavonoid content (TFC), DPPH radical scavenging
activity, cupric-reducing antioxidant capacity (CUPRAC),

and ferric reducing antioxidant power (FRAP) of vinegar
are given in . TPC of vinegar ranged from 25.0 to
88.1 mg GAE/100 mL, and TFC varied from 9.74 to 34.9 mg
CE/100 mL of vinegar. ANOVA revealed significant differenc-
es between the vinegar samples (p<0.05) according to the type
of raw material. The highest contents of both TPC and TFC
were determined in blackberry, rosehip, and guelder-rose vine-
gars, whereas the lowest ones in lemon and artichoke vinegars.
Except for artichoke vinegar, TPC and TFC of vinegars in our
study were higher (between 17 and 90 mg GAE/100 mL for
TPC, and 2.4 and 34 mg CE/100 mL for TFC) than those
found for the similar vinegars studied by Bakir er al. [2017]
who investigated the antioxidant activities of different types
of vinegar in Turkey. The DPPH radical scavenging activity
of vinegar in our study ranged from 7.97 to 55.9%; walnut
vinegar had the highest DPPH radical scavenging activity,
followed by pomegranate, hawthorn, blackberry, and guelder-
rose vinegars. Similarly to DPPH radical scavenging activ-
ity, the highest CUPRAC was determined in walnut vinegar,
and it was significantly higher than in the other vinegars
(p<0.05) that had high CUPRAC values, namely blackberry,
rosehip, guelder-rose, and pomegranate vinegars. In terms
of FRAP, the highest value was determined in blackberry vine-
gar, followed by hawthorn, walnut, and guelder-rose vinegars,
though the difference between blackberry and hawthorn vin-
egars was not significant.

The bioactive properties of vinegars can vary depending
on the type of raw material used. In our study, lemon, arti-
choke, jujube fruit, and fig vinegars showed the lowest val-
ues regarding all antioxidant activity tests. Different than our
results, it was found that traditional home-made artichoke
vinegar had higher DPPH radical scavenging activity than
hawthorn and pomegranate vinegars [Ozturk ef al., 2015].
However, similar to our results, Bakir et al. [2017] deter-
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TABLE 2. Total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activities of vinegars.

Vinegar type TPC TFC DPI"Hf gcavgnging CUPRAC FRAP
(mg GAE/100 mL) (mg CE/100 mL) activity (%) (mg TE/100 mL) (mg TE/100 mL)

Rosehip 81.4+0.356 33.6=0.315 47.4+0.510° 247 +4.64 36.6+0.404¢
Fig 46.9+0.577 12.8+0.010¢ 19.2+0.572¢ 132+0.814¢ 10.7=1.01°
Lemon 26.8%0.1531 9.74x0.185 9.09x0.242' 91.1%6.75" 15.5+0.817"
Jujube fruit 57.9+0.456 9.84+0.185" 7.97+0.716' 135+5.61"% 16.1£1.18
Artichoke 25.0=0.214¢ 11.2+0.010¢ 11.7+0.557¢ 62+3.49 14.8=1.26"
Blackberry 88.1x0.761° 33.9+0.543¢ 54.4=1.36° 263x0.814° 58.1%0.524
Guelder-rose 81.9+0.384° 34.9=1.67° 54.4=1.04 233425 49.3+2.96
Walnut 67.2=0.410° 16.2+0.364¢ 55.9+0.840° 315+8.200 49.9+2.14°
Pomegranate 62.7=0.064¢ 21.4=0.364¢ 55.3x0.916° 214+6.37¢ 41.9+1.95¢
Red grape 48.1=0.100" 20.2%0.656° 46.8+0.159° 163+8.34¢ 253%1.32¢
Apple 50.7+0.213¢ 15.3+0.010¢ 39.4+0.485¢ 147+5.21¢k 21.5=1.01¢%
Hawthorn 64.7+0.115 26.1+1.45° 54.9+0.399¢ 151+11.4¢ 54.4+3.96®

GAE, gallic acid equivalent; CE, catechin equivalent; TE, Trolox equivalent; CUPRAC, cupric- reducing antioxidant capacity; FRAP, ferric reducing
antioxidant power. Data are means + standard deviations of triplicate determinations (n=3). Comparison is between values in rows, means with

the same letter are not significantly different (p>0.05).

mined that blackberry, rosehip, and guelder-rose vinegars had
higher antioxidant potential determined as CUPRAC, FRAP
and DPPH" scavenging activity than artichoke vinegar. Some
studies have demonstrated that antioxidant activity of vin-
egars is correlated with their phenolic content since the aro-
matic phenolic ring in their structure can stabilize unpaired
electrons [Verzelloni et al., 2007; Xie et al., 2017]. In our
study, the Pearson correlation coefficients (r) for correlations
of the results of antioxidant activity tests and TPC were 0.752,
0.844, and 0.802 when antioxidant potential was analyzed as
DPPH" scavenging activity, CUPRAC, and FRAP, respective-
ly. The r values for correlations between the antioxidant activ-
ity and TFC were 0.767 (DPPH*® scavenging activity), 0.652
(CUPRAC), and 0.780 (FRAP).

Phenolic profiles

Gallic acid, protocatechuic acid, and caffeic acid
were the main phenolics identified in vinegars ( ).
In the study of Yun ef al. [2016], eleven vinegars made out
of fruits, cereals, and nuts were screened for their phenolic
content, and gallic acid, protocatechuic acid, and caffeic acid
were most abundant phenolics detected in their samples.
In our study, regarding these three phenolic acids, their total
content was significantly higher in blackberry and guelder-
rose vinegar, followed by pomegranate, red grape, and walnut
vinegar. Gallic acid content ranged from 7.41 to 22.3 mg/L,
and the highest concentration was determined in blackberry
vinegar, followed by red grape, guelder-rose, and pomegran-
ate vinegars. The level of caffeic acid ranged from 10.8 to
14.1 mg/L, and the difference among the samples was not sig-
nificant. The protocatechuic acid content of the samples var-
ied between 5.63 and 9.08 mg/L, although the guelder-rose
had the highest levels, its difference from pomegranate, haw-
thorn, and rosehip vinegars was only significant ( ).

Considering the content and number of individual phe-
nolics identified in our samples, the content was the highest
in walnut, blackberry, and guelder-rose vinegars. Kaempferol
was only identified in blackberry vinegar, and syringic acid was
determined in hawthorn vinegar ( ). Rutin was detected
in hawthorn at the highest concentration and followed by ap-
ple and walnut vinegars. The presence of rutin in apple vin-
egars was also reported by Kelebek ez al. [2017]. The content
of p-coumaric acid in guelder-rose vinegar was significantly
(p<0.05) higher than those of blackberry, walnut, and apple
vinegars. Bakir er al. [2017] determined significantly higher
p-hydroxybenzoic acid content in guelder-rose, pomegranate,
and artichoke vinegars among their vinegar samples. In our
study, although the content of p-hydroxybenzoic acid was
also the highest in guelder-rose, the difference among other
samples was not found as significant (p>0.05). It has already
been reported that the different production methods (con-
ventional or submerged), biotechnological process (alcoholic
fermentation or acetous fermentation), or the raw materials
involved in vinegar processing may have substantial effects
on the bioactive components of the final product [Ho et al.,
2017]. For example, Kelebek ez al. [2017] screened eight apple
and grape vinegars with different brands and produced in dif-
ferent geographical regions for their bioactive components
and revealed that the content of individual compounds var-
ied in different grape and apple vinegar samples. In another
study, unpolished rice vinegars contained more phenolic com-
pounds compared to rice vinegar, because rice bran in the un-
polished rice provided a higher amount of phenolic acids such
as dihydroferulic acid, dihydrosinapic acid, sinapic acid, va-
nillic acid, and p-hydroxycinnamic acid [Shimoji ez al., 2002].

The PCA was conducted to reduce the number of di-
mensions and to obtain a small number of factors that show
the maximum variability between the samples. Three princi-



352

Differentiation of Traditional Vinegars

TABLE 3. Contents (mg/mL) of individual phenolics in vinegars.

Vinegar type C;?:]il(iic Proto;:eclitcfl:chuic C;Cfifgic p—Hydr;Jé(i)élbenzoic Sy;(i:rilcglgic p—Cc;tCJircrllaric Rutin Kaempferol
Rosehip 8.48+2.15%  5.63x0.858¢ 12.46+3.19 - - - - -
Fig 9.99+1.94% 8 11=1.61* 13.65+1.72 1.55+0.679* - - - -
Lemon 7.41+0.344¢  6.90+0.728  10.8+0.532¢ 3.04+1.00* - - - -
Jujube fruit 10.9+0.869%  6.83+0.878  10.9+0.744 - - - 7.72+0.244¢ -
Artichoke 7.87+0.348  7.96+0.393%  10.8+0.258* 2.12+1.09 - - 8.14+0.219¢ -
Blackberry 22.3+4.98 746136  14.1%0.879* - - 1.21£0.344> - 2.84+0.548
Guelder-rose 14.9+2.55%  9.08+0.714*  14.1=0.900¢ 3.09+0.758¢ - 2.77+0.754 - -
Walnut 11.3+£0.380%  8.35+£0.487®  14.1+0.125 2.59+1.04 - 1.30+0.170°  8.59+1.46 -
Pomegranate 13.2£2.49%¢  6.18+0.878%  12.7+1.55 1.59+0.481¢ - - - -
Red grape 16.9+1.06*  6.99+0.876 ¢  12.0+0.620¢ - - - - -
Apple 8.54x0.441% 7.44x0.797 ¢ 13.2x1.61° 2.00=+0.756* - 1.1420.437°  10.19%0.785" -
Hawthorn 8.55£0.561%  6.25%0.694% 12.28+1.04° - 1.71%0.163 - 14.7+1.48 -

Data represent the mean =+ standard deviations of three measurements.
the same letter are not significantly different (p>0.05).

pal components (PCs) with eigenvalues >1 accounted for
80.1% of the total variance. PC1 and PC2 explained 54.2%
and 17.5% of the total variance, respectively. According to bi-
plot in , artichoke, lemon, and jujube fruit vinegars
were located on the left side of the plot, whereas blackberry,
walnut, and guelder-rose vinegars were located on the right
side, which showed that they have roughly opposite respons-
es. PCI revealed the highest variation, the differences among
the samples along the PC1 axis explained more, compared
to the similar distances along the PC2 axis. The variables af-
fecting PC1 were related to blackberry, guelder-rose, walnut,
rosehip, and pomegranate vinegars. The last two most likely

« »

not detected. The comparison is between values in rows, means with

differed from the others based on the effects of the variables
on PC2. The variables, including TPC, TFC, and antioxidant
activity values were correlated with each other and contrib-
uted similar information on PC1. The color parameters a*
and b* were also in the same group and were negatively cor-
related with L* values. Comparing the angles between vari-
ables, it could be evaluated that CUPRAC, IP, and pl (gallic
acid content) were more correlated with each other, and that
TPC, TFC, DPPH*® scavenging activity, FRAP, a* and b*
values were closely correlated. The content of p2 (protocat-
echuic acid), p4 (p-hydroxybenzoic acid), and p6 (rutin) did
not show any correlation with the antioxidant activity values.

3
Hawthorn
L]
2 Iiosehip
Pomegranate
L]
Jujube Fruit Red grape
€ 1 p6 n
[ L]
c b TFC
] 3 ap DPPH
g. TPC Bl
= lackberry
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kel Artichoke Apple 1P
s - s
3 -1 = P
w Lemon 5
Fig P
4
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First Component

FIGURE 1. Principal component analysis (PCA) biplot for vinegars.

Variables are total phenolic content (TPC), total flavonoid content (TFC), DPPH* scavenging activity (DPPH), cupric- reducing antioxidant capacity
(CUPRAC), ferric reducing antioxidant power (FRAP), induction period of mayonnaise oxidation by OXITEST (IP), color parameters: L* (lightness),
a* (redness) and b* (yellowness), and content of gallic acid (p1), protocatechuic acid (p2), caffeic acid (p3), p-hydroxybenzoic acid (p4), p-coumaric

acid (p5), and rutin (p6).
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Volatile compounds

A total of 114 individual volatile compounds were identi-
fied in the vinegar samples and listed in . The volatile
composition of vinegar is widely variable; it usually includes
higher content of alcohols, esters, and some aldehydes and ke-
tones. The compounds belonging to acetic acid esters and al-
cohol groups were the major volatiles. Among acetic acid es-
ters, isoamyl acetate was determined in all vinegars at changing
ratios. Except for blackberry, pomegranate, and lemon vinegar,
acetic acid esters were more abundant, whereas the ratio of al-
cohols was more prominent in these samples. Isoamyl acetate
and ethyl acetate are among the compounds with the high-
est odor activity value in vinegar [Baena-Ruano et al., 2010].
It is related to the fruity aroma, and the production of isoamyl
alcohol and acetic acid during fermentation. Similar to that,
isoamyl alcohol was the most abundant volatile constituent
belonging to the alcohol group, it was determined in all vin-
egars except for fig vinegar. It was also reported that isoamyl
alcohol (3-methyl-1-butanol) was the most abundant volatile
in vinegar samples [Callejon ez al., 2008]. a-Terpineol was only
detected in lemon and jujube fruit vinegar. a-Terpineol has
been proposed as an indicator for predicting the storage time
of citrus fruits, and it was produced from its putative precur-
sors in citrus juice (D-limonene and linalool). Its content was
found higher in lemon juice than in orange or grapefruit juices
stored for a month. Leonés er al. [2019] showed the decrease
of a-terpineol content during the transformation of lemon
juice to lemon vinegar. 3-Methyl-2-pentanone was only found
in blackberry and pomegranate vinegars at high portions of to-
tal volatile compounds.

To study the possible similarities among the volatile com-
positions of the samples, the data (main peaks belonging to
each group) was subjected to a hierarchical clustering analy-
sis by taking the squared Euclidean as a distance measure
and the Ward linkage method. The dendrogram showed two
clusters ( ). In one cluster, rosehip and artichoke vin-

-71,15

-14,10

Similarity

42,95

gl

egars showed the highest similarity, followed by blackberry
and hawthorn vinegara. This similarity could be due to a higher
isoamyl alcohol proportion in rosehip, artichoke, and blackber-
ry vinegars compared to other samples. Additionally, rosehip
and artichoke vinegars had a higher proportion of 1-methyl-
-propyl acetate, whereas blackberry had a lower one.

[-Methylpropyl acetate proportion of hawthorn vinegar
was also approx. 75% of acetic acid esters and with this con-
tent hawthorn vinegar significantly differed from the other
samples. The similarity of jujube fruit vinegar to other samples
in their cluster was low, its differences are based on the pro-
portion of 1-hexyl acetate (in acetic acid ester group), pro-
pyl propionate, and ethyl butyrate (ester group). In the study
of Yangeral. [2019], it was determined that in the later storage
period of fresh jujube fruits, hexyl acetate was one of the most
important volatile components.

Oxidative stability of mayonnaise samples

The capacity of vinegars to delay the oxidation of mayon-
naise was measured by the OXITEST method, and induction
periods (IP) of mayonnaise samples prepared with different
vinegars are given in . Compared to lemon vinegar,
widely used in mayonnaise production, IP of the mayon-
naise samples prepared with guelder-rose, pomegranate, fig,
hawthorn, and a few other vinegars was significantly higher.
IP of mayonnaise samples prepared with jujube fruit, arti-
choke, and red grape vinegar was not significantly differ-
ent (p>0.05) compared to the sample prepared with lemon
vinegar. The coefficients of Pearson correlations between
IP and antioxidant activity of vinegars were found as 0.760
(DPPH" scavenging activity), 0.627 (CUPRAC), and 0.598
(FRAP), whereas these determined between IP and TPC
and TFC were at 0.694 and 0.623, respectively.

Oxidative stability of emulsions is one of the crucial fac-
tors determining the shelf life of products. Several factors such
as types of oil, formulation, and pH, oxygen concentration,

] ]
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FIGURE 2. Hierarchical cluster analysis of volatiles of vinegars. The dendrogram was obtained using the squared Euclidean distance measure

and Ward method as linkage.

The variables included are individual proportions of 1-methylpropyl acetate, isoamyl acetate, isobutyl acetate, 2-methylbutyl acetate, n-butyl acetate,
1-hexyl acetate, 3-methyl-2-pentanone, 2-methyl-1-butanol, isoamyl alcohol, a-terpineol, propyl propionate, ethyl isovalerate, ethyl butyrate, ethyl
lactate, methyl propyl ether, and 1-chloromethane. The proportion of the variables was more than 90% of the total volatile area for each vinegar sample.
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TABLE 4. Continued

| Lemon |Jujube fruit| Artichoke | Blackberry |Guelder—rose| Walnut |P0megranate| Red grape | Apple | Hawthorn

Fig

Rosehip

Volatiles

Others

0.21

Methyl pentyl disulfide

0.94

1-Heptadecene

6.98

1-Chloropentane

0.48

[3-(2-Cyclohexylethyl)-6-

cyclopentylhexyl]benzene

0.23

6-Phenylhexylamine

0.27

1-Nonadecene

0.27
3.32

2,2.4,6,6-Pentamethylheptane

2-Methyl-1,3-dioxolane

0.33

0.32

0.55

0.22

1.49

TABLE 5. Induction period (IP) and rate constant (k) of oxidation
of the mayonnaises prepared with different kinds of vinegar.

| IP (min) | C, (bar) | k | R?
Rosehip 356%5.54%¢ 6.40 1.89¢ >0.99
Fig 35920 6.55 1.80¢ >0.99
Lemon 318+2.5¢ 6.81 2,112 >0.99
Jujube fruit ~ 331+4.0 6.45 2.08° >0.99
Artichoke 325+3.0% 6.54 2,07 >0.99
Blackberry 355+4.5% 6.34 1.90¢ >0.97
Guelder-rose  382+7.0¢ 6.69 1.91¢ >0.99
Walnut 358 7.0 6.68 1.80¢ >0.99
Pomegranate  363+6.5® 6.70 1.76¢ >0.99
Red grape 340+17.00«e 6.66 2,120 >0.99
Apple 351£7.50 6.65 2.01° >0.98
Hawthorn 357£21.5%¢ 6.33 1.78¢ >0.99

Data are means = standard deviations of triplicate determinations
(n=3). R* is the coefficient of determination and C is the inital presure
in the sample vessel. The comparison is between values in rows, means
with the same letter are not significantly different (p>0.05).

antioxidants presence, interfacial characteristics, and droplet
characteristics affect the oxidative stability of the mayonnaise-
type emulsions [Paraskevopoulou et al., 2007]. In our study,
the induction period (IP) and oxidation rate constant (k) were
used in evaluating the oxidative stability of emulsions. IP value
ranged from 318 to 382 min and differed significantly among
vinegar types (p<0.05). The samples formulated with guelder-
rose and lemon vinegars showed the highest and the lowest
IP value, respectively. The high positive correlation (0.760)
was observed between DPPH* scavenging abilities of vinegar
and IP value, meaning that the samples prepared with vinegar
with high radical scavenging ability showed more resistance
to the oxidation. Oxidation data, namely time versus pressure,
were set to the first-order kinetic model to determine the oxida-
tion rate of mayonnaise samples at 90°C and the effect of vin-
egar type on oxidation rate. The k values were used to compare
the oxidation rate of the samples. They differed significantly
among vinegar types and ranged from 1.78 to 2.12 ( ).
The samples with high IP values showed lower k values.
The higher k values were determined for the samples prepared
with lemon, jujube fruit, red grape, and artichoke vinegars.
Therefore, both oxidation rate and shelf life were closely related
to vinegar types, and the oxidative stability of the mayonnaise
type emulsions could be improved by the selection of vinegar
showing high radical scavenging abilities.

CONCLUSION

In this study, different types of vinegars manufactured
with the traditional method were characterized regarding
their physicochemical properties, total phenolic and total
flavonoid contents, antioxidant activity, individual phenolic
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content, and volatile composition. The capabilities of vin-
egars to delay lipid oxidation in mayonnaise samples, and its
correlation with antioxidant activity values were also evalu-
ated. In terms of the analyzed properties, blackberry, guelder-
rose, and walnut vinegars can be recommended over the other
vinegars. Due to their antioxidant properties, vinegar types
should be accounted for an important factor in the produc-
tion of mayonnaise to improve its oxidative stability. PCA
and HCA presented similarities and differences among
the vinegars based on the variables studied. The vinegars pro-
duced from different raw materials could be easily differenti-
ated according to antioxidant activities, individual phenolics,
and volatile compounds. This study suggests that fruit type
should be considered as a crucial factor in the production
of vinegars affecting not only sensory properties but also their
physicochemical and bioactive properties.
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Effects of Four-Week Intake of Blackthorn Flower Extract on Mice
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The study examined the antioxidative physiological effects of phenolics from an ethanol-water extract of blackthorn flowers orally administrated to
C57/BL6 mice for 28 days in daily doses of 25 mg of total phenolics/kg body weight. Contents of phenolics in the intestine, liver, and kidneys collected
after 1, 7, 14, 21, and 28 days of extract administration were analyzed by UPLC-MS/MS method. In the same tissues, the antioxidative properties were
determined as ferric reducing antioxidant power (FRAP), ABTS"* scavenging activity, content of reduced glutathione (GSH), and activity of superoxide
dismutase (SOD) and catalase (CAT). The lipid peroxidation in tissues was also evaluated by thiobarbituric acid reactive substances (TBARS) assay.
The exposed mice (compared to the control ones) had a lower content of TBARS in all tissues mostly on the third/fourth week of daily consump-
tion. SOD activity and GSH content increased on the 28" day in tissues. CAT activity was higher only in the liver after one week of consumption but
remained unchanged in other organs throughout the experiment. Phenolic profiles were different in individual tissues. The most prominent increases
compared to the control were determined for contents of 3-O-feruloylquinic acid, 4-O-p-coumaroylgiunic acid, kaempferol pentoside, and quercetin
rhamnoside in the intestine; for ferulic acid and quercetin 3-O-rutinoside in the liver; and for quercetin 3-O-rutinoside, ferulic acid, and 4-O-p-couma-
roylquinic acid in the kidneys. The screened phenolics with different distribution in tissues could be responsible for slight differences in the recorded

antioxidative effects.

INTRODUCTION

Blackthorn (Prunus spinosa L.) is a perennial shrub be-
longing to the rose family (Rosaceae), growing throughout
Europe, western Asia, and northwest Africa [Elez-Garofuli¢
etal.,2018]. Recently, blackthorn has become interesting both
industrially as a food plant and pharmacologically as a nutra-
ceutical or a medicinal plant because it is a rich source of phe-
nolic compounds [Meschini ef al., 2017; Mikulic-Petkovsek
et al., 2016; Pinacho et al., 2015; Yuksel, 2015]. The fruits
of blackthorn, known also as the “sloe”, are small round with
black skins covered in a blue waxy bloom and extremely acid-
-tasting, and must be thermally processed prior to consump-
tion. They are used for jams, liqueurs, wines, juices, compote,
and tea production. Blackthorn flowers, bark, and root have
been traditionally used in folk medicine for diuretic and laxa-
tive properties, due to their abilities to remove excess sodium
ions and harmful products of metabolism, to reduce blood
vessels permeability, and against inflammation of the urinary
tract [Elez-Garofuli¢ er al., 2018]. In western and northern
Europe and Mediterranean countries, fruits were tradition-
ally consumed but consumption declined in the 20" cen-

* Corresponding Author: Tel.: 00 385 91 5898159;
E-mail: (D. Diki¢)

tury [Alarcon et al., 2015; Menendez-Baceta et al., 2012].
There is archaeological evidence that fruits were consumed
in distant past as well. In the book on palacoethnobotany
of the prehistoric food plants of the Near East and Europe,
the blackthorn seeds are mentioned as leftover of fruits that
have been found and recovered in a number of European
prehistoric sites from the neolithic and iron age, sometimes
in large quantities (in barrels) [Renfrew, 1973].
Mikulic-Petkovsek et al. [2016] compared the phenolic
and other secondary metabolite contents of various Prunus
spp. wild fruits and concluded that the blackthorn (P, spinosa)
showed richness of various plant phenolics making it a good
candidate species among the genus Prunus spp. for the stud-
ies of phenolic biological activity upon consumption. Al-
though berries are traditionally consumed, other plant parts
such as flowers were studied for the content of phenolics as
well. For example, a study of various morphological parts
of blueberries (Vaccinium angustifolium L.) and lingonber-
ries (Vaccinium vitis-idaea L.) has found that the leaves have
a much higher phenolic content and antioxidant capacity than
fruits [Kelly et al., 2017]. Olszewska and her co-authors were
among the first who recorded the abundance of phenolics
in P spinosa leaf and also in the flower extract [Olszewska
et al., 2001; Olszewska & Wolbis, 2001, 2002]. Marchelak
et al. [2017] reported that blackthorn flower extract contained
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total phenolics up to 584.07 mg/g of dry weight (dw). Like-
wise, similar studies in P spinosa flowers were done by Elez-
-Garofuli¢ ef al. [2018] and Lovri¢ et al. [2017], confirming
the richness of phenolics and the antioxidative properties
of the flower extract in vitro. However, although this plant
phenolic extracts are recently scientifically examined, those
experiments describing bioactivity (antioxidative properties
and similar physiological modulations) were done mostly
under in vitro conditions. In vitro studies showed that the phe-
nolics from blackthorn extract were potent antioxidants
that scavenged DPPH", reduced ferric ions, and inhibited
linoleic acid peroxidation and pro-inflammatory enzymes
(lipoxygenase and hyaluronidase) activity, as well as effec-
tively protected the isolated human plasma (outside the body,
in vitro) against peroxynitrite-induced damage by reducing
levels of oxidative stress biomarkers: 3-nitrotyrosine, lipid
hydroperoxides and thiobarbituric acid-reactive substances
(TBARS) [Marchelak et al., 2017]. Authors proposed the hy-
pothesis concluded from in vitro results that the blackthorn
extract might enhance the total antioxidant bioactivity if ad-
ministrated within the organism. There are also in vitro antitu-
mor assays as well as a study conducted by our group where
the flower extract showed promising antitumor results [Mu-
ratiet al., 2019].

Based on the described in vitro evidence and lack
of in vivo data, we have previously also conducted the pre-
liminary in vivo study by applying only a single acute dose
of the blackthorn flower extract in mice to establish whether
the phenolics can be absorbed via the gastrointestinal sys-
tem. A significant concentration of phenolics was found
in plasma of animals after 24 h, indicating their good gut
absorption [Diki¢ er al, 2018]. Based on those results
of blood pharmacokinetic study [Dikic er al., 2018], indicat-
ing that the number of phenolics are being absorbed, we set
foundations for this 28-day consumption study and evalu-
ation of the antioxidative activity in the organs (intestine,
liver, kidney). We wanted to establish, whether mice tissue
antioxidative defense markers change due to the subchronic
(28 day) intake of blackthorn flower extract.

MATERIALS AND METHODS

Chemicals and standards

HPLC grade formic acid and acetonitrile were purchased
from BDH Prolabo, VWR (Lutterworth, England). The fol-
lowing commercial phenolic compound standards: quercetin
3-0-glucoside, kaempferol 3-O-rutinoside, caffeic acid, gal-
lic acid, ferulic acid, chlorogenic acid, and p-coumaric acid
were purchased from Sigma-Aldrich (Steinheim, Germany).
The (4)-catechin, (-)-epicatechin, (-)-epicatechin 3-gallate,
(-)-epigallocatechin 3-gallate, apigenin, and luteolin were
purchased from Extrasynthese (Genay, France) and quercetin
3-O-rutinoside from Acros Organics (Thermo Fisher Scien-
tific, Geel, Belgium). Horse heart cytochrome C (type VI),
human blood superoxide dismutase (SOD; type I, lyophilized
powder, 2400 U/mg protein), xanthine and xanthine oxidase
(200 U/mL), Ellman reagent (5,5’-dithiobis-(2-nitrobenzoic
acid); DTNB), NADPH, glutathione reductase and hydrogen
peroxide (30%) 2,2’-azinobis (3-ethylbenzothiazoline-6-sul-

fonic acid) (ABTS), and 2,4,6-tripyridil-s-triazine (TPTZ)
were all purchased from Sigma-Aldrich. Deionized water
of Milli-Q quality (Millipore Corp., Bedford, USA) was used
throughout the experiment.

Preparation and analysis of blackthorn flower extract

The samples of dry blackthorn flowers were bought
from Suban Ltd. company (Samobor, Croatia), a certified
collector and producer of medicinal plants, and were part
of the batch number 63451. The preparation of the black-
thorn flower extract (ethanol/water extraction with microwave
assistance) was described in detail by Elez-Garofuli¢ et al.
[2018] and Lovri€ er al. [2017]. We have utilized the described
methods because they yielded the best extraction of pheno-
lics and proved 50% (v/v) ethanol/water used as a solvent
to be safe for mammalian (mice) consumption in compari-
son to the other organic solvents which might remain as
residues. For the in vivo experiment, the total phenolic (TP)
content was analyzed in the original ethanol/water extract.
The TP content of blackthorn flower extracts was determined
using the method with the Folin-Ciocalteu reagent previously
reported by Lovric e al. [2017]. A volume of 100 uL of the ex-
tract (5-fold diluted) was mixed with 200 uL of the Folin—
—Ciocalteu reagent and 2 mL of distilled water, and after
3 min, 1 mL of 20% Na,CO, was added. This mixture was
incubated at 50°C for 25 min. The absorbance was measured
at 765 nm using a spectrophotometer (model UV-1600PC;
VWR International, Leuven, Belgium). The blank contained
100 uL of the solvent used for extraction instead of the ex-
tract. The TP content was calculated according to the gallic
acid standard calibration curve, and expressed in mg of gallic
acid equivalents (GAE) per mL of extract. The TP content
of original extract was 0.5 mg GAE/mL. The extract was fur-
ther evaporated under reduced pressure at 45°C to remove
ethanol and concentrate the solution of polyphenolics. Before
application to the mice, the concentrated solution was re-dis-
solved and further diluted with water to achieve the final ap-
plied solution with removed alcohol suitable for use in a dose
of 25 mg TP GAE/kg body weight of mice (this water-based
working solution for mouse doses, was applied in the vol-
ume of 0.2 mL per mouse weighing on average 30 grams).
The phenolic composition of blackthorn flower extract
and details of the UPLC-MS/MS method used for its deter-
mination were shown in our previous study [DikiC et al., 2018;
Elez-Garofuli¢ ez al., 2018]. It was reported that the highest
concentrations were detected for 3-O-caffeoylquinic, 3-O-p-
-coumaroylquinic, and 3-O-feruloylquinic acid among phe-
nolic acids; then for (+)-catechin and (-)-epicatechin among
flavan-3-ols; and finally for kaempferol glycosides (kaemp-
ferol pentoside and kaempferol rhamnoside) and quercetin
glycosides (quercetin 3-O-rutinoside, quercetin pentoside,
and quercetin rhamnoside) among flavonols.

Experimental animals and husbandry, study design
in vivo

For this experiment, a total of 50 male inbred C57BL/6
mice, weighing 30+1.5 g were obtained from the Depart-
ment of Animal Physiology, Faculty of Science University
of Zagreb, Croatia. Animals were fed a standard laboratory
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diet, tap water ad libitum, and received 12 h of light per day.
The standardized diet was 4 RF 21, Mucedola (Settimo Mil-
anese, Italy). The composition of standardized pellet mouse
feed included wheat, wheat straw, hazelnut skins, maize, soy
bean hulled, corn gluten feed, fishmeal, dicalcium phosphate,
sodium chloride, whey powder, soybean oil, yeast; and con-
tained 12% moisture, 18.5% protein, 3% fats, 6% crude fi-
bers, 7% crude ash, E672 (vitamin A), E671 (vitamin E), E1l
(Fe), E2 (I), E3 (Co), E4 (Cu), ES (Mn), and E6 (Zn). Phe-
nolic content of Mucedola feed pellets was analyzed in our
previous study and results are given in DikiC ef al. [2018].
The analysis revealed that all phenolic compounds that were
detected in Mucedola standard mouse feed were in substan-
tially lower contents than in the blackthorn flower extract
[DikiC et al., 2018].
Bioethical standards in animal
experimental protocol

Maintenance and care of all experimental animals was
performed according to the guidelines applicable in the Re-
public of Croatia [NN 55/2013]. The experimental procedures
were approved by the Bioethics Committee of the Faculty
of Science, University of Zagreb [Bioethic approval, 2014]
and were conducted according to the Guidelines on in vivo
experiments and accepted and international standards on
the Guide for the care and use of laboratory animals [2011].

husbandry and

Treatment groups and doses

Animals were randomly divided according to treat-
ment into two separate groups, namely the control group
and the blackthorn flower extract group. Within those two
groups, the subgroups were formed based on the time of sac-
rifice post treatment. Animals from both control or black-
thorn flower extract groups were sacrificed on the day 1, 7, 14,
21, and 28 post treatment (the subgroups). Each subgroup
contained 5 animals. Saline for the control and blackthorn
flower extract for the exposed group were administered dai-
ly as a single oral dose for the period of 28 days by gavage
in a volume of 0.2 mL per animal. Treatment of all animals
took place between 8-10 a.m. in order to equalize circadian
differences between treatments and avoid differences in me-
tabolism. The blackthorn flower extract-treated groups were
dosed 25 mg of TP of blackthorn extract per kg of body weight
of mice (mg TP/kg bw). The dose was derived from pilot ex-
periments.

Tissue preparation

At designated experimental days for organ collection, ani-
mals were anesthetized by halothane and perfused through
with 10 mL of phosphor buffer saline (PBS) and sacrificed
by cervical dislocation, 24 h after the last administered dose
on the particular day of experiment. Intestine, liver, and kid-
neys were extracted. Such tissue samples were used for an-
tioxidative activity assays and for the determination of indi-
vidually bioaccumulated phenolics by the UPLC MS/MS
method. Prior to the measurement of antioxidative parameters
and UPLC-MS/MS analysis, the tissue samples were placed
in 50 mM phosphate buffer (pH=7.4) and homogenized
(10% of homogenate, by tissue mass per volume of PBS) with

an ultrasonic homogenizer (SONOPLUS Bandelin HD2070,
Bandelin Electronic GmbH & Co KG, Germany) using an
MS73 probe (Bandelin, Electronic GmbH & Co KG Germa-
ny). Thereafter, homogenates were sonicated on ice for 30 s
in three 10-s intervals, centrifuged at 20,000x g for 15 min at
4°C, and immediately frozen at -80°C until analysis. Further
details of supernatant treatment for antioxidative activity de-
termination or UPLC-MS/MS analysis are described in each
section separately.

Antioxidant status of tissues

Tissue supernatant samples that were stored until analysis
as described in the above section were slowly thawed at +6°C
on cooling pads until liquid again. Afterwards, they were cen-
trifuged at 20,000xg for 15 min at 4°C. The supernatants
of the centrifuged tissue homogenates were further used for
analysis of ferric reducing antioxidant power (FRAP), ABTS*
scavenging activity, TBARS content, CAT and SOD activity,
and GSH content following protocols described below.

Determination of the ferric reducing antioxidant power
of tissues

The FRAP assay for tissue homogenates was conduct-
ed according to Katalinic ef al. [2005] method adopted for
animal organs and modified from the assay by Benzie &
Strain [1996]. The FRAP reagent was prepared from 5 mL
of a TPTZ solution (10 mM) in HCI (40 mM) and 5 mL
of an FeCl, solution (20 mM) mixed with 50 mL of an ac-
etate buffer (0.3 M, pH=3.6). Such freshly prepared FRAP
reagent (1.5 mL) was mixed with 200 uL of water and 50 uLL
of the tissue sample or as a blank standard sample with
50 uL water, and incubated for 4 min at room temperature.
After 4 min of incubation, the absorbance was measured at
2=595 nm with a Libro S22 spectrophotometer (Biochrom
Ltd. Cambridge, UK). The results of the ferric reducing abil-
ity of the tissue homogenate were calculated according to
the standard curve and expressed as nmol Fe** per mg of pro-
tein in a tissue homogenate.

Determination of the antioxidant capacity of tissues
by ABTS assay

The ABTS assay for tissue homogenates was conducted
according to Katalinic er al. [2005] method adopted for
animal organs and modified from assay by Re ef al. [1999].
The volume of 20 uL of the tissue supernatant was mixed
with 2 mL of an ABTS"* solution and after 6 min of in-
cubation, the absorbance was measured at a wavelength
of 734 nm with a Libro S22 spectrophotometer (Biochrom).
The ABTS"* solution was prepared by oxidizing the 7 mM
ABTS"* solution with a freshly prepared 140 mM potas-
sium peroxydisulfate solution mixed in equal proportions.
On the day of analysis, the solution was diluted with PBS
(pH 7.4) and incubated at 30°C so that the absorbance
of this solution was 0.700 (x0.020). As a blank sample-
free mix without tissue sample, a 1 mL of ABTS** solution
and 20 uL phosphate buffer was used and the mix of ABTS*
solution with tissue sample was compared to it. The results
are expressed as nmol Trolox equivalents per mg of protein
in the tissue homogenate.
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Markers of tissue oxidative stress defense systems

Protein concentration in tissues

Protein concentration in the samples was determined with
the method of Lowry ef al. [1951], with bovine serum albumin
(BSA) used as the standard. Protein concentration in tissue sam-
ples was used to express the values of the measured oxidative
stress parameters (TBARS, FRAP, ABTS +, SOD, and CAT).

Lipid peroxidation in tissues

Lipid peroxidation was determined by measuring the con-
tent of TBARS using a modified method of Ohkawa et al.
[1979] described in Landeka JurceviC et al. [2017]. A centri-
fuged sample of 200 nLL of the homogenized tissue was mixed
with 200 uL of 8.1% sodium dodecyl sulphate (SDS), 1.5 mL
of 20% acetic acid (pH=3.5), and 1.5 mL of 0.81% thiobar-
bituric acid, and incubated at 95°C for 60 min. After cooling
on ice, the absorbance was measured at 532 and 600 nm with
a Libro S22 spectrophotometer (Biochrom). The total absor-
bance was determined using the formula:
A = Assyom = Aeoom (D

TBARS levels were determined using the molar absorp-
tion coefficient for malondialdehyde-thiobarbiturate (MDA-
~TBA) complexof 1.56 x 10°M-'em ! and expressed as nmol/mg
protein of tissues homogenate.

Superoxide dismutase activity in tissues

The SOD assay is a modification of the method by Flohé
& Otting [1984] described in Landeka Juréevic et al. [2017].
An undiluted sample of the tissue homogenate (25 uL) was
mixed with 1.45 mL of a reaction solution (cytochrome C,
0.05 mM; xanthin, 1 mM mixed in a 10:1 (v/v) ratio with
DTNB). A volume of 20 uL of xanthine oxidase (0.4 U/mL)
was added to start the reaction. The absorbance of the reac-
tion mixture was measured at 550 nm over 3 min with a Libro
S22 spectrophotometer (Biochrom). One unit of SOD activity
was defined as the amount of enzyme required to achieve 50%
inhibition of superoxide anion formation within the sample
which was started by the reaction of xanthine oxidase. The re-
sults were expressed as units per mg of protein in tissue ho-
mogenate (U/mg protein).

Catalase activity in tissues

The CAT activity was assayed by measuring the initial rate
of H,0, degradation according the method modified from Aebi
[1984] and described in Landeka Jurcevi€ et al. [2017]. The re-
action mixture was prepared by mixing 33 mM H,O, in 50 mM
phosphate buffer, pH=7.0. This reaction mixture (900 uL) was
mixed with the supernatant of the tissue homogenate (100 uL).
The absorbance was measured at 240 nm for 3 min using the Li-
bro S22 spectrophotometer (Biochrom). The CAT activity was
calculated using the molar absorption coefficient of 43.6 M-'cm’!
for H,O,. The results were expressed as U/mg protein.

Reduced glutathione in tissues
The reduced glutathione (GSH) assay is a modifica-
tion of the method first described by Tietze [1969] and then

in Landeka JurceviC et al. [2017]. In a 96-well plate, 40 uL.
of 10 mM DTNB (Ellman’s Reagent) was mixed with 20 uL
of the tissue supernatant (obtained as described above) pre-
treated with 40 uL of 0.035 M HCI, incubated for 10 min.
Then, 100 uL of the reaction solution prepared earlier by mix-
ing 9980 uL of 0.8 mM NADPH and 20 uL of glutathione
reductase, 0.2 U/mL, was added and the absorbance was read
at 412 nm every minute for 5 min in an ELISA plate reader
(Biorad Laboratories, Hercules CA, USA). The GSH levels
were determined from the calibration curve of GSH stan-
dards. The results are expressed as uM/mg proteins.

Determination of the phenolic content in tissues

The UPLC-MS/MS analysis of phenolics in the tissues of mice
post-sacrifice

The qualitative and quantitative analysis of individual
phenolic compounds in mice tissues was performed with
the Ultra High Performance Liquid-Chromatography Tan-
dem Mass Spectrometry (UPLC-MS/MS). The methods are
described in detail (with respective standard curves) by Elez-
-Garofuli¢et al. [2018]. Briefly, the Agilent 1290 UPLC system
(Agilent Technologies, Santa Clara, CA, USA) with the Zor-
bax Eclipse Plus C18 column (100x2.1 mm, 1.8 wm; Agilent,
Santa Clara, CA, USA) was used. Column oven temperature
was set at 35°C and flow rate was 0.35 mL/min. The mobile
phase consisted of 0.1% (v/v) formic acid (A) and acetonitrile
with 0.1% (/») formic acid (B). The QQQ 6430 triple quad-
rupole mass spectrometer and the Agilent MassHunter Work-
station Software (Agilent, Santa Clara, CA, USA) were used
for mass spectrometry. The positive and negative electrospray
ionization (ESI) mode and dynamic multiple reaction moni-
toring (AMRM) mode were applied. Capillary voltage was
+4000/-3500 V, nitrogen drying temperature was 300°C, flow
rate was 11 L/h, and the pressure of the nebulizer was 40 psi.
The total analytical time was 12.5 min. The analytes were
identified by comparing their retention times and mass spec-
tra with the corresponding standards. For unavailable stan-
dards, the structural identification of phenolic compounds
was done by comparing the mass fragment ions with the pre-
viously reported mass fragmentation patterns; and quantifi-
cation was performed using the calibration curve of standards
from the same phenolic group. The limits of detection (LOD)
and quantification (LOQ) were determined at a signal-to-
-noise ratio of 3:1 and 10:1, respectively.

For the UPLC-MS/MS analysis, the frozen samples that
were stored until analysis as described in the above section
were slowly thawed at +6°C on cooling pads until liquid
again. Afterwards, they were centrifuged at 20,000xg for
15 min at 4°C. The supernatants (200 uL of the superna-
tant of the tissue homogenate) was then mixed with 10 uLL
of a mixture of B-glucuronidase (250 units) and sulfatase
(20 units), and then incubated at 37°C for 45 min. The reac-
tion mixture was extracted twice with ethyl acetate, to remove
tissue debris of the homogenate. The combined ethyl acetate
solutions were added to 10 uL of a 20% ascorbic acid solution
and evaporated to dryness in a vacuum centrifuge concentra-
tor. Prior to the chromatographic analysis, the samples were
reconstituted in 300 uL of a 10% aqueous acetonitrile solu-
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tion (v/v) and centrifuged at 6500 x g for 5 min. The superna-
tant was transferred to an injection vial and then an aliquot
of 2.5 uL of the supernatant was injected onto the UPLC col-
umn [Ganguly et al., 2016; Gonzales et al., 2015].

The results of the UPLC-MS/MS analysis were present-
ed as AUClast, and C__ values. These were obtained from
the curves of the phenolic content in the tissues versus the time
(T, days) of blackthorn flower extract administration to mice
as the area under the curve and the maximum concentration,
respectively. To compute the mean AUClast, C_ - and T
values, a non-compartmental pharmacokinetic analysis was
done using Phoenix WinNonlin 8.0. software (Certara, Princ-
eton, NJ, USA).

Statistical analysis

Data of TBARS, FRAP, and ABTS assays; tissue con-
tent of antioxidative defense molecules; and the AUClast
and C__values were presented as means and standard de-
viation. All data were compared for statistically significant
differences (p<0.05) by the t-test between the control group
and the blackthorn flower extract-treated group within each
individual tissue. The Kruskal-Wallis ANOVA was used for
testing the statistically significant differences (p<0.05) be-
tween days of treatment for antioxidative parameters. All
statistical analyses were conducted in the SPSS version
17.0 software (IBM, Armonk, NY, USA).

RESULTS AND DISCUSSION

Lipid peroxidation, antioxidative properties, and the
content of antioxidative defense molecules in the mice
tissues after blackthorn flower extract administration

Compared to the control animals, the administration
of blackthorn flower extract to mice significantly (p<0.05)
lowered the lipid peroxidation (content of TBARS) in tissues
( A-C). The inhibited lipid peroxidation was observed
in all three assessed organs (intestine, liver, and kidneys) af-
ter three weeks of administration. Since no in vivo results can
be found in literature for blackthorn, the closest study resem-
bling ours was that evidencing the similar lipid peroxidation
reduction recorded with Aronia melanocarpa extract [Broncel
etal., 2010].

The antioxidative capacity of the tissues ( and 3)
was measured as FRAP and ABTS"* scavenging activity.
Each method specifically showed slightly different mecha-
nisms of tissue antioxidative capacity. In the intestine
and liver, the FRAP value of blackthorn flower extract-treat-
ed group was slightly but significantly (p<0.05) higher com-
pared to the control group on the 28" day, while in the kid-
neys it did not differ statistically during the experiment.
In turn, the antioxidant capacity determined as the ABTS*
scavenging activity of the intestine was the highest (p<0.05)
already on the 7 and 28" day of the experiment. In the liver,
FRAP was significantly higher in the exposed (p<0.05) ani-
mals on the 28" day only. In the kidneys, the antioxidative
capacity measured as both FRAP and ABTS"* scavenging
activity was not significantly different between the control
and the blackthorn flower extract-treated animals. In gen-
eral, it seems that at least four weeks of consumption is nec-
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FIGURE 1. The lipid peroxidation expressed as the content of thiobar-
bituric acid reactive substances (TBARS) in the (A) intestine, (B) liver,
and (C) kidneys; PSE - blackthorn flower extract-treated group. The val-
ues that are statistically different between control and PSE-treated group
are marked with p value of t-test. ns — no statistically significant differ-
ences (p>0.05).

essary to observe positive antioxidative effects in the intes-
tine and liver using FRAP and/or ABTS** method. Similar
trends were found for other phenolic- and polyphenol-rich
plants. For example, Nakhaee et al. [2009] and Salahshoor
et al. [2019] showed an increased antioxidative potential
(determined with the FRAP method) of liver tissue of strep-
tozotocin-induced diabetic rats after dosing Eucalyptus glob-
ulus and Fucaria vulgaris, respectively.

In concordance with the pattern of described TBARS,
FRAP, and ABTS"* scavenging activity changes, the SOD activ-
ity of intestine, liver, and kidneys ( ) showed somewhat
different increase specific for each organ. The SOD activity
of intestine and liver of the treated animals was significantly
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TABLE 1. The activity of superoxide dismutase (SOD) and catalase (CAT), and content of reduced glutathione (GSH) in the mice tissues after
1-28 days of daily repeated oral administration of the blackthorn flower extract (PSE) compared to these of untreated control mice.

Intestine Liver Kidneys
Control PSE Control PSE Control PSE
SOD activity (U/mg proteins)

1 day 6.03£0.54° 8.17x1.63¢ 1426+1.87 10.43x3.08¢ 10.83£3.53" 12.38£2.04°

7 day 9.06+1.23¢ 6.68+0.46° 11.42+4.97 12.4+0.84¢ 10.41+1.53" 12.51+1.93"
14 day 7.85£1.33" 7.32+1.76° 10.86+2.112 13.31+2.04¢ 16.97+1.542 21.38=1.177

21 day 5.55+2.42° 10.39+1.00#° 12.78+2.91¢ 17.31=1.08#° 11.18+1.94° 14.04+1.92°
28 day 10.17+2.312 14.53£2.17#¢ 15.44+1.49 22.93+3.21#° 12.78+1.81° 21.42+3.93#¢

CAT activity (U/mg proteins)

1 day 5.8+1.96 5.93+3.63° 1S 1112172 100.51+20.19+ 106.23+28.06° 95.86+8.26°

7 day 7.03+4.03* 6.94+1.0742 75.44+11.62° 92.06+5.28#° 117.16+30.49° 91.26+9.46*
14 day 6.12+3.64 I1.1+1.07* 66.95+19.21° 80.61+13.76#° 88.11+29.09 98.28£39.31¢
21 day 7.47+3.81 3.53+1.43° 50.9+15.29 70.36+=21.53#° 78.37x44.212 86.48£25.37*
28 day 9.49+4.94¢ 9.78+3.89¢ 93.91+25.842 151.89£27.96# 61.13+19.76° 83.42£24.722

GSH content (uM/mg proteins)

1 day 41.44+9.94° 36.26=6.91¢ 61.77+9.56° 55.59+22.22% 38.61+14.34° 36.87+5.470¢
7 day 57.86=16.81¢ 53.76=6.08° 49.77+14.33° 66.95£24.75° 31.24+9.64° 31.89%6.64

14 day 52.73+12.3% 36.78+4.22¢ 50.79+12.52¢ 71.65+22.66 33.19+7.63° 55.04=12.78#°
21 day 55.43x18.91% 65.99+6.84° 60.01+11.09 79.13+15.71#° 38.61+16.47° 56.94+14.76
28 day 76.79+12.69 114.12+£9.94#2 109.81£25.452 138.15£26.51#¢ 62.64+9.23¢ 93.58+28.76#"

# The statistically significant differences (p<0.05) between the control group and the PSE-treated group on the day of sampling (within rows). The dif-
ferent superscript letters (a-e) show statistically significant difference (p<0.05) between the 1%, 7™, 14, 21, 28" day of sampling within the control or
the PSE group (within columns). The values are expressed as means=standard deviation (SD).

higher compared to that of control groups (p<0.05) after three
weeks of consumption (from 21% until 28" day). In the kid-
neys, a significant increase (p<0.05) in SOD activity occurred
later and was recorded only after four weeks of treatment.
Since there is no previous data on in vivo antioxidative effects
of P spinosa flower extract, the results could be only compared
to other plant species rich in polyphenols. For example, Nardi
et al. [2016] investigated and compared the anti-inflammatory
and antioxidative effects of goji berry, blueberry, and cranberry
extracts administrated to mice. Mice were treated for 10 days
with 50 and 200 mg of extract per kg bw. The antioxidant status
of liver was determined by testing GSH concentration and CAT
activity. Both were the highest in the group that received goji
berries extract and the lowest in the group that obtained
the blueberries extract. Similarly, Jin & Yin [2012] investigated
the antioxidant effect of polyphenols from leaves of bamboo
plants on the aging process of mice. Three groups of mice were
treated with the leaf extract at doses of 20, 40, and 80 mg/kg bw.
Their antioxidant status was measured by determining SOD,
glutathione peroxidase (GSH-Px), and CAT activity, and to-
tal antioxidant capacity with the ORAC method. Compared
with the control group, the activity of all enzymes in the serum
and liver were statistically significantly higher in the groups

treated with the leaf extract. In turn, phenolics from grapes
and wine modulated SOD, GSH, and CAT Ilevels in mice liv-
er and kidneys [Landeka Jurcevi¢ et al, 2017]. Interestingly,
the CAT activity ( ) increased (p<0.05) only in the liver
as a result of blackthorn flower extract treatment, compared
to the control animals. The onset of activation in the liver was
very early in the experiment, i.e. from the 7" day onwards. In-
testine and kidneys did not show significantly different activity
in the treated animals compared to their controls, respectively.
The GSH contents ( ) in all tissues of blackthorn flower
extract administered animals were higher compared to these
of controls. They increased (p<0.05) by the end of the four-
week treatment (on the 28" day). However, only in the liver
such a significant increase (p<0.05) started earlier — on the 21"
day of the experiment ( ). In general, liver was the most
prominent organ where induced activity of antioxidative defense
molecules was recorded, while kidneys were the least responsive
organ for the induction of tissue antioxidative markers.

Does the blackthorn flower extract has antioxidant
properties in mammalian organism?

This important fundamental question addressed in this
work was based on the previous publications that demonstrat-
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ed antioxidant and other bioactive properties of the black-
thorn flower extract under in vitro conditions [Elez-Garofuli¢
et al., 2018; Lovri€ et al., 2017; Marchelak et al., 2017; Me-
schini et al., 2017; Mikulic-Petkovsek et al., 2016; Olszewska
& Wolbis, 2001; Pinacho et al., 2015]. The results present-
ed in A-C and indirectly show the reduc-
tion of oxidative stress that occurred in vivo in all major
entry and excretory organs after ingestion and application
of the blackthorn flower extract in mice, but mainly after three
to four weeks of daily extract consumption.

The results also prove that the blackthorn flower extract
has a similarly significant oxidation-inhibiting potential (

and 3) as other plants that are rich sources of pheno-
lics and were previously verified as good antioxidants. Simi-
lar properties as in our work are shown for other numerous
plants, for example Aronia melanocarpa, for whom it was
demonstrated that the 8-week consumption of its extract
by animals lowered the serum MDA concentration in the ex-
perimental model of the metabolic syndrome [Broncel et al.,
2010]. Those results obtained in mice were later confirmed
in humans. For example, the consumption of Aronia mela-
nocarpa juice prior to an ergonomic test in humans [Pila-
czynska-Szczesniak et al., 2005], caused a significant reduc-
tion in DNA damage and reactive oxidative species (ROS)
concentration and significant improvement of oxidative stress
markers, antioxidant enzyme activity, and mitochondrial per-
formance. Therefore, we expect the P spinosa flower extract to
be equally efficient in humans as tested in this model. Similar
effects, noticed first in animals and then in humans, were re-
corded for many nutritional products and fruits such as tea,
black wine, apple juice and goji berries, efc., plants which are
known to contain large amounts of phenolics [Ganguly et al.,
2016; Jin & Yin, 2012; Landeka Jurcevié et al., 2017; Nardi
et al., 2016; Olszewska & Wolbis, 2001; Teng & Chen et al,
2019].

Definitely, based on the presented results, we can confirm
that this major finding of antioxidative properties in vivo, sup-
ports the in vitro properties of antioxidant effects of blackthorn
extract earlier reported by Marchelak ef al. [2017] and other
authors [Elez-Garofuli¢ ef al., 2018; Lovri€ et al., 2017; Me-
schini et al., 2017; Mikulic-Petkovsek et al., 2016; Olszewska
& Wolbis, 2001; Pinacho et al., 2015]. However, the prolonged
intake of at least three weeks is necessary to achieve first ob-
servable antioxidative bioactivity in healthy (not pathologi-
cally challenged) mice at the dose of 25 mg of TP/kg bw. This
result can serve as a guideline for future mechanistic studies
in mice and based on estimations and literature it remains to
be seen if a dose calculated to human equivalent dose (HED)
would achieve a similar effect in humans.

What are the mechanistic and molecular explanations
of the observed antioxidative properties of a blackthorn
flower extract in mice tissues which might bring
innovation to this and similar future studies?

We believe that the blackthorn flower extract in mice caused
the boosting of beneficial physiological or antioxidant effects
in the target tissues by molecular mechanism described previ-
ously [Bao ef al, 2018; Dominko & Diki¢, 2018; Dominko
et al., 2020; Squillaro et al., 2018]. Based on the literature, we
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FIGURE 2. The antioxidant capacity of the tissue homogenates as ferric
reducing antioxidant power (FRAP) of the (A) intestine, (B) liver, and (C)
kidneys of mice treated with blackthorn flower extract and untreated con-
trol animals (Control). PSE — blackthorn flower extract-treated group.
The values that are statistically different between control and PSE-treat-
ed group are marked with p value of t-test. ns — no statistically significant
differences (p>0.05).

provide two major mechanistic explanations and hypotheses
that can explain the observed inhibition of lipid peroxidation
and increased antioxidative activity in mice tissues after three
to four weeks of consumption.

The first presumption and explanation is that the lowered
lipid peroxidation (TBARS) is a consequence of the direct
ROS scavenging properties of the bioabsorbed and bioavail-
able phenolics that were accumulated in the tissues (as listed
for each tissue in —4 and discussed in the next sec-
tion). The second mechanistic explanation of the antioxida-
tive effects could be that those phenolics all together syn-
ergistically indirectly induced the transcriptional mechanism
(and other cellular mechanisms) for the production of in-
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FIGURE 3. The ABTS"* scavenging activity of the tissue homogenates
(A) intestine, (B) liver and, (C) kidneys of mice treated with blackthorn
flower extract and untreated control animals (Control). PSE - blackthorn
flower extract-treated group. The values that are statistically different be-
tween control and PSE-treated group are marked with p value of t-test.
ns — no statistically significant differences (p>0.05).

ternal cellular antioxidative defense enzymes and molecules
(CAT, GSH, SOD, and others). There is also a possibility
that both proposed mechanisms took place in parallel, prob-
ably by the early onset (third week) of scavenging proper-
ties and later (fourth week) jointly supported by induction.
In support of the first mechanical explanation of the direct
scavenging activities by organ-bioavailable phenolics, we hy-
pothesized that the phenolic compounds bioabsorbed in tis-
sues would increase the overall antioxidant capacity of tissue
homogenates. However, both FRAP and ABTS** scavenging
activity method did not yield similar positive results for all tis-
sues — an increase in the antioxidative capacity was recorded
only in liver and/or intestine after the fourth week of extract
consumption. These results could support the proposed hy-

pothesis only to the limited extent. Perhaps, the use of other
antioxidative tests would give positive results in the kidneys,
as in the case of Jin & Yin [2012] who investigated the an-
tioxidant effect of phenolics from leaves of bamboo plants
in mice tissues based on the oxygen radical absorbance capac-
ity (ORAC). Thus, one important guideline for future studies
on the similar model is to incorporate diverse antioxidative
measurements in tissues.

The second explanation of the changes taking place
in the tissues of mice after blackthorn flower extract admin-
istration may be the indirect effect of phenolics on cellular
and molecular mechanisms and activation of SOD, GSH, or
CAT cellular pathways of the antioxidative defense. Those
antioxidative effects achieved by molecular mechanisms were
described in the literature [Dominko & Diki¢, 2018; Dominko
et al., 2020; Squillaro et al., 2018]. Phenolics boost the ac-
tivation of transcription factors Erk-Nrf2-HO1, GCLM,
and TixR1 signal pathway and enhance the antioxidant en-
zymes such as heme oxygenase-1, phase II detoxification en-
zymes, and enzymes involved in GSH metabolism [Bao et al.,
2018; Dominko & Dikic, 2018; Dominko ef al., 2020; Nardi
et al., 2016; Squillaro et al., 2018]. Expressions of phase II
detoxification and antioxidant enzyme genes are controlled
by the antioxidant response element (ARE), which contains
genes that are regulated by the nuclear factor erythroid 2-re-
lated factor 2 (Nrf2). Thus, after activation, Nrf-2 dissociates
from Keapl and is transferred into the nucleus to activate
the translation of antioxidant genes and phase II detoxification
genes, such as HO-1, NAD(P)H quinone oxidoreductase 1
(NQOL1), and glutamate-cysteine ligase modifier (GCLM)
[Dominko & Diki¢, 2018; Dominko ef al., 2020]. Reduced
glutathione (GSH) can efficiently eliminate electrophiles
and ROS that are generated during the chemical metabolism
within cells. It is known that the enhancement of endogenous
antioxidant defense by flavonoids is associated with the di-
rect elimination of reactive oxygen species, inhibition of lipid
peroxidation, reduction of oxidized glutathione level, increase
of reduced glutathione level, and restoration of activities
of antioxidant enzymes (superoxide dismutase, catalase, glu-
tathione S-transferase, and glucose 6-phosphate dehydroge-
nase) [Dominko & Diki¢, 2018; Dominko et al., 2020]. Many
studies have reported that herbal extracts modulate the ex-
pression of glutamate-cysteine ligase (GCL) which consists
of catalytic (GCLC) and modifier (GCLM) subunits, which
is a rate-limiting enzyme of GSH synthesis. The secondary
mechanism could refer to the neutralization of oxidative spe-
cies, and inhibition of the activation of the nuclear transcrip-
tion factor-kB (NF-xB) signaling pathways [Bao et al., 2018;
Nardi et al., 2016; Squillaro et al., 2018].

In this study, the activation of SOD, CAT, and GSH
in the group receiving the blackthorn flower extract was
tissue-specific. In all organs, there was an increased SOD
activity but it occurred on different days of the experiment.
Such an increase in kidneys was observed on the 28" day
but not earlier, whereas in the liver a slight (although still
statistically not significant) increase was recorded already
on the 14" day of the experiment that became significant
between 21%-28" day. Therefore, the accumulation of su-
peroxide anion was a consequence of mitochondrial activ-
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TABLE 2. Phenolic compound profile in the mice intestine after 28 days of daily oral administration of the blackthorn flower extract compared to
untreated control group expressed as area under the curve of phenolic content in the tissue vs. treatment period (AUClast), maximal concentration

(C,.), and day of the experiment when it was achieved (T ).
Phenolic compound AUClast (h-ug/g)# C,.. (ug/e) # T . (day)
Phenolic acids
Control 41.6=17.4 0.20+0.05 7
Caffeic acid
PSE 111.8x13.9 0.37+0.02 7
Control 186.7x37.4 0.47=0.14 21
p-Coumaric acid
PSE 444.9+6.3 1.66=0.94 1
Control / /
3-0-p-Coumaroylquinic acid
PSE 71.8+x14.4 0.19+0.02 7
Control 627.7+4.2 1.2220.05 1
4-0-p-Coumaroylquinic acid
PSE 1095.0+27.8 2.16+1.27 21
Control 368.3%61.5 1.03=0.36 21
Ferulic acid
PSE 740.9+9.7 1.68=0.95 ns 1
Control 211.9+37.3 0.62+0.13 7
3-O-Feruloylquinic acid
PSE 768.4x6.3 4.60=0.42 7
Control 215.1%96.7 1.27=0.67 1
Gallic acid
PSE 5752%12.6 2.20+1.27 ns 7
Flavones
Control 89.5+19.2 0.19%0.10 7
Luteolin
PSE 171.8+30.6 0.64=0.28 ns 1
Control 188.3+17.8 0.88+0.14 1
Apigenin
PSE 523.9+72.5 2.5+0.25 1
Flavan-3-ols
Control 6.3+0.8 0.02+0.01 21
(-)-Epigallocatechin 3-gallate
PSE 14.5+3.9 0.17+0.01 28
Flavonols
Control 93.5%2.1 0.16=0.00 7
Kaempferol 3-O-glucoside
PSE 146.1+3.8 0.29%0.17 ns 7
Control 1344.3x6.1 2.74=0.01 7
Kaempferol pentoside
PSE 1559.4+74.7 5.29%2.90 ns 1
Control / /
Kaempferol rhamnoside
PSE 9.920.01 0.05=0.02 28
Control 260.6x13.9 0.51=0.01 7
Kaempferol pentosyl-hexoside
PSE 329.4+10.2 0.85+0.45 1
Control 63.9+10.2 0.16=0.01 7
Quercetin 3-0O-glucoside
PSE 151.0=12.5 0.55+0.05 21
Control 270.3+x4.29 0.77+0.01 7
Quercetin 3-O-rutinoside
PSE 952.0%12.1 1.73=0.21 1
Control 219.2+23.8 0.51%0.01 28
Quercetin acetyl-hexoside
PSE 429.9+0.8 0.67%39.00 ns 28
Control 387.7x11.8 0.95=0.10 14
Quercetin rhamnoside
PSE 723.7+17.3 1.67=0.94 ns 1

#The statistically significant differences (p<0.05) between the control group and the PSE-treated group for each individual phenolic compound were
determined excluding values marked with ns — no statistically significant differences (p>0.05). PSE — blackthorn flower extract-treated group; / — not
detected. AUClast — area under the curve, C_ - maximal detected concentration, T, - day of experiment when maximal concentration was detected.
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TABLE 3. Phenolic compound profile in the mice liver after 28 days of daily oral administration of the blackthorn flower extract compared to untreated
control group expressed as area under the curve of phenolic content in the tissue vs. treatment period (AUClast), maximal concentration (C_ ), and day

of the experiment when it was achieved (T ).

max

Phenolic compound AUClast (h-ug/g)# C,.. (ug/e) # T . (day)
Phenolic acids
Control 54.5+0.2 0.23=0.01 21
Caffeic acid
PSE 479.4x39.1 1.78=0.15 21
Control / /
p-Coumaric acid
PSE 38.4=0.1 0.16=0.03 7
Control 8.3=0.7 0.03=0.02 1
3-0-p-Coumaroylquinic acid
PSE 68.5+0.1 0.25=0.01 7
Control 317.5+2.8 0.53=0.01 1
4-0-p-Coumaroylquinic acid
PSE 798.1+0.1 1.42+0.00 21
Control 494.6+0.4 0.77+0.02 14
Ferulic acid
PSE 835.8+3.6 1.64=0.02 28
Control 76.9+88.1 0.58=0.04 28
Gallic acid
PSE 110.1+16.2 1.31=0.19 28
Flavones
Control 51.3%£33 0.18%0.01 7
Luteolin
PSE 78.71.0 0.330.02 7
Flavonols
Control 169.2+2.4 0.70+0.05 14
(-)-Epicatechin 3-gallate
PSE 265.9+0.1 1.40=0.01 14
Control 256.6+0.1 0.87x0.00 14
(-)-Epigallocatechin 3-gallate
PSE 400.0x61.5 1.060.25 ns 7
Flavonols
Control 71.6=0.4 0.15+0.01 1
Kaempferol 3-O-glucoside
PSE 108.3=0.3 0.25=0.01 7
Control 8.0=1.1 0.02=0.04 7
Kaempferol rhamnoside
PSE 26.2=0.5 0.12+0.02 7
Control 4108 0.02+0.05 7
Kaempferol acetyl-hexoside
PSE 13.4=0.1 0.07=0.01 ns 7
Control 70.6=0.8 0.14=0.09 7
Quercetin 3-0-glucoside
PSE 168.6=0.1 0.39+0.03 1
Control 715.1+78.9 1.55+0.03 14
Quercetin 3-O-rutinoside
PSE 1113.1+0.6 2.57+0.03 14
Control 84.2+1.1 0.13=0.01 7
Quercetin pentoside
PSE 670.0+1.6 1.44=0.02 7

# The statistically significant differences (p<0.05) between the control group and the PSE-treated group for each individual phenolic compound were
determined excluding values marked with ns — no statistically significant differences (p>0.05). PSE- blackthorn flower extract-treated group; / — not

detected. AUClast — area under the curve, C - maximal detected concentration, T

ity and boosted metabolism. For example, the liver was
the only organ that from the earlier onset of experiment (7%
day) had increased CAT activity and the only organ whose
catalase antioxidative pathway was induced. Other organs
did not show CAT activation due to the blackthorn flower
extract treatment. The liver was the only organ with increases

— day of experiment when maximal concentration was detected.

max

in the values of all three parameters and the only organ that
had increased CAT activity within the time of extract admin-
istration (but only on the 28" day). Liver, opposite to other
organs, has normally higher physiological expression of cat-
alase, and is the organ with a high metabolic rate (biotrans-
formation activity). Therefore, we are firmly convinced that,
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TABLE 4. Phenolic compound profile in the mice kidneys after 28 days of daily oral administration of the blackthorn flower extract compared to un-
treated control group expressed as area under the curve of phenolic content in the tissue vs. treatment period (AUClast), maximal concentration (C_ ),

and day of the experiment when it was achieved (T ).

max

Phenolic compound AUClast (h-ug/g)# C (ug/e) # T, (day)
Phenolic acids
Control 412.3+11.1 0.64+0.01 28
4-0-p-Coumaroylquinic acid
PSE 1143.1+2.6 2.06+0.04 28
Control 261.6+2.8 0.84+0.56 21
Ferulic acid
PSE 1354.5+0.3 5.45+0.00 21
Flavones
Control 11.3£3.5 0.13+0.15 28
Luteolin
PSE 131.2+13.7 0.52+0.19 1
Control 128.2+1.0 0.45+0.01 1
Apigenin
PSE 349.2+2.6 0.96+0.02 21
Flavan-3-ols
Control 92.9+0.1 0.21+0.00 1
(+)-Catechin
PSE 776.2x1.4 1.41+0.01 7
Control 0.32+0.0 0.02+0.03 1
(-)-Epicatechin
PSE 848.4+0.4 1.55+0.00 7
Flavonols
Control 85.1+1.0 0.15+0.00 7
Quercetin 3-0O-glucoside
PSE 121.0+0.6 0.19+0.00 ns 1
Control 240.1=1.0 0.64+0.35 7
Quercetin 3-O-rutinoside
PSE 1764.0+6.7 2.96+0.02 14
Control 86.8+1.2 0.13+0.00 1
Quercetin pentosyl-hexoside
PSE 193.2+1.10 0.40+0.00 1

# The statistically significant differences (p<0.05) between the control group and the PSE-treated group for each individual phenolic compound were
determined excluding values marked with ns — no statistically significant differences (p>0.05). PSE - blackthorn flower extract-treated group; / — not

detected AUClast — area under the curve, C_

X

physiologically, it is possible that after 28 days of continu-
ous intake of xenobiotic molecules in a higher concentration,
peroxides were accumulating in hepatocytes and the expres-
sion and activity of catalase was increased. The GSH con-
tent also increased in all organs predominantly on the 28"
day. This significant change, although minor compared to
the control animals, indicates that phenolics present in or-
gans probably enhance the metabolic activity. Presumably,
the metabolic processes of conjugation activated the elimi-
nation of xenobiotic molecules (phenolics) as normal physi-
ological characteristics, since kidneys are the major organs
where conjugated glutathione-xenobiotic complexes (in this
case polyphenol residue conjugates) enter the excretory
pathway, cleaved as mercapturic acids [Dominko & Dikic,
2018]. The present study results are consistent with literature
data, for example with Nardi et al. [2016] who investigated
and compared the anti-inflammatory and antioxidative ef-
fects of goji berry, blueberry, and cranberry extracts in mice.
Mice were treated with the extract at 50 and 200 mg/kg bw

— maximal detected concentration, T

— day of experiment when maximal concentration was detected.

max

for 10 days. The antioxidant activity was determined by
testing the GSH content and CAT activity, which were
the highest in the group that received goji berries extract
and the lowest in the group that obtained the blueberries
extract. Similarly, Jin & Yin [2012] investigated the anti-
oxidant effect of phenolics from leaves of bamboo plants
on the aging process of mice. Three groups of mice were
treated with the leaf extract at doses of 20, 40, and 80 mg/
kg bw. The authors reported that the CAT and SOD activity
and the GSH content in the serum and liver decreased while
the MDA levels increased significantly in the groups treated
with the leaf extract, compared with the control group.

Content of phenolic compounds in individual tissue
following four-week administration of blackthorn flower
extract in mice

The selective and specific tissue content was observed for
specific subgroups of phenolic compounds after the intake
of the blackthorn flower extract ( —4). In the intestine
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FIGURE 4. Individual phenolic content in the intestine, liver, and kidneys of mice treated with blackthorn flower extract and untreated control animals
(control). PSE - blackthorn flower extract-treated group. #The values are statistically different (p<0.05) between untreated control and PSE-treated groups.

and the liver, more phenolics were detected than in the kid-
neys and their composition was generally similar.

Among the seven phenolic acids detected in the intestine,
3-O-feruloylquinic acid was the only one absent in the liver.
Opposite to those tissues, only two phenolic acids, namely
4-0-p-coumaroylquinic acid and ferulic acid, were deter-
mined in the kidneys. Ferulic acid was, therefore, the only one
present in all three organs and its AUClast after 28 days was
the highest in the kidneys of the treated animals.

Among the flavan-3-ols, (+)-catechin and (-)-epicate-
chin were found only in the kidneys. (-)-Epicatechin 3-gallate
was present only in the liver and (-)-epigallocatechin 3-gal-
late was detected in the intestine and liver. Among the flavo-
nols, the intestine contained four kaempferol glycosides, while
three and four quercetin glycosides were present in the liver
and intestine, respectively. The least varied phenolic composi-
tion was observed in the kidneys, with no detected kaempferol
glycosides and only three quercetin glycosides. Interestingly,
quercetin 3-O-glucoside and quercetin 3-O-rutinoside were
present in all three organs.

The specific distribution of phenolic compounds in each
tissue was observed ( —4) Namely, in the intestine,
3-O-feruloylquinic acid was present with most prominently

different C __that was approximately 4 times higher in the tis-
sue of the treated animals than in the control ones. Intes-
tine contained also other compounds in high quantities (ei-
ther AUClast or C_ ), such as 4-O-p-coumaroylgiunic acid,
kaempferol pentoside, quercetin rhamnoside, and quercetin
3-O-rutinoside, but their difference from the control was less
prominent than in 3-O-feruloylquinic acid ( , ).
In the liver, the highest AUClast values were determined for
quercetin 3-O-rutinoside (1113.1 h-ug/g) followed by ferulic
acid (835.8 h-ug/g) ( , ). The content of phe-
nolics in kidneys was generally lower. The highest C_ was
determined for ferulic acid and quercetin 3-O-rutinoside fol-
lowed by 4-O-p-coumaroylquinic acid ( , ).

Does the distribution of phenolics occur in tissues after
28-day consumption of blackthorn flower extract?

We further hypothesized that the differences in the an-
tioxidative defense activation and specific organ patterns
were a consequence of differences in the bioaccumulation
of various phenolic compounds from the extract. Therefore,
we decided to screen major phenolics in the analyzed organs
( -4, ). Probably, they were jointly and syn-
ergistically responsible for the observed antioxidative effects
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and no individual compound among detected ones could be,
with certainty, proclaimed to individually cause the bioactive
effects measured in each analyzed organ.

The selective tissue content and distribution was observed
for specific subgroups of phenolic compounds of the black-
thorn flower extract. Since mouse has a faster metabolism,
in humans the time at which similar concentrations can
be reached could probably be longer. However, current scien-
tific methodology does not have the means to estimate con-
centrations of absorbed phenolics in human tissues in a sim-
ilar manner of time dynamics as shown here in the animal
model.

The lowest number of phenolics with a low concentra-
tion was observed in the kidneys. It was probably not only
a consequence of lesser vascularization (than in the intes-
tine and liver) or low absorption, but also a consequence
of the enhanced polyphenol excretion and their removal
with urine. Thus, we believe that the measured antioxida-
tive effects and activation of SOD, CAT, or GSH, probably
followed the specific phenolic bioacummulation pattern
in each organ. In vivo research has shown that phenolic
compounds are absorbed in larger amounts than previ-
ously thought and especially after long-term consump-
tion they are able to increase plasma antioxidant capacity
[Teng & Chen, 2019]. Our study supports this observation.
This effect was also noticed for many nutritional products
such as tea, black wine and apple juice, which are known to
contain large amounts of phenolics [Teng & Chen, 2019].
However, the bioabsorption and organ distribution of only
a small number of phenolics is well known, as described in,
e.g., historic works on quercetin [Olthof et al., 2000; Wang
et al., 2016]. In our previous publication, Diki¢ e al. [2018],
in the same model but with the single acute dose (analyzed
in different times within 24 h), we have concluded that
the serum does not give a true picture of phenolics content
and distribution in body. Similar conclusions can be found
in literature [Gonzales et al., 2015]. The number of com-
pounds and their bioavailable concentrations were very low
in the acute (2 h) experiment compared to this experiment
here with 28 days of exposure, and the recorded antioxidant
bioactivity in tissue confirming that the molecular bioab-
sorption actually happened. The exact analysis of tissues
showed that the concentrations up to approximately 5 ug/g
in the intestine were approximately 2-fold higher vs. con-
centrations in the liver, but liver and intestine shared a simi-
lar pattern of compound types distribution. This balance
is probably the reflection of normal physiological entero-
hepatic recirculation. The phenolic contents in the kidneys
were detected by UPLC-MS/MS in the experiment of Gan-
guly et al. [2016] following oral administration of black tea
as the aqueous infusion and alcoholic extract to guinea pigs
for 14 days. The authors reported the contents of (-)-epigal-
locatechin (49.1 and 34.2 ng/g tissue, respectively), (-)-epi-
catechin (47.8 and 22.3 ng/g tissue), (-)-epigallocatechin
3-gallate (91.8 and 45.0 ng/g tissue), and (-)-epicatechin
3-gallate (22.5 and 12.8 ng/g tissue, respectively). If the con-
tent of flavan 3-ols in mice kidneys determined in our study
was expressed in ng/g tissue, the range would be between
210-1553 ng/g tissue, depending on the compound.

The higher values are probably due to the difference in ex-
perimental animals used (guinea pig vs. mice in this study)
but also a longer (2 times) dosing regime in this study.
The model used in this study shows that the consumption
could be within line with safety standards for the concen-
tration of bioabsobred phenolics from food supplements
and medicinal plants [Harwood ef al., 2007; Peng et al.,
2016] and it the first published work on the antioxida-
tive activity of blackthorn in vivo. Aside from fundamental
knowledge of particular phenolics bioaccumulation and bio-
availability and correlation to antioxidative effects, there
is a practical value of the study in the way that the aqueous
infusion in the form of an alcoholic extract can be used for
production and consumption.

CONCLUSION

The contents of phenolics increased significantly in mice
tissues after at least three weeks of blackthorn flower extract
consumption. The extract had significant bioactive properties
in vivo and induced antioxidative defense pathways in the or-
gan-specific manner. Thus, the study demonstrates that
the administration of Prunus spinosa flower extract to mice
partially inhibited the oxidative stress in tissues. Among indi-
vidual phenolic compounds of the extract, the study screened
these bioavailable and absorbed. In the intestine, it was
mainly 3-O-feruloylquinic acid, 4-O-p-coumaroylqiunic acid,
kaempherol pentoside, and quercetin rhamnoside, in the liver
— ferulic acid and quercetin 3-O-rutinoside, and in the kidneys
— quercetin 3-O-rutinoside, ferulic acid, and 4-O-p-coumar-
oylquinic acid. Possibly, these phenolics in mixtures but to-
gether with other that were in lower contents, were responsi-
ble for the antioxidant effects of the blackthorn flower extract.
It must be emphasized that, to the best of our knowledge, this
is the first study on the antioxidative activity of blackthorn
in vivo and there are no studies on human consumption con-
ducted with the blackthorn flower extract.
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Effect of Boiling on Colour, Contents of Betalains and Total Phenolics and on Antioxidant Activity
of Colourful Powder Derived from Six Different Beetroot (Beta vulgaris L. var. conditiva) Cultivars
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Powders prepared from freeze-dried roots of six beetroot (Beta vulgaris L.) cultivars with red (cv. D’Egypte, Karkulka, Betina, Alexis), yellow (cv.
Burpee’s Golden) or red-white (cv. Chioggia) colour of root flesh were evaluated before and after boiling treatment (20 min, 100°C). Water and fat
holding capacity (WHC and FHC), colour, contents of betalains and total phenolics (TPCs), and antioxidant activity were all significantly affected
by cultivar as well as powder thermal treatment. WHC increased after boiling of the powder and varied between cultivars from 2.14 g/g (cv. D’Egypte)
10 2.59 g/g (cv. Chioggia). The highest FHC of 1.22 g/g was observed in cv. Betina. Colour stability was optimal in the cultivars with red root flesh; with
their lightness decrease between 6 and 10%. This corresponded with betalain content that was the highest in red cv. Betina; for which the values before
and after boiling were 18.10 and 15.04 mg/g DM, respectively. Cultivar Betina significantly exceeded the other cultivars also in TPCs and antioxidant
activity. The TPCs values of this cultivar were 3.73 and 3.32 mg gallic acid equivalents/g DM in the unboiled and boiled variant, respectively. Anti-
oxidant activity of Betina powder before and after boiling was 11.13 and 11.69 mg ascorbic acid equivalents/g DM, respectively. The results indicated
the significance of beetroot cultivar selection for thermal processing. Beetroots with red flesh significantly exceeded yellow and red-white cultivars in all
the evaluated characteristics.

offers different shades of red and red-violet. Beetroot culti-

INTRODUCTION

Beetroot (Beta vulgaris L. conditiva) is a traditional and im-
portant vegetable all over the world that is usually consumed
in traditional western cuisine [Nistor et al., 2017; Sawicki et al.,
2016; Vasconcellos ef al., 2016]. It contains over 80% of wa-
ter, while such components as saccharides, dietary fiber, ni-
trogenous substances, and ash prevail in its dry matter (DM)
[Vasconcellos et al., 2016; Wruss et al., 2015]. However, con-
sumer interest in beetroot has arisen due to the content of mi-
nor compounds implicated in numerous health benefits. These
compounds include particularly betalains, phenolic acids, fla-
vonoids, and ascorbic acid, which may increase the total anti-
oxidant capacity of beetroot [Chhikara et al., 2019; Ravichan-
dran et al., 2012; Vasconcellos et al., 2016; Wruss et al., 2015].

Attractiveness of beetroot for consumers is mainly due
to the colour of root flesh, which as a cultivar-specific trait,

* Corresponding Author: (V. Bartova)

vars with yellow and red-white (alternate red and white rings
in cross-section) root flesh colour are well-known (Plant Va-
riety Database — European Commission). Root flesh colour
is derived from betalains, being water-soluble nitrogenous
pigments having a core structure known as betalamic acid
[Ravichandran et al., 2013]. Average content of betalains
in beetroot is 0.1 g/100 g of fresh root matter but it can be up
to 2 g/kg of fresh matter in some cultivars [VeliSek, 2014].
Betalains consist of two main groups, the red-violet betacya-
nins (major pigment is betanin) and the yellow betaxanthins
(major pigment is vulgaxanthin) [Celli & Brooks, 2017; Sa-
wicki et al., 2016]. They are free radical scavengers and pre-
vent oxygen-induced and free radical-mediated oxidation
of biological molecules [Sawicki & Wiczkowski, 2018].
However, betalains exhibit also anticarcinogenic [Chhikara
et al., 2019; Gengatharan et al., 2015] and antimicrobial
activities [Celli & Brooks, 2017]. Stability of betalain pig-
ments is influenced by betalain structure and composition,
pH value, water activity, oxygen, light, metal and antioxidant
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presence, and temperature that represents the most impor-
tant factor [Guineser 2016].

Beetroot can be consumed as fresh vegetable, beetroot
juice, after heat cooking or as a component of, e.g., food
products [Ranawana et al., 2016]. Powder derived from red
beetroot or beetroot pomace [Porto Dalla Costa et al., 2017]
can be applied in bakery [Kohajdova ez al., 2018], or meat
products [Sucu et al., 2018]. Functional properties, includ-
ing water and fat holding (absorption) capacity, gelling abil-
ity, emulsifying activity and others are important for these
types of beetroot application. Changes in these functional
characteristics occurring during heat treatment are crucial for
the use of beetroot in food applications. The attractiveness
of beetroot powder is due to its red colour, pigment content,
and total antioxidant activity, all of which can be influenced
by heat treatment [Nistor ef al., 2017; Ravichandran et al.,
2013; Sawicki & Wiczkowski, 2018].

The aim of this study was to evaluate the impact of boiling
on colour, antioxidant activity, and betalain pigment and phe-
nolic contents in different colourful powders prepared from
several beetroot cultivars.

MATERIAL AND METHODS

Plant material and beetroot powder processing

Plants of six beetroot (Beta vulgaris var. conditiva) varieties
( ) were cultivated in south-bohemian region (GPS N
49° 39 567, E 14° 88’ 68”) under organic crop management
in 2018. No mineral fertilizers, pesticides or other chemical
preparations were applied during the growing season. Roots
of ten average beet plants were used to prepare a freeze-dried
powder. Roots were thoroughly washed, dried, and weighed.
Afterwards, they were cut into 2-mm thin slices, frozen at
-20°C, and subsequently freeze-dried using a freeze-drier
(ALPHA 1-4 LSD, Martin Christ, Germany) under a tem-
perature of -50°C, pressure of <0.420 mbar, and time period
of 72 h. Freeze-dried samples were grinded using a planetary
mono mill (Pulverisette 6, Fritsch, Germany) under 450 rpm
for 2 min to obtain a beetroot powder.

Colour, functional properties, and antioxidant character-
istics were analysed in the beetroot powders before and after
powder heat treatment. Two g of the prepared beetroot pow-
ders were mixed with 20 mL of deionised water and carefully
shaken. These powder mixtures were placed in a water bath
with a temperature of 100°C for 20 min (time was measured
after reaching the temperature of 100°C in sample interior).
After centrifugation (15 min, 3,600%g, and 20°C) and super-
natant removal, the beetroot powders were cooled, freeze-
-dried to constant weight, and pulverised by using a plan-
etary mill (Pulverisette 6) under 450 rpm for 2 min to obtain
a boiled variant of the beetroot powder.

Water solubility and water holding capacity

Water solubility (S) and water holding capacity (WHC)
of unprocessed beetroot powders were analysed by weighing
300 mg of powder and mixing with 5 mL of deionised water.
The tubes with the mixture were allowed to stand at room
temperature for 30 min under continuous shaking. Samples
were centrifuged (15 min, 3,600xg, and 20°C). The superna-

tant was discarded and tubes with pellet were weighed, freeze-
-dried (-50°C, <0.420 mbar, 48 h), and afterwards weighed
again. Solubility and water holding capacity were computed
from the obtained weight data according to the following for-
mulas (Equations 1-3).

S (%) =100* (m-m,) /m, (D
WHC_ .. (g/8) = (m —m,)/m, )
WHCnon—so]uble part (g/g) = (mwp_ mlp) / mlp (3)

where: S —a water solubility of beetroot powder DM (%), m_—
weight of the sample (g), m, - weight of the freeze-dried pellet
(2), WHCpowder— water holding capacity of beetroot powder
(g of water per g of powder DM), m —weight of the wet pel-
let (¢), and WHC, | (. ...~ Water holding capacity of DM
of beetroot powder non-soluble part (g of water per g of non-
-soluble part DM).

Water solubility and water holding capacity of the heat-
-treated beetroot powder were determined by the same ana-
lytical procedure as described for the unprocessed powders
and computed with Equation 1 and Equation 4, respectively.

WHC

non-soluble part after boiling (4)

wpab_ mlpab) / mlpab

(g/g) = (m
where: WHC | e van atier voine — Water holding capacity
of non-soluble part of powder after boiling (g of water per g
of non-soluble part DM), m - weight of the wet pellet after
boiling (g), and m,, — weight of the freeze-dried pellet after
boiling (g).

b

Fat holding capacity

Fat holding capacity (FHC) was determined analogously
as WHC with the following differences: S mL of rapeseed oil
were used instead of 5 mL of water. Supernatant (oil phase)
was thoroughly discarded after centrifugation and tubes with
pellet were weighed. The obtained weight of fatted pellet data
allowed computing the FHC values (Eq. 5).

FHC (g/g) = (m ;-m) / m, 5

where: FHC - fat holding capacity (g of oil per g of powder
DM), m, — weight of the fatted pellet (g), and m_— weight
of the sample (g).

Colour analysis

Colour of beetroot powder was measured for all evaluated
cultivars before and after boiling, using a colorimeter Color-
Eye XTH (X-Rite, Grand Rapids, MI, USA) which is based
on CIE (Commission Internationale de I’Eclairrage) system
and provides L* a* b* parameters (L* lightness, 0% - black,
100 % - white; a* red — green; b* yellow — blue).

Betalain content

The betalain content was determined spectrophotomet-
rically. Beetroot powder (100 mg) was extracted with 1 mL
of 50% ethanol for 30 min. Supernatants were collected after
centrifugation (20°C, 3,600xg, 15 min). The extraction pro-
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cedure was repeated twice and the final total extract volume
was 3 mL. The absorbance of the obtained and diluted (1:50)
extracts was read (BioMate 5 spectrophotometer, Thermo-
Fisher Scientific, Waltham, MA, USA) at A=540 nm for be-
tacyanins (BCs) and at A=480 nm for betaxanthins (BXs).
The absorbance was used to calculate the betalain, betacya-
nin, and betaxanthin contents for each sample (Eq. 6).

BC or BX (mg/g) = A

x DFxMW xV/ExLxWd 6)

540/480
where: BC or BX — content of betacyanins (BCs) or beta-
xanthins (BXs) (mg/g), A, — absorbance at absorption
maximum for BCs (A=540 nm) or BXs (A=480 nm), DF -
dilution factor, MW — molecular weight: 550 g/mol for BCs
and 308 g/mol for BXs, V - volume of sample solution (mL),
€ — the molar extinction coefficient 60,000 1/(M xcm) for BCs
and 48,000 1/(Mxcm) for BXs, L — path length of the cuvette
(1 cm), and Wd — weight of the dried sample (g).

Total phenolic content

The total phenolic content (TPC) was determined spec-
trophotometrically using the Folin-Ciocalteau’s reagent after
previous extraction of phenolics from freeze-dried matter us-
ing 80% ethanol with a solid-to-solvent ratio of 1:20 (w/).
The extraction was performed for 24 h under room tempera-
ture, and the mixtures were then centrifuged at 3,600xg for
10 min, filtered, and subsequently refrigerated at 4°C until
analysed. The reaction mixture contained 20 uL of the beet-
root extract, 1980 uL of distilled water, 100 wL of Folin-Cio-
calteau’s reagent, and 300 uL of 20% (w/v) sodium carbonate.
Absorbance was read at A=734 nm (BioMate 5 spectro-
photometer) after 2 h. Gallic acid was used as a standard
and the results obtained were expressed as mg of gallic acid
equivalent (GAE) per g of sample DM [Hamouz ez al., 2006].

Antioxidant activity

The beetroot powder extracts for determination of the an-
tioxidant activity (AOA) were prepared as described for TPC
determination. Antioxidant activity was determined using
ABTS and DPPH methods according to Sulc et al. [2007]
with modifications. Ascorbic acid was used as the stan-
dard for both of the methods and results were expressed as
mg of ascorbic acid equivalent (AAE) per g of sample DM.

(2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt (ABTS) was dissolved in the amount

TABLE 1. List of beetroot cultivars and description of root characteristics.

of 54.9 mg in 20 mL of a 5 mM phosphate buffer (pH 7.4),
and BTS radical cations were activated by 1 g MnO,. The fil-
tered solution (PTFE 0.25 wm) was diluted in a 5 mM phos-
phate buffer to the absorbance of 0.800+0.01 at A=734 nm.
Absorbance of the reaction mixture (1 mL ABTS** solution
and 100 uL of beetroot extract) was measured at A=734 nm.

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical in the
amount of 0.025 g was dissolved in 100 mL of methanol
to obtain a stock solution. The reaction mixture was pre-
pared by mixing 975 uL of 10% (v/v) DPPH" stock solution
and 25 uL of the beetroot extract. Absorbance of the reaction
mixture was measured at A=515 nm after 30-min incubation
under room temperature.

Statistical analysis

Data obtained were statistically examined by the one-way
(water and fat holding capacity) or two-way (content of beta-
lain pigments, TPCs, antioxidant activity) analysis of variance
(ANOVA), and significant differences were determined using
the Fisher LSD test at a significance level of p<0.05. Rela-
tions among selected parameters were tested using the cor-
relation analysis. Statistical evaluation was performed with
the STATISTICA software, version 12 (StatSoft Inc., USA).
Three independent replicates were performed for each evalu-
ated parameter.

RESULTS AND DISCUSSION

Functional properties of beetroot powder

Our study was carried out with the group of six beetroot
cultivars with different colour of root flesh. The list of the an-
alysed cultivars with their basic characteristics (root flesh co-
lour, weight, and DM content) are shown in . Average
weight of the roots ranged between 202 (cv. Alexis) and 404 g
(Burpee’s golden), while differences between cultivars in DM
content were found to be in a narrow range from 13.3
(cv. Burpee’s golden) to 15.0 g/100 g (cv. D’Egypte). Similar
DM of beetroots were also found by Szopifiska & Gaweda
[2013] and Kazimierczak et al. [2014].

High WHC values were determined in powders from cul-
tivars Chioggia and Betina ( ), i.e. 1.88 and 1.81 g/g
powder, respectively. However, WHC of these cultivars did
not differ significantly from WHC of cultivars Burpee’s golden
and Karkulka. In contrast, the lowest WHC was determined
in the powder from beetroot of cv. D’Egypte. The content

Beetroot cultivar Country of origin Root shape Root flesh colour Average root weight Dry matter content
® (/100 g)
Alexis CZ cylindrical deep red 202 13.40
Betina CZ spherical deep red 269 13.52
Burpee’s Golden UK spherical yellow (golden) 404 13.29
Chioggia IT spherical rings of red and white 379 14.91
D’Egypte PL (CZ, FR, ES, IT) flattened deep red 323 15.03
Karkulka (674 cylindrical deep red 390 14.69
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TABLE 2. Functional properties of beetroot powders.

Beetroot cultivars Water (S %ubility Water holding capacity (g/g) Water holding capacity after boiling (g/g) CaFat h ?l d(m/ g)

Powder Non-soluble part Powder Non-soluble part pacily (g/g
Alexis 68.53+2.65 1.65%0.05% 4.71+0.09¢ 2.35%0.10% 6.21x0.07 1.09+0.04°
Betina 65.45+0.95® 1.81%0.01% 5.24=0.12¢ 2.59%0.05¢ 6.91x0.12¢ 1.22+0.06*
Burpee’s Golden 66.75+2.30® 1.69=0.05% 5.07=0.06® 2.23x0.08¢ 6.41x0.06" 1.15%0.03%
Chioggia 64.48+2.36° 1.88+0.13¢ 5.28+0.28° 2.56=0.18 6.60=0.15° 1.13£0.05"
D’Egypte 68.27+1.54 1.53+0.19¢ 4.78+0.32b 2.14=0.07¢ 6.22+0.16° 1.14=0.05%
Karkulka 65.76+1.90% 1.72+0.06® 5.02+0.10% 2.29+0.18¢ 6.24+0.20° 1.14=0.07®

Means with different subscript letters for the water and fat holding capacity indicate significant differences according to the one-way ANOVA (factor
cultivar), Fisher LSD test (p<0.05). Results are shown for the dry matter of powder/non-soluble part of powder.

of water-soluble components varied from 64.48 to 68.53%,
depending on cultivar. Increasing the proportion of water
non-soluble components resulted in WHC increase before
and after powder boiling. The boiling process increased WHC
of the powders made of all of cultivars tested. After boiling,
the highest WHC values were determined for the powders
made of cultivars Betina and and Chioggia and reached
2.59 and 2.56 g/g powder, respectively. Differences in WHC
after boiling between these two cultivars were not statistically
significant (p>0.05).

Similarly, high FHC value was determined in the powder
of cv. Betina with a low water solubility. However, the deter-
mined FHC values did not differ significantly from these as-
sayed in powders from beetroots of cultivars Burpee’s golden,
D’Egypte, and Karkulka. The FHC of Betina powder reached
1.22 g/g; the variability between cultivars was from 1.09 (Alex-
is) to 1.22 g/g (Betina). The WHC and FHC values of wheat
powder have been usually determined at 1.1 and 2.5 g/g, re-
spectively [Menon et al., 2015]. Data obtained in our study
show beetroot powder to be a material with high values
of WHC and FHC; thus suitable as a component of powder
mixtures usable in products expected to absorb water and/or
fat. Porto Dalla Costa et al. [2017] have presented high WHC
(mean 10.14 g water/g powder) and FHC (mean 3.3 g/g
powder) for beetroot powder prepared from waste pomace.
Such a high WHC was probably due to the high contents
of insoluble fiber and protein in this type of beetroot material.
In agreement with this assumption, we found the highest con-
tent of total dietary fiber in powder from cv. Chioggia (11.6%
of DM) (not published data of authors). This explains
the highest value of WHC and the lowest value of water solu-
bility found in the powder from this beetroot cultivar. The two
components, fibers and proteins, are considered to be pre-
dominant in the powder ability to retain oil and water [Menon
et al., 2015; Porto Dalla Costa et al., 2017], and responsible
for increasing viscosity, preventing syneresis, and modifying
product’s texture [Porto Dalla Costa et al., 2017].

In this context, beetroot powder is a promising addi-
tive in food systems that can replace, at least partly, wheat
and soybean powders as functional components in products
expected to hold up water and/or oils [Kohajdova ez al., 2018]
or in reduced-energy products [Chau et al., 2004].

Colour of beetroot powder

The colour of beetroot powder differed significantly
among the cultivars (p<0.05) and the colour parameters
were significantly influenced by the boiling process (

). Four tested cultivars had different shades of deep red
colour, roots of one cultivar had red-white strips and anoth-
er one yellow (golden) colour ( ). The L* parameter
values of beetroot powder of the non-boiled samples were
( ) in the range from 46.86 (cv. Alexis) to 84.87 (cv.
Burpee’s Golden). The values of b* colour parameter ranged
from 0.40 (cv. Karkulka) to 47.50 (cv. Burpee’s golden). Deep
red colour was observed in beetroot powder from cultivars
D’Egypte, Karkulka, Betina, and Alexis. The beetroot pow-
der made of all cultivars tested had a more intensive colour
before than after boiling Colour parameters of beetroot
samples changed after boiling and the L* parameter values
were from 40.16 (cv. Betina) to 57.78 (cv. Burpee’s Golden).
The greatest decreases of lightness caused by boiling were
found in the powders prepared from Burpee’s Golden (de-
crease by 27%) and Chioggia (decrease by 18.6%) roots.
The decrease of L* value noted for the root powder from
the redo-coloured cultivar was only between 6% and 10%.
Beetroot characteristic coloration and colour stability dur-
ing thermal treatment depends on the content and stabil-
ity of highly active pigments, especially betalains [Guldiken
et al., 2016] and carotenoids [Ninfali & Donato, 2013].
Betalains (betacyanins and betaxanthins) may be degraded
during heat processing mainly by isomerisation, hydrolysis,
decarboxylation, and dehydrogenation to brown and yel-
low constituents [Bach ef al., 2015; Herbach et al., 2004].
The main beetroot betaxanthin, i.e. vulgaxanthin I, is more
degradable by heat than the main betacyaninsm such as be-
tanin and isolbetanin [Herbach ef al., 2004].

The effect of temperature on the visually-assessed co-
lour of beetroot powder was reported by Bach er al. [2015]
and Chandran ef al. [2014]. Chandran er al. [2014] observed
that temperature had no significant effect on L* value, but
caused modification in a* and b* values. With an increase
of temperature, a* value decreased with a corresponding in-
crease in b* values. Similar trends were observed in our exper-
iment with the exception of cv. Burpee’s Golden with yellow
colour of the original beetroot powder. However, data pre-
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before boiling after boiling

Burpee's golden

L=8487+048a
a=-054+0.08i
b=4750+084a

L=5778+0.12¢
a=031+£0.05h
b=2422+0.16b

D’Egypte

L=4080+015¢g
a=157310.54 cd
b=341+£022d

L=5037+030e
a=26.87 £ 0.36 ab
b=255+0.09¢
Karkulka

L=4979+062¢
a=2678+0.82ab
b=040+014g

=41.00£1.20g
a—144910866
b=310+021d

before boiling after boiling

Betina

L=4710+£0.58f L=40.16+0.65¢g
a=2642+055b a=15.07 £ 0.29 de
b=243+0.11e b=317+0.07d

Chioggia

L=7430+046D
a=1592z0.16¢
b=056+0.10g

L=5572£0.38d
a=457+0.01g
b=10.70 £ 0.06 ¢

L=4686+0.85f
a=2722+044a
b=155+0.18f

L=4066+0.41g
a=1355+025f
b=309+006d

FIGURE 1. Colour of the powder from different beetroot cultivars before and after boiling treatment.

Means with different subscript letters for each colour parameter indicate significant differences according to the two-way ANOVA (evaluated factors:

cultivar and sample treatment), Fisher LSD test (p<0.05).

sented by Chandran ef al. [2014] were based on the analy-
sis of one unknown deep purple cultivar. In turn, Bach er al.
[2015] evaluated the effect of beetroot cultivar and culinary
preparation on colour changes. The decrease of colour inten-
sity was not so extensive in red beetroot cultivars (Taunus,
Rosket a Pablo) as in the red-white beetroot cultivar Chiog-
gia. In cv. Burpee’s Golden, the authors did not observe such
a great decrease of colour intensity as we found in our experi-
ment.

Contents of betacyanins, betaxanthin, and betalains

As presented above, betalain content, composition,
and thermal stability affect beetroot powder colour before
and after boiling. Table 3 collates contents of betacyanins
and betaxanthins, the two categories of betalains, in depen-
dence on beetroot cultivar and thermal treatment of beetroot
powder. Before boiling, the content of betalains (BLs) in pow-
der of red beetroot cultivars ranged from 10.92 (cv. D’Egypte)
to 18.10 (cv. Betina) mg/g DM. Powders of yellow beetroot
cultivar Burpee’s Golden and red-white cultivar Chioggia con-
tained only 2.07 and 1.38 mg/g DM of BLs, respectively. A rel-
ative decrease in betalain content caused by boiling the beet-
root powder ranged from 9% to 29%, depending on cultivar.

The content of red-violet pigments — betacyanins (BCs),
in the tested powders followed the similar trend as it was
found for BLs. The BCs content in beetroot powders of red
root cultivars ranged from 6.63 (cv. D’Egypte) to 11.14 mg/g
DM (cv. Betina). Red-white cultivar Chioggia and yellow
root cultivar Burpee’s Golden contained 0.90 and 0.54 mg/g
DM of BCs, respectively. Boiling treatment led to a decrease
in BCs content in the range from 3 to 28%.

The content of yellow-orange pigments — betaxanthins
(BXs), was higher in the powder from the red root cultivars (in-
terval within cultivars was found between 4.29 and 6.95 mg/g
DM) than in the powder from the yellow cv. Burpee’s Golden
(1.53 mg/g DM) and red-white cv. Chioggia (0.48 mg/g DM).
The lowest BCs/BXs ratio was demonstrated for the yellow
cultivar in both types of powder before and after boiling.
The highest ratio indicated the strong supremacy of beta-
cyanins in roots of this cultivar. The BXs level was also re-
duced by the boiling treatment, the reduction varied between
8% and 36%. The content of BXs in the boiled powder sam-
ples varied between 0.44 (cv. Chioggia) and 5.31 mg/g DM
(cv. Betina). Data of BCs/BXs indicate the lower thermal sta-
bility of BXs in comparison with BCs.

The BLs, BCs, and BXs contents found in our experi-
ment were generally higher than literature data. The total
content of BLs was mostly reported within the broad range
of 4-17 mg/g DM, depending on the cultivar [Sawicki et al.,
2016; Slatnar ef al., 2015]. Sawicki ef al. [2016] described,
in a set of 13 red beetroot cultivars, the content of total
BLs in the range from 10.26 to 17.15 mg/g DM, the con-
tents of BCs and their derivatives from 7.18 to 13.50 mg/g
DM, and BXs content within the range of 2.71-4.25 mg/g
DM. The lowest content of betalains was found in red beet-
root varieties from Finland (4.43-9.60 mg/g DM), as well as
in those grown in the United States (0.65-0.80 mg/g FM) [Lee
et al., 2014]. Unfortunately, betalains are highly sensitive to
light, heat, and oxygen [Kowalski e al., 2014; Nistor et al.,
2017]. The colour and flavour of dried red beetroots are con-
sidered to be the most important quality attributes affecting
their acceptability by consumers [Nistor ef al., 2017; Sorour
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TABLE 3. Content of betalain pigments in beetroot powders before and after boiling treatment.

BC content (mg/g DM) BX content (mg/g DM) Betalains (mg/g DM) BCs/BXs ratio
Beetroot cultivars Before After Before After Before After Before After

boiling boiling boiling boiling boiling boiling boiling boiling
Alexis 10.63+0.39* 8.69+0.07¢ 6.15+0.23" 4.55+0.03¢  16.78+0.62>  13.23+0.10¢ 1.73 1.91
Betina 11.14x0.322 9.73=0.51° 6.95x0.212 5.31x0.28  18.10=0.52*  15.04%0.79¢ 1.60 1.83
Burpee’s Golden 0.54=0.01¢ 0.50=0.502 1.53=0.05° 0.98+0.12¢ 2.07=0.05' 1.48+0.121 0.35 0.51
Chioggia 0.900.02¢ 0.72+0.72¢ 0.48+0.01" 0.44+0.05" 1.38+0.02! 1.16+0.13 1.88 1.64
D’Egypte 6.63+0.44¢ 6.42+0.62¢ 4.29+0.22¢ 3.51+0.34¢ 10.92+0.63" 9.93+0.96¢ 1.55 1.83
Karkulka 7.72+0.17¢ 5.58+0.66 4.45+0.10¢ 3.17+0.39¢  12.17+0.27¢ 8.75+1.05" 1.73 1.76

Means with different subscript letters for contents of betacyanins (BC), betaxanthins (BX), and betalains indicate significant differences according to
the two-way ANOVA (evaluated factors: cultivar and sample treatment), Fisher LSD test (p<0.05); DM - dry matter.

TABLE 4. Total phenolic content and antioxidant activity of beetroot powder before and after boiling treatment.

TPC Antioxidant activity (mg of AAE/g DM)

Beetroot cultivar (mg GAE/g DM) ABTS method DPPH method

Before boiling After boiling Before boiling After boiling Before boiling After boiling
Alexis 3.25+0.21¢ 3.49+0.13% 10.58 +2.64¢ 10.7+0.69 6.77+1.30% 16.900.31
Betina 3.73+0.432 3.32+0.21¢ 11.13+1.19 11.69+0.09* 8.68+0.90¢ 17.59+0.29¢
Burpee’s Golden 1.47£0.141 0.93+0.058 5.65+0.23¢ 2.75+0.07¢ 490+1.13% 13.45+0.47¢
Chioggia 1.3920.14 0.64=0.118 5.73+0.23¢ 2.03x0.03¢ 4.29+0.85¢ 8.36x2.77¢
D’Egypte 2.58+0.93¢ 2.22+0.10¢ 7.67x0.63° 7.71x0.24° 6.11=1.06% 16.44+0.65%
Karkulka 3.09x0.29° 2.46+0.18« 8.47x0.66" 7.88x0.18° 7.96+0.52% 15.22+1.25%

Means with different subscript letters for total phenolic content (TPC) and antioxidant activity indicate significant differences according to the two-way
ANOVA (evaluated factors: cultivar and sample treatment), Fisher LSD test (p<0.05); GAE - gallic acid equivalent; AAE - ascorbic acid equivalent.

et al.,2014]. However, the effect of cultivar on the betalain pig-
ments and colour stability has not been described widely. Her-
bach et al. [2004] described novel yellow neobetanin structures
and two orange-red betanin degradation products in thermal-
ly-treated (85°C) red beet juice explaining the yellow-orange
shift of thermally-treated red beet powder. Nistor e al. [2017]
similarly found a decreasing level of betacyanins and betaxan-
thins with increasing drying temperatures in beetroot material
of cv. Cylindria and also confirmed betalains heat sensitivity.

Total phenolic content and antioxidant activity
Antioxidant activity was evaluated by the ability of beetroot
powder extracts to scavenge ABTS*+ and DPPH" and was ex-
pressed as the equivalent of ascorbic acid. The extracts of all
the cultivars demonstrated a strong potential to scavenge both
radicals ( ). These results indicated that DPPH radicals
could be strongly scavenged by degradation products released
in beetroot powder during boiling (substances modification,
fragmentation, efc.). This conclusion was confirmed by high
correlation coefficients determined using DPPH and betalains
characteristics in the boiled variant ( ). Both, ABTS"+
and DPPH" are suitable for evaluating the antioxidant activ-

ity in individual items of fruit, vegetable and beverages; how-
ever, the DPPH method was presented as more suitable for
the determination of the antioxidant activity of hydrophobic
compounds [Kedare & Singh, 2011]. The results indicated
that the shift of hydrophobicity of beetroot components after
thermal degradation probably resulted in increased solubil-
ity of degradation products and their enhanced reactivity with
DPPH radicals. Sawicki & Wiczkowski [2018] did not found
a significant decrease of the antioxidant activity in red beet
samples after boiling when the ABTS method was employed,
however, if they used the DPPH method, the level of antioxi-
dant activity was significantly lower. Nevertheless, the study
of Sawicki & Wiczkowski [2018] was made with only one cul-
tivar (Czerwona Kula), while our results indicate a significant
effect of cultivar on betalain content, stability, and antioxi-
dant activity. According to data presented by Sawicki & Wicz-
kowski [2018], boiling and fermentation of beetroot material
increased the content of betanidin (aglycon of betanin), that
showed activity in both aqueous and lipid bilayers [Slimen
et al., 2017]. This fact could be responsible for the observed
increase in the antioxidant activity of the boiled beetroot sam-
ples determined with the DPPH method.
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TABLE 5. Correlation coefficients between betalain content or TPC
and antioxidant activity of beetroot powders before and after boiling
treatment.

Before After

boiling boiling
BC content vs. AOA ABTS method 0.869%* 0.986™**
BC content vs. AOA DPPH method 0.7947%* 0.8027%*
BX content vs. AOA ABTS method 0.864** 0.987**
BX content vs. AOA DPPH method 0.806*** 0.84 1%
BL content vs. AOA ABTS method 0.871%* 0.988**
BL content vs. AOA DPPH method 0.8071%** 0.816%*
TPC vs. AOA ABTS method 0.8127%* 0.982%*
TPC vs. AOA DPPH method 0.83 1% 0.818%**

= correlation is significant at p<0.001; BC - betacyanins; BX — betaxan-

thins; BL - betalains; TPC - total phenolic content; AOA - antioxidant
activity.

The antioxidant activity determined with ABTS"*
and DPPH" before boiling varied between cultivars from 5.65
(cv. Burpee’s Golden) to 11.13 mg AAE/g DM (cv. Betina)
and from 4.29 (cv. Chioggiea) to 8.68 mg AAE/g DM (cv.
Betina), respectively. In turn, after boiling, the cultivar vari-
ability of antiradical activity against ABTS** and DPPH"
was between 2.03 (cv. Chioggia) and 11.69 mg AAE/g DM
(cv. Betina) and between 8.36 (cv. Chioggia) and 17.59 mg
AAE/g DM (Betina), respectively. The lowest values of the an-
tioxidant activity were observed for the yellow and red-white
cultivars Burpee’s Golden and Chioggia in all evaluated vari-
ants. This indicates the significant effect of betalain content
on the total antioxidant activity of both raw beetroot powders
and beetroot products after thermal treatment. The highest
content of betalains was determined in cv. Betina ( ).
This cultivar had the highest antioxidant activity in both
the treatment variants of the experiment. In general, the an-
tioxidant activity of beetroot products is mostly defined as
the same or the higher for thermally-processed variants
in comparison with the original samples by most of the other
authors [Gokhale & Lele, 2011; Ravichandran et al., 2012,
2013]. On the contrary, Vasconcellos et al. [2016] detected
with the HPLC method about 10% reduction in the antioxi-
dant activity of the samples of boiled red beetroot as com-
pared with the freeze-dried ones. In the study of Gokhale
& Lele [2011], the increased antioxidant activity found after
beetroot thermal treatment was ascribed to a higher extract-
ability of betaxanthin and total phenolic compounds. This
conclusion was not confirmed in our study. The increase
in the antioxidant activity found with the DPPH method
is rather caused by degradation products because no increase
was observed in BLs and TPCs after boiling. Our results con-
cerning the significant effect of the cultivar on components
exhibiting the antioxidant activity confirm data of Sawicki
et al. [2016] who observed a similarly broad range of anti-
oxidant activities with both ABTS and DPPH methods for
the extracts of 13 red beetroot cultivars. These authors also

observed a positive correlation between the antioxidant ac-
tivity determined with ABTS and DPPH methods and total
betalain and betacyanin content, which corresponds with our
results presented in . The correlations between the an-
tioxidant activity and contents of BCs, BXs, BLs, and TPCs
were statistically significant and very similar in all of the com-
parisons. The highest correlation coefficients were found
between antioxidant compound contents and results deter-
mined with the ABTS method for beetroot powders after boil-
ing. Close correlations were also found between the content
of total phenolics and antioxidant activity determined with
ABTS and DPPH methods. Phenolic compounds belong to
important beetroot antioxidant components [Chhikara et al.,
2019; Guldiken et al., 2016], concentrated mainly in the peel
and the crown [Kujala et al., 2002]. In our study, TPCs ranged
from 2.58 to 3.73 mg GAE/g DM and below 1.5 mg GAE/g
DM in the powder from red root cultivars and in the powder
prepared from roots with yellow and red-white colour of root
flesh, respectively. The highest content was found in the cul-
tivar Betina, while the lowest in the red-white cultivars Chi-
oggia and Burpee’s Golden. This corresponded again with
the content of betalains and total antioxidant activity of beet-
root powder. The TPCs was significantly lower (p<0.05) after
boiling in all the cultivars except for cultivar Alexis. The most
intensive decrease of TPC was observed in cultivars with non-
-red colour of root flesh. Similarly, Guldiken et al. [2016] re-
ported TPC values of 2.55 and 2.38 mg GAE/g FM for raw
and boiled beetroot variants, respectively. However, the anal-
yses were given for only one cultivar and on fresh weight ba-
sis. On the contrary, Vasconcellos ef al. [2016] found TPC at
0.75 and 2.79 mg GAE/g DM for freeze-dried slices of red
beetroot and for the boiled variant (100°C, 40 min), respec-
tively. In generally, the content of total phenolics of the veg-
etables is significantly affected by cooking style. Results
obtained by other authors [Naveena ef al., 2016; Wen et al.,
2010] indicated that phenolic compounds were sensitive to
heat treatment, but Wen ef al. [2010] and Raikos et al. [2018]
reported that different types of the cooking process differently
affected various vegetables and some combinations of veg-
etable species/cultivars and heat processing increased their
phenolic contents while others decreased them. This phe-
nomenon could be explained by direct interactions between
phenolics and some food components or food matrix such as
fibre, fat, proteins or carbohydrates, affecting their phenolic
content and bioaccessibility [Sengiil er al., 2013].

CONCLUSIONS

The obtained data indicated a significant effect of culti-
var on betalain content of beetroot powders that varied for
boiled and raw variant from 1.38 to 18.10 and from 1.16 to
15.04 mg/g DM, respectively. Interestingly, the content of be-
taxanthins was significantly lower in the powders from the red-
white cultivar Chioggia and yellow cultivar Burpee’s Golden
compared to the powders from the red-coloured beetroot
cultivars. The thermal treatment of beetroot powder resulted
in a decrease of both betacyanin and betaxanthin contents,
but also total phenolic content and antioxidant activity (ex-
cept for the antioxidant activity of cv. Alexis) when assessed
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with the ABTS method. Interestingly, the use of the DPPH
method resulted in a higher antioxidant activity determined
in the boiled variant of beetroot powder in comparison with
the non-boiled one. This indicates higher sensitivity of DPPH
radical to degradation products exhibiting the antioxidant
activity. Degradation of beetroot pigments during boiling
treatment resulted in the shift of beetroot powder colour
that was obvious especially for the yellow cultivar Burpee’s
Golden and red-white cultivar Chioggia. Beetroot powder be-
fore boiling was more intensive in all the evaluated cultivars.
A decrease in L* parameter (lightness) was lower for cultivars
Betina and Alexis. Especially the cultivar Betina with a high
antioxidant activity, total phenolic and betalain contents, but
also water and fat absorption and colour stability was found
promising for thermal processing. The obtained data con-
firmed the importance of beetroot cultivar not only for their
chemical composition but also for their suitability to thermal
processing and subsequent use.
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Quantitative descriptive analysis, consumer acceptability as well as physicochemical characteristics were employed to analyse the effect of ground
chia seeds on the texture and quality of wheat bread. Chia seed oil changes and its impact on selected characteristics were determined. The share of chia
seeds did not contribute to bread quality deterioration. The addition of 7.5% chia seeds significantly reduced consumer acceptance as well as contrib-
uted to the development of undesirable features in the sensory profile, including fatty, rancid, and off-flavour. The share of chia seeds in an amount not
exceeding 5% did not deteriorate the overall quality of bread. The composition of fatty acids of bread with chia seeds, especially with their 5 and 7.5%
addition, could be valuable from the nutritional point of view. The fatty acid profile of bread with 5 and 7.5% chia seeds was characterised by over 50%
higher polyunsaturated fatty acids to saturated fatty acids ratio compared to wheat bread. The n-6/n-3 ratio in the fatty acid profile of wheat bread was
18.77, while in the fatty acid profile of chia seed bread it ranged from 1.42 to 0.67. Oil extracted from bread exhibited better quality features as compared

to oil extracted from chia seeds and subjected to the oil oxidative stability test.

INTRODUCTION

Chia (Salvia hispanica L.), a plant that belongs to the La-
miaceae family, has been known for many centuries. Due
to nutritional and health effects, chia seeds become more
and more popular in many countries, especially across the Eu-
rope. Nowadays, they have found various applications, such
as functional food, animal feed, and cosmetics [Ding¢oglu &
Yesildemir, 2019]. Some studies have shown their consump-
tion to yield beneficial effects on such health problems as in-
sulin resistance, dyslipidemia, cardiovascular diseases, or in-
flammation [Vuksan et al., 2017]. In recent years, consumers
expect food with additional health benefits resulting from its
consumption. They seek for a healthy lifestyle, which is also
associated with the growing food awareness.

In 1997, the European Parliament approved chia seeds as
a novel food, which resulted in its increased use in food pro-
duction. Consumption of chia seeds is not typical in the Euro-
pean culture, but bread is still a staple food product in the diet
of many people. The addition of chia seeds to popular food
products, including bread, can be a perfect dietary supple-
ment and bring a number of health benefits for consumers.
Additives used for food supplementation can, on the one

* Corresponding Author: Tel.: +48 126624781;
E-mail: (S. Kowalski)

hand, improve the nutritional value of bread, but on the other
hand, contribute to its diminished sensory acceptance.

Chia seeds, due to their chemical composition, have a high
nutritional potential. They contain protein of a high biological
value with such essential amino acids as isoleucine, leucine,
lysine, and valine. For this reason, chia seeds can be a supple-
ment of cereal proteins that are deficient in essential amino
acids, especially lysine. In addition, the seeds contain fatty ac-
ids, and in particular are a valuable source of n-3 and n-6 fatty
acids [Sandoval-Oliveros & Paredes-Lopez, 2013; Vazquez-
-Ovando ef al., 2010]. Due to the high content of fatty acids,
including unsaturated ones, product with seeds of chia may
be susceptible to rancid processes, which may lead to low-
ered consumer acceptance. Chia seeds are characterised
by a high dietary fibre content, mainly the water soluble frac-
tion [Vazquez-Ovando et al., 2010], and are an important
source of natural antioxidants [Reyes-Caudillo et al., 2008].
They can be a valuable supplement in conventional therapy for
overweight and obesity in diabetics because of the glycaemic
control and a high dietary fibre content [Vuksan et al., 2017].
Mohd Ali et al. [2012] concluded that chia o0il can maintain
a balanced serum lipid profile, while Citelli et al. [2016] ob-
served changes in the lipid profile in the liver caused by chia
oil supplementation. Chia inter alia has been used for the pro-
duction of bread [Coelho & Salas-Mellado, 2015; Hruskova
& Svec, 2015; Miranda-Ramos et al., 2020; Romankiewicz
et al., 2017], pasta [Oliveira et al., 2015], and even ice cream
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[Campos et al., 2016]. Several studies of bread with chia seeds
showed that they contributed to the technological quality
and texture parameters, depending on additive type — flour or
seeds, and the method of their preparation. For example, Coel-
ho & Salas-Mellado [2015] observed a decrease in the specific
volume and the total score values, and an increase in the firm-
ness of bread crumbs with chia seeds. In turn, Romankiewicz
et al. [2017] noticed that the addition of chia seeds decreased
baking losses, but also bread volume and crumb hardness,
whereas Hruskova & Svec [2015] determined higher elasticity
of dough containing hydrated chia resulting in firmer crumb
compared to the bread with dry chia flour. All listed authors
concluded that the addition of chia seeds increased the nutri-
tional value of the bread, for example bread with chia con-
tained more dietary fibre and mineral components. Products
with chia seeds were characterised by a rich fatty acid compo-
sition and a higher content of phenolic compounds. Miranda-
-Ramos et al. [2020] pointed out that phytates of chia seeds
may affect the bioavailability of such microelements like Zn
and Fe. They also emphasised that the glycaemic index was
lower in bread with chia ingredients compared to wheat bread,
which in combination with nutritional benefits could be clini-
cally important for the prevention of metabolic diseases.
In sensory evaluation, the breads with chia seeds met with
consumer acceptance. Romankiewicz et al. [2017] concluded
that the substitution of wheat flour with chia seeds up to 6%
did not negatively affect the final product acceptance.

Due to the composition of chia seeds, it was hypothesised
that although their addition can improve the nutritional value
of the bread, it may, on the other hand, contribute to a decreased
consumer acceptance resulting from oxidative changes of fats.
However, there is a lack of data regarding the influence of chia
seeds on the oxidative stability of fats contained in the prod-
ucts with their addition. In this study, ground chia seeds were
added to the dough, which can contribute to the better utiliza-
tion of nutrients but also could result in faster oxidation changes
of fats during bread baking. It should be emphasised that most
of the studies on the nutritional, technological, and sensory
value of bakery and pastry products are carried out with seeds
or grains, defatted or refined flour. Considering that the intes-
tinal transit time in humans is too short to digest whole seeds
and grains, it seems important to supplement bread with crushed
seeds or grains. In the present study, wheat flour was partially
replaced with ground chia seeds, thanks to which the bread was
enriched with all the valuable nutrients contained in the whole
grain, which offers both technological, nutritional, and sensorial
novelty. For this reason, the aim of this study was to evaluate
the effect of substituting some part of wheat flour with ground
chia seeds on selected physicochemical and textural properties,
on the technological and sensory quality, as well as on the accep-
tance of bread with 2.5, 5, or 7.5% of ground chia seeds.

MATERIALS AND METHODS

Materials

Formulation and bread making method by Mikulec et al.
[2019] was applied. Some part of wheat flour (WF) type 650
(PZZ Stoislaw, Poland) was replaced with ground chia seeds
(Natura Food, Intenson Europe sp. z 0. 0., Poland) in the fol-

lowing wheat/chia ratios (w/w): 97.5/2.5 (WCh2.5); 95/5
(WCh5) and 92.5/7.5 (WCh7.5). The chia seeds were ground
using a laboratory mill (KM 13, Bosch, Gerlingen, Germany).
Standard wheat bread (WS) was also prepared. Forty loaves
were prepared for each sample from two batches.

Chemicals used in the experiment

The following chemicals were used for analyses: petro-
leum ether, chloroform, acetic acid glacial, potassium iodide,
sodium thiosulfate, starch soluble phenolphthalein, sodium
hydroxide, potassium hydroxide, sodium chloride, n-hexane,
methyl orange, ethanol, sodium methylate (Avantor Perfor-
mance Materials S.A., Gliwice, Poland), 12% boron trifluo-
ride, Supelco 37 component FAME Mix and CLA isomers,
MES hydrate, TRIZMA® base (Sigma-Aldrich Co., St. Louis,
MO, USA), sulphuric acid, acetone (PPH Stanlab, Sp. z 0.0.,
Lublin, Poland), Kjeltabs (Foss, Hillergd, Denmark), hydro-
chloric acid (PPUH Tarchem Sp. z o0.0., Tarnowskie Gory,
Poland), Tashiro indicator, boric acid, (Chempur, Piekary
Slaskie, Poland), buffer solutions pH 4.0, 7.0, and 9.0
(Eurochem BGD. Sp. z o0.0., Tarnéw, Poland), and total
dietary fibre assay kit (Megazyme, Bray, Ireland).

Analysis of the proximate composition of wheat flour
and chia seeds

The contents of water (AOAC 925.10), protein (AOAC
950.36), crude fat (AOAC 935.38), starch (AOAC 996.11),
ash (AOAC 923.03), total, and soluble and insoluble dietary
fibre (AOAC 991.43) were determined following the As-
sociation of Official Analytical Chemists (AOAC) methods
[AOAC, 2006]. Analyses was performed in duplicate. Results
were expressed as g/100 g dry matter (d.m.).

Analysis of the basic quality features of bread

Two hours after baking, some instrumental quality pa-
rameters of bread, such as bread volume [AACC, 2000], to-
tal baking loss [Majzoobi et al., 2011], and crumb moisture
(AOAC 925.10) [AOAC, 2006] were determined.

Texture analysis

Selected texture parameters of the bread crumb, such as
hardness, cohesiveness, chewiness, gumminess, springiness,
and resilience, were determined acording to the procedure de-
scribed by Szczesniak [2002]. Cylindrical samples of crumb
(r = 40 mm, h = 30 mm) were analysed with a TA.XT2.Plus
texture analyzer (Stable Micro System, Surrey, UK) equipped
with 5 kg load cell, using an aluminium, cylinder probe
(p = 36 mm), at the test speed of 2 mmy/s, deformation
of the entire sample height reaching 75%, and pause of 10 s.
Measurements were done in ten replications.

Consumer acceptability

Consumer acceptability tests using a 9-point hedonic
scale [Stone & Sidel, 2004] were performed by a panel con-
sisting of 75 untrained potential consumers (20-60 years
old, 49 females and 26 males) who were habitual consumers
of bread. Consumers were recruited from different institutes
of the State Higher Vocational School in Nowy Sacz, Poland
(staff and students).
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Sensory profile

The assessment was carried out in a sensory laboratory
at the State University of Applied Sciences in Nowy Sacz,
Poland, which meets the requirements of the Internatio-
anl Organization for Standarization (ISO) 8589 standard
[ISO, 2010]. Descriptive sensory profiling of breads us-
ing a quantitative descriptive analysis (QDA), according to
ISO 13299 standard [ISO, 2016] was carried out 4 h after
baking by a panel of 8 assessors (in two independent repeti-
tions) (n = 8, 7 women and 1 man, aged from 21 to 49),
qualified as experts — according to ISO 8586 standard [ISO,
2014] and having appropriate methodological (theoretical
and practical) preparation in the field of sensory methods
and extensive experience in conducting assessments us-
ing quantitative descriptive analysis. Bread samples (35 g,
a thickness of 12+2 mm) were placed on previously pre-
pared and coded disposable paper trays. Pure water hav-
ing a temperature of 20°C was used as a taste neutralizer
between samples. Samples were presented to the assessors
simultaneously.

The attributes of the analysed products were selected
in accordance with the ISO 13299 procedure [ISO, 2016]
and their definitions were established. Twenty qualitative
attributes were selected and defined ( ). The 100-mm
unstructured linear scale with marked boundary values
from 0 to 10 conventional units (c.u.), where 0 meant no
intensity of a given attribute, and 10 meant high intensity
of a given attribute, was used. Results were calculated us-
ing Microsoft Excel 10.0 software (Microsoft, Redmond,
WA, USA).

Analysis of oil extracted from bread and chia seeds

Chia seeds as well as bread supplemented with 7.5%
chia seeds (WCh7.5) were analysed for oil fraction stability.
The WCh7.5 sample was selected from among breads, due
to the highest content of fat and possibly the greatest effect
on the oxidative changes in fat. For this purpose, chia seeds/
bread samples were milled using a laboratory mill (KM13,
Bosch Germany), and the oil was extracted with petroleum
ether (1:3, w/) for 3 h with continuous stirring. After decant-
ing, fresh petroleum ether was added to the solid residue,
and the extraction procedure was repeated twice. After col-
lection, all liquid phases were centrifuged and the superna-
tant was removed from the oil fraction by evaporation us-
ing a vacuum evaporator (RV 10 C S99, IKA, Konigswinter,
Germany).

The oils obtained were subjected to the following analyses:

Oil oxidative stability test

Chia oil extracted from chia seeds/bread was subjected to
the oxidation stability test according to Pike [2001]. The anal-
ysis kit consisted of a purified compressed air cylinder with
a flow regulator, and a thermostat. The air used for the mea-
surement was drawn through the filter and the water vapour
was removed by means of a molecular sieve. Oil sample was
thermostated at 60°C under a constant air flow (20 L/h)
and continuously aerated for 5 days. The samples were then
analysed for peroxide and iodine values as well as free fatty
acid content.

TABLE 1. Sensory attributes of breads used in the quantitative descrip-
tive analysis (QDA).

. .. Word anchors
Attribute Definition (0-10 c.u.)
Appearance
Beige colour Visual perception of the bread light > dark
of the crust crust colour
. Visual perception of the bread poreless —
Porosity .
crumb porosity/porous porous
Odour
Flour Odour typical of flour fione = very
intensive
Grain-seed OQOur typlcal of cereal none — very
grains, dried seeds, bran intensive
Alcoholic Odour typical of the ethyl none — very
alcohol (ethanol) intensive
. none — very
Buttery Odour typical of butter intensive
Rancid Odour typical of rancid oil fone = very
intensive
Fatty Odour typical of fat fone = very
intensive
Off-odour Sm“ell of so’r’nethmg other than none — very
regular” smell of bread intensive
Flavour
Taste characteristic to sugar
or substance containing or
. none — very
Sweet resembling sugar, as honey or intensive
saccharin (basic taste illustrated
by sucrose diluted in water 1.5%)
The taste experience when quinine
Bitter or coffee is taken into the mouth none — very
(basic taste illustrated by caffeine intensive
diluted in water, 0.5%)
. Taste characteristic to cereal none — very
Grain-seed . . . .
grains, dried seeds, bran intensive
Acidulous The intensity of the acidulous taste fione — very
intensive
Rancid Taste typical of rancid oil none = very
intensive
. none — very
Fatty Taste typical of fat intensive
Off-flavour :l:aste of iomethlng other than none — very
regular” flavour of the bread intensive
Texture (mouth feel)
Hardness The force required to not hard
bite bread samples — hard
The energy required to chew
a product until it is ready to ot chew
Chewiness be swallowed (the number Y
— chewy
of chews used to prepare
the product to be swallowed)
Adhesiveness The force required to low — high
remove bread crumbs
Moistness Slightly or moderately wet dry — moist

Peroxide value determination

The analysis was done according to the 3960 ISO stan-
dard [ISO, 2017]. The peroxide value was expressed in mmol
of active oxygen per kilogram of the sample. As a result,
the mean of two parallel determinations was assumed.
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Free fatty acid determination

Free fatty acid (FFA) content was determined according to
Del Flores-Alvarez et al. [2012] procedure. The results were
expressed as lauric acid equivalents. The assay was carried
out in duplicate for each sample. FFA content was calculated
as follows (Eq. 1):

%FFA as lauric acid =

_ mL NaOH x NaOH molarity X 20 (equivalent weights) o
B weight (g)

lodine value determination

The test was made according to the European Committee
for Standardization (CEN) DIN EN 14111 standard [CEN,
2003]. The iodine value was expressed as grams of I, ab-
sorbed by 100 g of the sample. As a result, the mean of two
parallel determinations was assumed.

Determination of fatty acid profile

The extraction of total lipids was performed in duplicate
according to the Folch ez al. [1957] method, while the derivati-
sation and determination of total fatty acid composition were
performed according to the AOAC - approved method 991.39
[AOAC, 2006]. Briefly, to the fat extracted (10 mg), 0.5 mL
of 0.5 N KOH (methanol solution) was added and heated to
85°C, then I mL of 12% BF, (methanol solution) was added,
and the mixture was reheated at 85°C. After cooling to room
temperature, 1 mL of hexane and 5 mL of saturated NaCl
solution were added. About 1 uL of the resulting sample was
injected onto the column connected to the TRACE GC UL-
TRA chromatograph (Thermo Electron Corporation, Mila-
no, Italy) with a flame ionization detector (FID). Operating
parameters were as follows: FID temperature 250°C; dis-
penser temperature 220°C; oven temperature 160°C (3 min)
to 210°C (3°C/min) (210°C, 35 min). SUPELCOWAX10
column (30 m, 0.25 mm, 0.25 um) was used and helium was
applied as a carrier gas at a flow rate of 1 mL/min. Split flow
was 10 mL/min. Individual fatty acid methyl esters were iden-
tified by comparison to the standards of a mixture of Supelco
37 component FAME Mix, and of CLA isomers.

Nutritional properties

Nutritional properties of lipids were evaluated using
three indexes: the atherogenicity index (Al), the ratio of hy-
pocholesterolemic to hypercholesterolemic fatty acids (HH),
and the thrombogenicity index (TI) (Eq. 2-4) [Ulbricht &
Southgate, 1991]:

Al = C12:0+[4xC14:0]+C16:0 Q)
- IMUFA+X(n-6)+X(n-3)
HH = C18:1n9+C18:2+C20:4+C18:3+C20:5+C22:5+C22:6 3)
C14:0+C16:0
I = C14:0+C16:0+C18:0 @

0.5-C18:1+0.5(MUFA-C18:1)+0.5x PUFA(n—6) +3
XPUFA(}’I—3) +PUFA(!1—3)

PUFA(n-6)

where: MUFA — monounsaturated fatty acids, PUFA - poly-
unsaturated fatty acids.

Statistical analysis

The analysis of variance (ANOVA) and Duncan post-
hoc test (p< 0.05) as well as principal component analy-
sis (PCA) were performed using Statistica 13.3 (Stat Soft,
Krakoéw, Poland).

RESULTS AND DISCUSSION

Analysis of the basic quality features of wheat flour
and chia seeds

The wheat flour and chia seeds used for bread making
differed significantly (p<0.05) in the content of proximate
chemical components. In comparison with the wheat flour,
chia seeds had approx. 1.5 times higher protein content, ap-
prox. 22 times higher crude fat content, approx. 10 times
higher total dietary fibre content, and approx. § times higher
mineral components content, which confirms their high nu-
tritional value ( ). The chemical composition of chia
seeds used in the present study is similar to that reported
by other authors [Coelho & Salas-Mellado, 2015; Hruskova
etal., 2015]. Therefore, substituting a part of wheat flour with
ground chia seeds had to contribute to the increase in the nu-
tritional value of the bread.

Analysis of the basic quality features of bread

The bread with chia seeds did not differ significantly
in the total baking loss, which ranged from 14.25% for wheat
bread to 14.75% for bread with 2.5% chia seeds ( ). No
influence of chia seeds on bread volume was observed, which
ranged from 883.25 mL for bread with 7.5% chia seeds to
897.67 mL for wheat bread. A decrease in crumb moisture
was observed in the bread with chia seeds addition, on the day
of baking ( ). Opposite results were obtained by Ro-
mankiewicz et al. [2017], who observed an increase in the bak-
ing loss after chia seeds addition and a reduction in bread
volume, compared to wheat bread. However, Hruskova et al.
[2015] obtained a larger volume of bread with chia flour,
which was caused by the initial hydration of chia flour due
to water absorption by chia polysaccharides. It is well known

TABLE 2. Chemical composition of chia seeds and wheat flour.

Chia seeds Wheat flour

Moisture (g/100 g) 6.87x0.06° 13.73=0.06*
Protein (g/100 g d.m.) 20.58=0.01* 14.12+0.03°
Crude fat (g/100 g d.m.) 33.99+0.012 1.56=0.01°
Soluble 3.45+0.04° 1.61=0.01°

gffggygﬁgﬁ) Insoluble  25.810.05° 1,360,040
Total 29.25+0.012 2.97+0.04"

Ash (g/100 g d.m.) 4.96+0.01° 0.65=0.00°
Starch (g/100 g d.m.) 0.00%0.00° 73.13+0.01°

Values (mean =+ standard deviation) in the same row marked with differ-
ent letters are significantly different at p<0.05; d.m. — dry matter.
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that free water evaporates quicker during baking and storage,
compared to the bound one. Despite the reduction of the glu-
ten protein in bread, a larger loaf volume was obtained as
a result of the addition of a gluten-free raw material, such as
chia flour. Bread volume depends on the type and amount
of protein used in dough formulation, as well as on its inter-
action with starch. Although chia seeds have a high protein
content, it cannot form a continuous gluten-like network, thus
impairing water entrapment. Additionally, proteins compete
with starch for water, delaying starch swelling and gelatiniza-
tion [Gnanavinthan et al., 2010]. Therefore, in reference to our
research and that of other authors, it can be concluded that
the method of bread dough preparation, especially involving
raw gluten-free and high-fibre content, can be very important
for loaf volume, baking loss, or bread crumb moisture content.

Texture analysis

The hardness of the bread crumb is one of the most
important and often determined parameters in bread tex-
ture studies. It is the main determinant of bread quality
and is closely related to the perception of bread as fresh to
consumers. The highest hardness on the day of baking was
determined in the breads with 2.5 and 5% share of chia seeds,
reaching 3.10 and 3.25 N, respectively ( ). There was
no significant difference between the hardness of the wheat
bread and bread with the 7.5% chia seed content. An increase

in cohesiveness, gumminess, and chewiness of bread crumbs
with chia seeds was observed, compared to wheat bread.
A positive effect of 5 and 7.5% of chia seeds on the reduction
of gumminess and chewiness of crumb was observed in com-
parison to other breads ( ). The changes in the texture
of the bread crumb were mainly due to the decreased gluten
content caused by the addition of chia seeds, an ingredient
with a higher dietary fibere and fat content [Collaret al., 2007].
Bread dough is a complex system in which the interaction be-
tween the different ingredients may cause various effects. De-
pending on their amount, the additives used in bread making
can change textural properties, for example fat restricts starch
swelling during baking. During baking, anti-firming compo-
nents interact with wheat flour starch molecules and decrease
starch swelling. As a result, less surface area is exposed to
gluten and weaker cross-linking with protein occurs; there-
fore, the firming rate is reduced [Scheuer ef al., 2016]. For
resilience, a significant increase (p<0.05) was observed
in the bread with 7.5% share of chia seeds ( ). Coelho
& Salas-Mellado [2015] obtained similar results; they ob-
served an increase in the firmness of bread crumbs with chia
on the baking day. Meanwhile, Romankiewicz et al. [2017] re-
ported a 4 to 8% decrease in the crumb hardness, gumminess,
and chewiness of bread with chia addition on the baking day,
compared to the standard one. Comparing the texture profile
assessed by the sensory panel to the results obtained from

TABLE 3. Characteristics of wheat bread and breads with addition of chia seeds.

Bread type WS WCh2.5 WChS WCh7.5
Physicochemical parameters
Total baking loss (%) 14.25+0.55¢ 14.75+0.60¢ 14.28 +0.60° 14.60+0.46*
Volume (mL) 898+13¢ 892+12¢ 885+10¢ 88310°
Moisture of bread crumb (g/100 g) 45.70=0.01* 45.28+0.09° 45.17x0.13" 45.30=0.08"
Texture parameters
Hardness (N) 2.74=0.12° 3.10x0.13¢ 3.25+0.122 2.79+0.12%
Springiness (-) 0.94=0.03* 0.89=0.01° 0.89=0.04° 0.96=0.02¢
Cohesiveness (-) 0.66=0.03¢ 0.81=0.01° 0.78=0.02¢ 0.85%0.02¢
Gumminess (N) 2.12+0.09¢ 3.54+0.07* 2.49+0.16° 2.52+0.09°
Chewiness (N-mm) 1.96+0.09¢ 3.34+0.13* 2.69+0.14° 2.84+0.17°
Resilience (-) 0.40+0.01° 0.40+0.02° 0.41+0.01° 0.51+0.01¢
Consumer acceptability

Taste 8.9+0.30° 8.8+0.472 8.3£0.48" 7.5%0.45¢
Texture 8.9+0.30° 8.8+0.40? 8.2x0.31° 7.6%0.32¢
Aroma 8.7x0.47¢ 8.6=0.50° 8.4=0.68" 7.6%0.65¢
Crumb colour 8.8+0.40? 8.7x0.67* 8.1x0.53" 7.120.48¢
Crust colour 8.8+0.422 8.7=0.512 8.0£0.42° 7.220.67
Overall acceptability 8.9+0.302 8.8+0.522 8.2+(.45° 7.3+0.42¢

WS —wheat bread, WCh2.5 - bread with 2.5% addition of chia seeds, WChS5 — bread with 5% addition of chia seeds, WCh7.5 - bread with 7.5% addition
of chia seeds. Values (mean + standard deviation) in the same row marked with different letters are significantly different at p<0.05.
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instrumental tests, the evaluators did not evaluate the hard-
ness of WCh7.5 at a similar level as for wheat bread ( ).
It may be due to the fact that only crumb hardness was an-
alysed using a texturometer, in comparison to whole bread
slices in the QDA.

Consumer acceptability

Consumer preference assessments provide very impor-
tant and valuable information for food and drink producers,
however they are not sufficient. Food producers should meet
the expectations and needs of consumers, because without
consumer acceptance they will not achieve the intended suc-
cess. A new product should meet the certain level of quality
required by the consumers because only a few percent of new
products are fitted on the market.

In the consumer acceptance test, wheat bread and bread
with 2.5% of chia seeds obtained similar scores ( )
and did not differ significantly (p>0.05). Other breads dif-
fered (p<0.05) by means of the organoleptic evaluation com-
pared to WS and WCh2.5, as well as differed among each
other. The lowest scores were given to the bread with a 7.5%
share of chia seeds. This bread obtained much lower scores,
especially for the colour of crumb and crust and overall ac-
ceptability, which ranged from 7.1 to 7.3 ( ).

Other authors observed deterioration in the organolep-
tic characteristics, lower rating and consumer acceptance
of bread with chia seeds [Coelho & Salas-Mellado, 2015;
Hruskova et al., 2015]. Hruskova et al. [2015] observed lower
scores given for the appearance, texture, and overall accept-
ability to the bread with 8% addition of chia seeds. Deterio-
ration of the organoleptic properties of bread enriched with
such non-cereal additives like hemp [Mikulecez al., 20191, cis-
tus extract [Mikulec et al., 2020], herbs [Adams ef al., 2011],
and others can be explained by the content of essential oils
that cause its specific taste and smell. The same explanation
can be applied to the changes observed in the present study.

Descriptive sensory profiling

The manufacturer must know not only how product
is rated by consumers, but also why it has received a specific
rating. Sensory profile analysis provides valuable answers to
the “why” question. The method of sensory profiling (QDA)
assumes that sensory characteristics are not homogeneous,
but consist of a number of individual distinguishing attri-
butes, a significant part of which can be identified and sepa-
rately analysed.

In the sensory profile of the obtained breads, the flour
and alcoholic odours were significantly less perceptible
in the breads with 5% share of chia seeds, but significantly
more grain-seed odour and flavour were detected in all breads
with chia seeds ( ), compared to wheat bread. The share
of chia seed contributed to the appearance of fatty flavour as
well as rancid and off-flavour, mainly in WCh7.5 ( ). Re-
garding the textural properties, the assessors did not observe
the difference between chia seed breads and wheat bread.

The PCA analysis allows finding dependencies in a data
set, better data representation, classification, pattern search-
ing, or dimension reduction. Values are not evenly distributed
along all directions of the multidimensional coordinate sys-

TABLE 4. Intensity of the sensory attributes of breads.

Attribute | WS | WCh2.5 | WCh5 | WCh7.5
Crust colour 3.0£0.5¢ 32x05 4.5%0.7° 7.5+0.2°
Porosity 9.5+1.6 9.2+0.9* 8.6%1.9* 8.4x2.2°
Flour (odour) 3.1+04  28+0.6* 1.1x0.3* 0.9%0.3"
Grain-seed (odour) 0.6+0.5¢ 2.1+0.5¢ 3.9+0.5> 5.5+0.9*
Alcoholic (odour) 3.61.00 23+0.80 1.4x0.5* 13+0.3°
Buttery (odour) 0.5+0.00  0.0+0.0° 0.00.0° 0.0+0.0°
Rancid (odour) 0.0£0.0° 0.0=0.0° 0.0+0.0> 1.5+0.5
Fatty (odour) 0.0£0.0¢  0.9%0.2¢ 1.5+0.5* 2.5+0.5°
Off-odour 0.0+0.0 0.00.0° 0.0«0.0> 1.5+0.5
Sweet 0.0«£0.00  0.0£0.0*  0.0=0.0* 0.0=0.0*
Bitter 0.0+0.06  0.0£0.00  0.0«0.00  0.0=0.0°
Grain-seed (flavour)  0.6x0.2¢  3.5+0.5¢ 53x1.1" 6.6+1.9°
Acidulous 0.0+0.00  0.00.00 0.00.00 0.0=0.0°
Rancid (flavour) 0.0+0.0> 0.0+0.0>6 1.6x0.5* 2.5+1.5*
Fatty (flavour) 0.0£0.0¢  1.5£0.6° 2.50+0.9> 4.5+1.5
Off-flavour 0.0£0.0° 0.0£0.0° 0.0=0.0° 2.1x0.9*
Hardness 3.6£1.5° 41x22° 4319 54x23°
Chewiness 45+1.8 S5.1x2.5 48x1.00 52x09
Adhesiveness 8.6=1.2¢ 82x0.9* 78+0.5 7.4x0.8
Moistness 5.6£0.5*  6.1x0.7*  58+0.9* 49=x1.1*

WS - wheat bread, WCh2.5 — bread with 2.5% addition of chia seeds,
WChS - bread with 5% addition of chia seeds, WCh7.5 — bread with 7.5%
addition of chia seeds. Values (mean =+ standard deviation) in the same
row marked with different letters are significantly different at p<0.05.

tem, but show concentrations in certain subspaces. Finding
these subspaces allows seeing patterns that are invisible or
unnoticeable in the original data layout. The PCA transfor-
mation determines the correlation that occurs between mul-
tiple variables in a data set. If the data are correlated, then
knowing only some of them is enough to determine the char-
acteristics of the tested product [Jolliffe & Cadima, 2016].

The PCA of textural and sensory data of the analysed
breads shows that principal component 1 and principal com-
ponent 2 described 91.42% of the total variation. The PCA
plots ( ) indicate that standard wheat bread
(WS) was closely related to porosity, alcoholic odour, and ad-
hesiveness. WCh2.5 bread was well correlated with moisture
content, hardness, and gumminess (both parameters from
instrumental texture analysis). WCh7.5 bread was related
to such sensory attributes like crust colour, grain-seed, ran-
cid and off-odour, rancid and off-flavour, and with such in-
strumental texture parameters like springiness and resilience.
In turn, WChS bread showed a poor correlation with the at-
tributes correlated with the first principal component but cor-
related with grain-seed, and off-odour, grain-seed, and fatty
taste as well as with hardness from sensory assessment.
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TABLE 5. Quality characteristics of chia oil during oxidative stability test.

Sample Time (day) lodine value Peroxide value Free fatty acid content
p Y (g1,/100 &) (mmol O, /kg) (mg NaOH/g)

0 86.12+0.39° 22.51x0.49° 3.41%0.15¢

Oil extracted from bread WCh7.5 (OFB)
86.66+0.59° 37.93+0.84* 6.24x0.04°

0 85.70+0.79° 5.04=0.17¢ 0.85=0.1¢
Oil extracted from chia seed (OCS)

5 88.73£2.99¢ 37.74+0.22 8.79+0.03*

WCh7.5 - bread with 7.5 % addition of chia seeds. Values (mean = standard deviation) in the same columns marked with different letters are signifi-

cantly different at p<0.05.

Analysis of bread and chia oil oxidative stability

During storage, fat may undergo some changes as a result
of hydrolysis, oxidation, and polymerization processes, which
lead to undesirable organoleptic and chemical changes, low-
ering the nutritional value as well as consumer acceptance.
Such changes can also result in the formation of compounds
harmful to health. Especially changes among the fat fraction
result in undesired sensory deterioration. There are many
factors influencing the oil stability, like fatty acid composi-
tion, presence of thermally-oxidised compounds, oxidative
enzymes, and antioxidants [Manzocco et al., 2016].

According to the Codex Alimentarius [Joint WHO/
FAO Codex Alimentarius Commission, 2017] requirements,
in cold-pressed oils, the content of free fatty acids resulting
from fat hydrolysis should be <4.0 mg KOH/g and the per-
oxide value should be at <15 mmol O /kg. Oil samples from
chia seed (OCS) and from bread with 7.5% of chia seeds
(OFB), extracted on the baking day, met the requirements
specified in the Codex Alimentarius [Joint WHO/FAO
Codex Alimentarius Commission, 2017] for the free fatty
acid content ( ). After five days of storage, the FFA
content of OFB increased to 6.24 mg KOH/g (almost dou-

a)

Second principal component: 21.98%

-0.5 0.0 0.5
First principal component: 69.44%

-1.0 :
1.0

ble) and in OCS to 8.79 mg KOH/g (more than 10-fold).
The peroxide value of OCS did not exceed the allowable lev-
el on the first day of the oxidation stability test. The peroxide
value of OFB was higher compared to OCS, which may be
due to the thermal processes that take place in bread during
baking. Qualitative changes in OCS after five days of aerat-
ing at 60°C corresponded to the changes that took place
in OFB. The iodine value, which is a measure of the degree
of unsaturation of fats used to identify them in products, did
not change during bread storage, compared to the value ob-
tained on the bread baking day. For OCS, it changed slightly
from 85.70 to 88.73 g 1,/100 g ( ) and the increase
observed was statistically insignificant (p>0.05). The ob-
tained results indicate that in breads after 5 day of storage,
the process of chia seeds fat oxidation was less advanced as
compared to pure chia seeds oil extracted from raw mate-
rial and subjected to the oil oxidative stability test. The high
value of the iodine value indicates a high content of unsatu-
rated fatty acids in the tested samples, which was confirmed
by the fatty acid profile. Similar observations were made
by Maire et al. [2013] who investigated baked products en-
riched with raw materials, being the source of unsaturated

b)

WCg?.S

W%r 5

WC82.5

Second principal component: 21.98%

8 6 4 2 0 2 4 6 8
First principal component: 69.44%

-10

FIGURE 1. a) Projection of variables on the factor plane x: Crust colour (1), Porosity (2), Flour (3), Grain-seed (odour) (4), Alcoholic (odour) (5),
Rancid (odour) (6), Fatty (odour) (7), Off-odour (8), Grain-seed (taste) (9), Rancid (taste) (10), Fatty (taste) (11), Off-flavour (taste) (12), Hardness
(13), Chewiness (14), Adhesiveness (15), Moistness (16), Hardness txt (17), Springiness txt (18), Cohesiveness txt (19), Gumminess txt (20), Chewi-
ness txt (21), Resilience txt (22); b) Projection of cases on the factor plane x: WS — wheat bread, WCh2.5 - bread with 2.5% of chia seeds, WChS — bread

with 5% of chia seeds, WCh7.5 - bread with 7.5% of chia seeds.
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TABLE 6. Fatty acid profile and fat nutritional quality of chia seeds and supplemented breads.

Fatty acids Chia seeds WS WCh2.5 WChS WCh7.5
Content (% of total fatty acids)
12:0 0.004=+0.001¢ 0.028+0.003¢ 0.011=0.000° 0.007=0.000¢ 0.007=+0.000¢
14:0 0.027+0.004¢ 0.233x0.009¢ 0.101x0.002° 0.0760.000¢ 0.071£0.005¢
15:0 0.013+0.001¢ 0.212+0.004¢ 0.089£0.000° 0.078=0.001¢ 0.052=0.000¢
16:0 6.178+0.092¢ 20.636=0.201* 16.308+0.219® 14.625+0.541° 13.341+0.476¢
16:1n-9 0.046+0.007¢ 0.560=0.0040° 0.199=+0.019° 0.141=0.011¢ 0.098=0.003¢
16:1n-7 0.0620.004¢ 0.2980.004* 0.221+0.002° 0.149=0.009¢ 0.119=+0.006¢
17:0 0.028=0.000¢ 0.091+0.004° 0.072+0.001¢ 0.103=0.000° 0.063+0.000¢
17:1 0.011=0.001¢ 0.042+0.006 0.034=0.000° 0.027+0.003¢ 0.022+0.009¢
18:0 2.178+0.095¢ 0.801+0.021¢ 2.161x0.012¢ 3.166+0.065° 3.376+0.035¢
18:1n-9 4.699+0.057¢ 9.380+0.047¢ 7.405+0.057° 6.998+0.052¢ 6.513+0.133¢
18:1n-7 0.623+0.033¢ 0.817+0.0442 0.724=+0.006¢ 0.619+0.012¢ 0.741+0.005"
18:2n-6 18.658+0.062¢ 63.155+0.181° 42.421+0.139 30.724+0.401° 30.072+0.028¢
18:3n-3 67.216=0.085° 3.365+0.042¢ 29.876+0.025¢ 42.813+0.136¢ 45.097+0.263°
20:0 0.172+0.004¢ 0.078=0.013¢ 0.180=0.001¢ 0.318=0.009° 0.277+0.003°
20:1 0.088=0.000¢ 0.308=0.008* 0.200=0.008° 0.1600.009¢ 0.155+0.005¢
Nutritional indexes of fat

T SFA 8.600 22.079 18.922 18.373 17.187

~ MUFA 5.529 11.405 8.783 8.094 7.648

~ PUFA 85.874 66.520 72.297 73.537 75.169

Al 0.06 0.28 0.21 0.18 0.17

TI 0.04 0.46 0.16 0.12 0.11

HH 14.6 3.04 4.86 5.48 6.09
PUFA/SFA 9.98 3.01 3.82 4.00 437
n-6/n-3 0.28 18.77 1.42 0.72 0.67

SFA - saturated fatty acids; MUFA — monounsaturated fatty acids; PUFA - polyunsaturated fatty acids; Al - atherogenicity index; HH - ratio of hypo-
cholesterolemic to hypercholesterolemic fatty acids, TI — thrombogenicity index; WS — wheat bread, WCh2.5 — bread with 2.5% addition of chia seeds,
WChS5 - bread with 5% addition of chia seeds, WCh7.5 — bread with 7.5% addition of chia seeds. Values (mean + standard deviation) in the same row

marked with different letters are significantly different at p<0.05.

fats, and observed that lipid oxidation occurred at a very
early stage (during dough preparation) and to a minor ex-
tent during the baking process.

Determination of fatty acid profile

Chia seed oil can be an alternative for vegetarians and peo-
ple who are allergic to fish products [Zettel & Hitzmann,
2018]. PUFA n-6 and n-3 are essential fatty acids that must
be derived from the diet. The human body does not have
a suitable enzyme for the endogenic synthesis of a-linolenic
and linoleic acid, due to the lack of desaturases introducing
double bonds at the 3 and 6" carbon atoms in the carbon
chain. These acids are precursors for the synthesis of long-
-chain polyene fatty acids such as eicosapentaenoic acid
and docosahexaenoic acid [Martynowicz et al., 2019].

In the fatty acid profile of chia seeds as well as bread sup-
plemented with chia seeds, predominant were the 18-carbon
chain fatty acids, with their contents reaching up to 82.42%
in WCh7.5 and 93.37 in chia seeds ( ).

a-Linolenic acid (18:3n-3) had the greatest share in the fat-
ty acid profile of chia seeds and the lowest one in the fatty
acid profile of wheat bread (67.216 and 3.365%, respectively).
Analyses showed a significant increase in the share of 18:3n-3
in the fatty acid profile of breads along with chia seed con-
tent increase from 29.876 in WCh2.5 to 45.097% in WCh7.5,
and a significant decrease in the share of linoleic acid (18:21-6)
in the fatty acid profile of breads with increasing chia seed
content. In the fatty acid profile of wheat bread, a much great-
er share of 18:2n-6 was observed compared to the profiles
of other breads ( ). Osunaet al. [2016] and Melilli et al.
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[2020] observed similar proportions in the fatty acid profile
of wheat bread.

Chia oil is a valuable source of o-linolenic acid and phy-
tosterols. The nutritional value of bread with chia seeds was
evaluated by such nutritional indexes as Al, HH, TI, PUFA/
SFA, and the n-6/n-3 ratio. These indexes evaluate the nutri-
tional quality of foods based on their fatty acid compositions.
Al and TT can be used as predictors or risk factors for cardio-
vascular diseases and should be kept at low levels in a healthy
everyday diet [Ulbricht & Southgate, 1991]. The Al ranged
from 0.17 for WCh7.5 to 0.28 for WS, meanwhile for chia
seeds it reached 0.06. A decrease in the value of this index was
observed along with an increase in chia seed content in bread.
The TI ranged from 0.11 to 0.46 for WCh7.5 and wheat
bread, respectively, and was 0.04 for chia seeds. The HH in-
dex indicates the effect of fatty acids on cholesterol metabo-
lism and its high value is important from a nutritional point
of view. The HH values ranged from 3.64 for WS to 6.09 for
WCh7.5 (14.6 for chia seeds). An increase in the value of this
index was observed with the increase in chia seed content
in bread. Another increase was observed in the breads with
chia seeds for the PUFA/SFA ratio. Its values ranged from
3.01 (WS) to 4.37 (WCh7.5), while for chia seeds it was 9.98
( ). A low PUFA/SFA ratio in diets is considered a risk
factor for increased blood cholesterol levels. In the present
study, the PUFA/SFA ratio determined for the breads with
chia seeds was by 0.8 to 1.4 times higher than that determined
for wheat bread. Due to a high content of linolenic acid
in chia seeds, their addition to bread formulations caused
a significant decrease in the n-6/n-3 ratio which ranged from
1.42 (WCh2.5) to 0.67 (WCh7.5). While, for wheat bread, its
value was as high as 18.77. Modern western diets provide ex-
cessive levels of n-6 but very low levels of -3 fatty acids, leading
to an undesired (from a nutritional point of view) n-6/n-3 ra-
tio, characterised by 10- to 20-fold predominance of n-6 acids
[Simopoulos, 2008]. Therefore, the ratio of 18:3n-3 to 18:2n-6
in chia seeds and hence bread supplemented with this seeds
may have beneficial effects on the human health [Smith e al.,
2011]. Other authors observed similar relationships regard-
ing the improvement of the nutritional value of bread upon
the addition of functional ingredients, like purslane flour
[Melilli et al., 2020] or oilseeds, such as flax or soybeans
[Osuna et al., 2016]. Therefore, consuming the bread with
chia seeds would help increase the n-3 intake in the dietary
habits of the population. Overall, the nutritional indexes used
for quality evaluation indicated that breads with chia seeds,
especially with their 5% and 7.5% content, could have benefi-
cial health effects for consumers.

CONCLUSION

The wheat grain and chia seeds used for bread making
differed significantly in the content of proximate chemical
components. The addition of chia seeds to dough formu-
lations at the three levels tested did not deteriorate bread
quality. The total baking loss and loaf volume of the breads
with chia seed addition did not differ significantly from
these of the wheat bread. The sensory and organoleptic
quality of food products is considered to be the key fac-

tor driving consumers’ purchase decisions. The chia seed
content not exceeding 5% did not contribute to reducing
the overall sensory quality of bread. The addition of 7.5%
chia seeds significantly reduced consumer acceptance due to
the appearance of fatty, rancid, and off-flavour. The chemi-
cal composition of chia seeds, especially the composition
of fatty acids, is very valuable from the nutritional point
of view. Enrichment and fortification of bakery products
with chia seeds could be justified for nutritional reasons.
The results do not confirm the negative impact of chia seeds
on shortening the bread shelf life resulting from oxidative
changes of fats.
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Nut butter can be recognized as a functional food substitute for the animal butter. This study aimed to investigate the effects of mono- and
di-glycerides and lecithin on the physicochemical properties and sensory characteristics of hazelnut butter. For this purpose, mono- and di-glycerides,
and lecithin were employed in the hazelnut butter formulation at 0, 1, and 2 g/100 g addition levels. The proximate composition, acidity, peroxide value,
and texture parameters were evaluated. Although adding mono- and di-glycerides and lecithin to the hazelnut butter formulation did not significantly
change the adhesiveness, it increased their hardness. The sensory analysis revealed that lecithin and mono- and di-glycerides did not significantly af-
fect the color, taste, and flavor of the butters. The highest texture, spreadability, and overall acceptance scores were observed when lecithin was used
at the level of 2 g/100 g. The lowest acidity had butter containing mono- and di-glycerides at the level of 1 g/100 g. The peroxide values showed no
significant changes during the 90-day storage. The principal component analysis (PCA) allowed discriminating among the features. The partial least
squares regression (PLSR) models were applied to find the relationship between sensory and instrumental data. Thus, chemometric approach appears

to be a promising technique for the analysis of hazelnut butter.

INTRODUCTION

Hazelnut (Corylus avellana L.) is a shrub belonging to
the Fagales order from the Betulaceae family and Corylu-
ideae sub-family. By monitoring the regular development
of nuts in the last five years, the global hazelnut-cultivated
area greatly increased beyond 670,000 ha in 2017 [FAOSTAT,
2020]. Also, the hazelnut cultivation has recently extended be-
yond the native areas, namely Europe and West Asia [Ascari
etal., 2020].

Hazelnuts can be a valuable component of a human diet
due to their special nutritional value [Pourfarzad & Mehr-
pour, 2017]. Hazelnut kernels are important sources of to-
copherols and water-soluble B-vitamins, as well as miner-
als [Capurso et al., 2018; Stuetz et al., 2017]. According to
the daily microelement requirements, 100 g of hazelnut pro-
vide about 50% for Fe, 41% for Mo, 32% for Zn, 21% for
Se, and 21% for Cr [Turan & Akccedil, 2011]. A hazelnut-
-rich diet can also easily improve a daily intake of Mn, Cu,
and Co. The oil is a major component of hazelnut kernels
(50-73 g/100 g) [Garcia et al., 1994]. It contains mainly un-
saturated fatty acids, i.e., oleic and linoleic acids, while satu-
rated fatty acids (palmitic and steric acids) constitute only
~9% of its total fatty acids [Tag & Gokmen, 2015]. Given

* Corresponding Author: Tel.: +98-13-33690282; Fax: +98-13-33690281;
E-mail:

the unique fatty acid profile, hazelnut can protect low-density
lipoproteins against oxidation and thus prevent the develop-
ment of the cardiovascular disease [Ros, 2010]. Hazelnut
oil contains B-sitosterol, a natural plant sterol recognized to
reduce cholesterol levels and defend against different types
of cancer such as breast, colon, and prostate cancers [Ak-
cicek et al., 2005]. The protein content of hazelnut kernel
changes between 10 and 22 g/100 g [Tag & Gokmen, 2018].
Hazelnuts are a popular and important source of high-quali-
ty vegetable protein in vegetarian diets, where they rank high
on the list of foods most frequently consumed, above meat
substitutes. They have a high content of L-arginine. This ami-
no acid is the precursor of the endogenous vasodilator (nitric
oxide), and might help improve vascular reactivity [Huynh
& Chin-Dusting, 2006]. Hazelnuts are also a good source
of dietary fiber (10.4 g/100 g) [Ros, 2010].

Nut butter is one of the nut processing products that
is obtained by milling the roasted kernels and mixing them
with a small amount of sugar. It can be considered as a sub-
stitute for animal butter to be used as a breakfast food
and also in different food products such as cookies, ice
creams, and cakes [Dobhal et al., 2018]. Nowadays, the ha-
zelnut processing is of great importance due to the limited
use of hazelnut in its raw form and the continuous increase
in the number of hazelnut gardens. One of the possibilities
for wider food use of hazelnuts is the production of hazel-
nut butter. In other words, butter can be a good new prod-
uct for consumers to increase the consumption of highly

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
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nutritious hazelnuts. The formulation of hazelnut butter
is the first step in commercializing this product. The intrin-
sic tendency of various phases to separate is an undesirable
phenomenon in food products such as chocolates and nut
butters and spreads. It needs to be eliminated using different
processing operations and proper additives [Ardakani et al.,
2009; Villarroel et al., 1993].

Emulsifiers are a wide class of additives that are em-
ployed in the food industry to improve the quality and pro-
long the shelf life of products [Pourfarzad et al., 2012, 2014,
2019; Pourfarzad & Habibi-Najafi, 2012]. They allow two
different phases to combine and form a semi-homogenous
and stable mixture that can last for a long time. Moreover,
the addition of an emulsifier increases product tolerance to
high temperature. Thus, it seems crucial to evaluate the ef-
fect of this type of additives on the hazelnut butter prop-
erties. The mono- and di-glycerides and lecithin are com-
monly used as emulsifiers. They were recently successfully
applied in chocolate spread emulsion and cheese analogue
obtained from raw peanut [Eudier et al., 2020; Said et al.,
2019].

To the best of our knowledge, a limited number of stud-
ies have addressed the impact of emulsifiers on the quality
and shelf life of hazelnut butter. Therefore, the present study
aimed to investigate the effect of emulsifiers on the physico-
chemical and sensory properties of hazelnut butter. In the next
step, the correlation between different features of hazelnut
butter was evaluated using symmetric multivariate methods,
such as correlation analysis and principal component analy-
sis (PCA), and asymmetric method like partial least squares
regression (PLSR).

MATERIALS AND METHODS

Materials

Raw hazelnuts (without outer shell) were provided from
Eshkevarat (Rudsar, Guilan, Iran). Mono- and di-glycerides
(CREMODAN® Super Mono-diglyceride) and lecithin (cat-
alogue number 429415) were supplied from Danisco (Copen-
hagen, Denmark) and Merck (Darmstadt, Germany) Compa-
nies, respectively. All other chemicals, reagents, and solvents
were of analytical grade.

Hazelnut butter production

The raw hazelnuts were roasted in a solar dome convec-
tion system (model 3855SCR, LG Company, Seul, South
Korea) for 20 min at 150°C [Pourfarzad et al., 2016, 2018].
After cooling down, the brown skin was manually peeled
off using a rough cloth, and the butter production was
conducted by a nut butter mill made by Niri Organic Yazd
(model N1, Yazd, Iran). Two batches were processed for
each treatment and one batch contained 1 kg of hazelnuts.
Then, 10 g/100 g of sugar was added to the prepared butter
and kneaded to provide soft dough. In this step, the speci-
fied amounts of mono- and di-glyceride (0, 1, 2 g/100 g)
and lecithin (0, 1, 2 g/100 g) were added to the hazelnut
butter. The treatment levels were chosen by carrying out
preliminary screening tests according to the literature re-
ports and instrumental aspects.

Proximate composition analysis

The contents of moisture (926.12), ash (950.49), protein
(955.04C), fat (922.06), total dietary fiber (978.10), and total
sugars (984.22), as well as acidity (962.12) and peroxide value
(965.33) were analyzed by the Association of Official Analyti-
cal Chemists (AOAC) methods [2005].

Texture analysis

The penetration test was conducted on 200-gram sam-
ples of butter to evaluate hardness and adhesiveness. For
this purpose, a Brookfield texture analyzer (CT3, Middle-
boro, MA, United States) was employed, and the force
required for the penetration of a thick elliptical bar probe
with a flat cross-section and diameter of 0.48 cm (velocity
of 200 mm/min and penetration depth of 1 cm) was deter-
mined [Ardakani ez al., 2009].

Sensory evaluation

Ten trained panelists of both genders aged from 25 to
60 evaluated the hazelnut butter samples. All assessors
of the internal sensory panel have undertaken the basic flavor
test, odor test, and color vision test. They have been trained
for sensory methods in several sessions and their evaluation
aptitude has been routinely checked. The panel was particu-
larly familiarized with the score of attribute intensities using
the verbal meanings describing the ends of the intensity scales
of the characteristics. Each sample contained 30 g of hazelnut
butter, which were given to panelists in plastic containers at
room temperature. The taste, flavor, texture, color, spread-
ability, and overall acceptance were assessed. Each parameter
was scored in a S-point scaling range from 1 (lowest) to 5
(highest) [Ardakani et al., 2009; Qaziyani et al., 2019].

0Oil separation

The oil was collected using a Pasteur pipette, moved to
a 50-mL graduated cylinder, and its volume was determined.
The oil separation rate was calculated as follows [Gills & Res-
urreccion, 2000a]:

Oil separation (%) = (Volume of oil separated)/
(Volume of hazelnut butter before oil separation) x 100 (1)

Shelf life test

To determine the product shelf life, acidity, peroxide value,
and oil separation of the samples were evaluated during
90-day storage at 25°C [AOAC, 2005; Ardakani et al., 2009].

Statistical analysis

The data on the physicochemical properties and sensory
characteristics of hazelnut butter with and without emulsi-
fiers were statistically analyzed. To investigate the significant
difference between the means, the Duncan’s multiple range
test was carried out after the analysis of variance at the 95%
confidence level. Each experiment was performed in six repli-
cations. The Pearson’s correlation analysis, PCA, and PLSR
modeling were performed on the data sets. The data analy-
ses were taken using Minitab 15 (Minitab Inc., State Col-
lege, PA, USA).
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RESULTS AND DISCUSSION

Proximate composition of hazelnut butter

The contents of moisture, fat, protein, dietary fiber, total
sugars, and ash of the control hazelnut butter (without emul-
sifiers) were as follows: 0.76+0.00, 59.09+0.21, 15.68+0.01,
5.51=0.12, 15.88+0.23, and 2.21=0.06 g/100 g, respectively.
A daily intake of 25 g of hazelnuts is recommended in a healthy
diet [Stuetz et al., 2017], which nearly corresponds to the stan-
dard portion size of 1 oz (28.35 g) displayed by the United
States Department of Agriculture [USDA, 2015]. Based on this
recommendation, it can be concluded that hazelnut butter could
provide 3%, 17%, 53%, and 22% of the daily dietary requirement
for carbohydrates, proteins, fat, and dietary fiber, respectively.

Texture analysis

The results of instrumental texture analysis of hazelnut but-
ters are shown in . The addition of lecithin and mono-
and di-glycerides increased the hardness of the butters,
although no significant difference (p>0.05) was observed be-
tween hardness of the samples with different contents of emul-
sifiers (1 and 2 g/100 g). The higher hardness of butters with
additives compared to the control one can be attributed to
the hydrophilicity of lecithin and mono- and di-glycerides.
They can strengthen the network structure of butter solids,
which leads to the stabilization of oil in it [Totlani & Chinnan,
2007]. The development of this network resulted in the greater
energy required for the probe penetration during the texture
analysis. Also, the interactions between emulsifiers and hazel-
nut biopolymers produce large internal frictions and, as a re-
sult, higher hardness [Izidoro ez al., 2009].

Adhesiveness was determined as the work required to
pull the probe away from the sample in the penetration test.
The values of this parameter for hazelnut butters ranged from
1.18 to 1.25 N-s ( ). However, no significant differences
(p>0.05) were found between adhesiveness of the control
samples and the butters containing emulsifiers. The level
of both lecithin and mono- and di-glycerides added also did
not significantly differentiate the adhesiveness of the butters.

Sensory evaluation
shows the results of the sensory analysis of hazel-
nut butters. The taste, flavor, and color scores of the control

sample were not significantly different from those contain-
ing various levels of lecithin and mono- and di-glycerides
(p>0.05). As one of the dominant features in consumers’ food
preferences, the sensory texture plays a key role in product at-
tractiveness, purchasing decisions, and ultimate consumption
[Pellegrino et al., 2020]. Adding lecithin to the hazelnut butter
formulation increased the texture score of the samples from
3.67 (control butter) to 4.36 (butter with 2 g/100 g addition
level). In the case of adding the second emulsifier, although
there was no significant difference between the texture scores
of the control sample and butter with mono- and di-glycer-
ides at level of 1 g/100 g (p>0.05), the sample with a higher
content of mono- and di-glycerides (2 g/100 g) showed a sig-
nificantly higher texture score (p<0.05). Spreadability is a par-
ticularly important characteristic of semi-solid food texture.
It is a subjective term linked to the way a sample is uniformly
distributed over a surface [Gills & Resurreccion, 2000b].
In our study, upon the addition of mono- and di-glyceride
to butter, its spreadability was assessed by panelists as sig-
nificantly better (p<0.05) than that of the control sample,
although no significant difference (p>0.05) was observed
between the spreadability of products with different contents
of mono- and di-glycerides (1 and 2 g/100 g). The sample con-
taining lecithin at 2 g/100 g showed higher spreadability than
the control and butter with additive of 1 g/100 g. The trends

TABLE 1. Texture parameters of hazelnut butters with different contents
of emulsifiers.

Emulsifier Additive level Hardness Adhesiveness
(g/100 g) N) (N-s)
0 5.45+0.023° 1.15+0.0822
Lecithin 1 5.72+0.0412 1.21+ 0.045¢
2 5.81+0.078 1.18+0.324¢
0 5.48+0.043% 1.21+0.0122
Mono-
and 1 5.72+0.0672 1.08+0.213¢
di-glycerides
2 5.75+0.0552 1.25+0.325¢

Each value is a mean = standard deviation of three experimental rep-
licates (n=6). Values in columns with different letters are significantly

different (p<0.05).

TABLE 2. Sensory characteristics of hazelnut butters with different contents of emulsifiers.

Emulsifier Additive level Taste Flavor Texture Color Spreadability Overall
(g/100 g) acceptance
0 3.23+0.232¢ 3.67+0.322¢ 3.31+0.032¢ 4.03+0.434 3.43+0.032° 3.21+0.031°
Lecithin 1 3.63+0.427¢ 3.73+0.544 3.81+0.201° 4.01+0.656° 3.77+0.034® 3.63+0.033¢
2 3.67+0.432¢ 3.87+0.004 4.36+0.203¢ 4.01+0.646° 3.97+0.012¢ 4.03+0.042¢
M 0 3.37+0.433¢ 3.60+0.444 3.67+0.009° 4.13+0.322¢ 3.33+0.101° 3.53+0.009°
ono-
and 1 3.37+0.3022 3.80+0.3232 3.57+0.101° 3.91=0.111* 3.81+0.3232 3.33=0.004°
di-glycerides
2 3.81x0.109° 3.87+0.6322 4.11+0.201* 4.01=0.564* 4.03=0.077* 4.0120.005*

Each value is a mean =+ standard deviation of three experimental replicates (n=6). Values in columns with different letters are significantly different

(p=<0.05).
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TABLE 3. Acidity (g oleic acid/100 g) of hazelnut butters with different contents of emulsifiers during storage.

Storage time (day)

Emulsifier Additive level (g/100 g)
1 30 60 90

0 0.28+0.003* 0.48+0.005¢ 0.56+0.003¢ 0.59+0.005¢
Lecithin 1 0.28+0.003® 0.42+0.006° 0.53+0.005° 0.55%+0.003°

2 0.28+0.0042 0.41+0.004¢ 0.42+0.001¢ 0.47+0.021¢

0 0.28+0.0032 0.46+0.002° 0.54+0.018° 0.59+0.002°
Mono-
and 1 0.28+0.0022 0.38+0.003¢ 0.37+0.022¢ 0.45+0.001¢
di-glycerides

2 0.28+0.0042 0.47+0.002¢ 0.60+0.005° 0.63+0.0112

Each value is a mean =+ standard deviation of three experimental replicates (n=6). Values in columns with different letters are significantly different

(p<0.05).

TABLE 4. Peroxide value (meq/kg) of hazelnut butters with different contents of emulsifiers during storage.

Storage time (day)

Emulsifier Additive level (g/100 g)
1 30 60 90

0 0.08+0.003¢ 0.090.004 0.16+0.002¢ 0.19+0.014
Lecithin 1 0.08=0.0022 0.090.004 0.16+0.003¢ 0.19+0.014

2 0.08+0.001* 0.09+0.006* 0.16+0.004 0.19+0.024*

0 0.08+0.002¢ 0.09+0.006* 0.16+0.015 0.19+0.016*
Mono-
and 1 0.08+0.001* 0.09+0.006* 0.16+0.024 0.19+0.006*
di-glycerides

2 0.08=0.001* 0.09+0.006* 0.16=0.017* 0.19+0.004¢

Each value is a mean + standard deviation of three experimental replicates (n=6). Values in columns with different letters are significantly different

(p=0.05).

of sensory texture and spreadability might be similar due to
the effect of emulsifiers on the hardness [Ardakani et al., 2009;
Saker Ardakani, 2007]. The addition of lecithin also improved
the overall acceptance of the samples, although no significant
difference (p>0.05) was observed between butters containing
emulsifier at the levels of 1 and 2 g/100 g. The overall ac-
ceptance of the butter containing mono- and di-glycerides
at 2 g/100 g was significantly higher (p<0.05) compared to
the samples with lower additive contents (0 and 1 g/100 g).
Also, no significant difference (p>0.05) was observed be-
tween the scores given to the control sample and butter with
mono- and di-glyceride addition at 1 g/100 g.

Shelf life test

Acidity is one of the major parameters in the quality control
of oils and edible fats. Its value may increase as a result of hy-
drolysis and lipolysis. High acidity is an indicator of the low
quality of oil. The oil storage can significantly change the acid-
ity [San Martin et al., 2020]. In our study, the effect of adding
emulsifiers to hazelnut butters on their acidity was monitored
over the 90-day storage period ( ). There were no sig-
nificant differences (p>0.05) between the acidity of different
butters on the first day. Adding lecithin to butter significantly
reduced acidity increase during storage. The control butter
had significantly higher acidity (»<0.05) than the butters with

lecithin at each monitored storage time (30-90 days). Also,
the level of the lecithin additive significantly affected the acid-
ity. Our notice is in line with previous studies, in which acidity
of a similar product, i.e., pistachio butter, was determined dur-
ing storage [Haghani Haghighi ez al., 2008]. Authors recom-
mend using lecithin as an emulsifier to improve the long-term
storage stability of nut butter. The hazelnut batters containing
mono- and di-glycerides at levels of 1 g/100 g and 2 g/100 g
had the lowest and the highest acidity, respectively, at each
monitored storage time. In other words, the mono- and di-
glycerides added at the level of 1 g/100 g decreased the acidity
compared to the control butter, but a higher addition level re-
sulted in acidity increase. This can be attributed to the presence
of fatty acids in the chemical structure of mono- and di-glycer-
ides. With the higher level of mono and di-glyceride addition,
more products of fatty acid hydrolysis were generated, which
led to an increase in product acidity [Mirtajeddini et al., 2016].

The oxidation is the main process of fat spoilage, giving
rise to undesirable odor and taste. One of the parameters
commonly used to evaluate the state of oxidation of fats
and oils is the peroxide value. The changes in the peroxide
values during 90-day storage of hazelnut butter are shown
in . As expected, the peroxide values increased during
storage. However, at each storage time for which the mea-
surement was taken, the peroxide value of the control butter
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TABLE 5. Oil separation (mL) in hazelnut butters with different contents of emulsifiers during storage.

Storage time (day)

Emulsifier Additive level (g/100 g)
1 30 60 90

0 0x0.0012 5.79+0.211* 6.74+0.054 8.42+0.021*
Lecithin 1 0=0.0012 2.65+0.344° 3.08+0.031° 3.85+0.033°

2 0x0.0012 2.11x0.223¢ 2.46=0.022° 3.07x0.054¢

0 0=0.0012 5.82+0.213* 6.77x0.0437 8.46x0.021°
Mono-
and 1 0=+0.0012 2.45+0.321° 2.85+0.233" 3.56+0.021°
di-glycerides

2 0=+0.0012 1.62+0.175¢ 1.88+0.322¢ 2.35+0.087¢

Each value is a mean = standard deviation of three experimental replicate experiments (n=6). Values in columns with different letters are significantly

different (p<0.05).

did not differ significantly (p>0.05) from the peroxide values
of the butters containing lecithin and mono- and di-glycerides
at both levels.

Oil separation can be used as an indicator of product
structure preservation during storage [Deng et al., 2020].
The oil separation of hazelnut butters with and without emul-
sifiers during the storage is shown in . There was no
oil separated in any of the samples on the first day of storage
experiment. Oil separation increases with storage, but this in-
crease was significantly lower in hazelnut butters with emulsi-
fiers than in the control. The level of additive also affected
the oil separation. Qil separation in butters with both emulsi-
fiers added at the level of 1 g/100 g was significantly higher
than that reported for the samples containing 2 g/100 g at each
storage time (30, 60, or 90 days). This behavior was probably
exhibited by the increased intermolecular interactions. The oil
was detected as a non-emulsified (free) fluid in the voids be-
tween solid particles [Ereifej et al., 2005]. The oil separation
is the result of the hazelnut matrix compression. Emulsifiers
can immobilize the free oil and prevent its migration [Tot-
lani & Chinnan, 2007]. The mechanism for avoiding the oil
separation seems to be associated with the increased viscosity
of the oil phase via hardness increase [Ereifej ef al., 2005].

Relationship between physicochemical properties
and sensory characteristics of hazelnut butter

Correlation analysis

The results of Person’s correlations between texture pa-
rameters, quality properties at 30-90-day storage, and sen-
sory scores of hazelnut butter are shown in . The cor-
relation coefficients (r) of significant correlations ranged
from -0.487 to 1. Within the texture parameters, the hard-
ness highly correlated with sensory characteristic scores
and oil separation at 30-90-day storage. The harder samples
strongly corresponded to those with higher sensory scores
of spreadability and texture. As indicated earlier, emulsifiers
affect the sensory texture and spreadability due to a change
in hardness. Also, the samples with high hardness showed
lower oil separation during the storage. This may be due to
the oil immobilization effect of emulsifiers [Totlani & Chin-
nan, 2007], leading to the increased hardness. Adhesiveness

was highly positively correlated with acidity at 30-90-day
storage. Within the sensory characteristics, the overall accep-
tance, spreadability, and flavor scores showed significant cor-
relations with many other properties. The overall acceptance
was highly positively correlated with taste and texture. Con-
sidering the significant relationships between sensory char-
acteristics and shelf life properties, color and acidity showed
positive correlations. Also, the higher the spreadability score,
the lower the oil separation. Among the shelf life properties,
acidity on the 30" day of storage was significantly correlated
with oil separation during the storage. The results show that
the sensory and texture analysis can potentially be used to
estimate different properties of hazelnut butter. The findings
deserve special attention and may have significant potential
for optimizing and improving the product quality, shelf life
properties, and sensory characteristics as well as for reducing
the time and costs by minimizing the experiments.

Principal component analysis

Sometimes, too many variables are involved in calcula-
tions, and the principal component analysis (PCA) helps
reducing them to a smaller group. PCA is a factor model
in which the factors are based on the total variance, allow-
ing for bargaining the fewest number of variables that clarify
the variance [Tipping & Bishop, 1999]. The data of instru-
mental texture analysis, sensory analysis and quality of stor-
age experiment of hazelnut butter were subjected to PCA
( ). The multivariate treatment of the data obtained
from the samples enabled reducing the variables to two prin-
cipal components, which together explained 79.6% of the total
variability. The first component (PC1) accounted for 53.7%
and the second component (PC2) for 25.9%. According to
the PCA biplot, hardness, adhesiveness, and sensory charac-
teristics such as overall acceptance, spreadability, texture, fla-
vor, and taste, were negatively correlated to PC1, whereas oth-
er hazelnut butter properties were positively correlated to PC1.
Hardness, acidity of the fresh butter (1 day of storage experi-
ment), and oil separation during the storage were negatively
correlated to PC2, while other butter characteristics and prop-
erties were positively correlated to PC2. As clearly revealed
in the PCA biplot ( ), the butters with the best sen-
sory scores of overall acceptance, taste, and texture were those



Quality and Shelf Life of Hazelnut Butter

404

"98LI0IS JO (06 PUE ‘09 ‘0¢ ‘T ABp U0 ANPIdE — (06 “09 ‘0¢ ‘T ANPLY 98.I0IS JO 06 Puk 09 ‘0¢ ‘T A&p uo uonesedas [10 — 06 pue (9 0¢ ‘1 'S'O ‘uoNLIRddS 10 = 'S O (sx) 100°0>d PUT (1) 10°0>d () SO'0>d I,

TS0 LUS0- L0060+ LIIL0- S90  .6L60- 8990 SLE0- 06°S'0
0001 L1450 LS00 L0060+ LLILO- .4S90 .6L60- 8990 SLE0- 09°S0
000 0001 TS0 LIS0TL0T60- LUIL0T 4S9 L6L60- 6990 SLE0 0¢°S0
0001 150
4790 LOEL0 L8P0 06 A1ppY
.S860 1090 TLLO 09 Anpoy
LLT60 0160 8190 6506790 0¢ Ay
0001 1 fupoy
L6TL0 0880 L8890 .8T60 8990 .L6L0 aseL
L9TL0 990 LbL60 L1890 6680 1oxTlg
LSLO P60 96v0  L.98L0 amxa
619°0- 990 L6ST- 10100
LSTLO ~£56'0  Anmqepeaids
. . doueydoooe
SS90 800 e
SSAUIAISIYPY
06°S0 [ 09°S0 | 0£°S'O | 1°S°0 | 06 4upy | 09 Aupy | og upwy | 1 Aupoy | awser | doawy | ompar | 00D | Aunqepeaids oomm%m% $59UINISAYPY | SSUPITH

*SaPLIAdAIS-1p puE -OUOW PUB UIYINI] SUTUTLIUOD SI3)INQ INUIZEY JO SAINJLIJ U3aM]Aq SUOIIR[II0D JUBOYIUSIS JO SHUIIOYFA00 UONE[ALI0D S UOSIES] 9 TV



A. Pourfarzad & R. Shokouhi Kisomi

405

containing mono- and di-glyceride at the level of 2 g/100 g
and lecithin at the level of 1 g/100 g. The results of PCA con-
firm our previous consideration that the addition of lecithin
resulted in a decrease in oil separation during the storage, but
increased spreadability, flavor, and hardness, and that the low-
est acidity during storage was observed for the sample contain-
ing mono- and di-glycerides at the level of 1 g/100 g.

Fartial least squares regression

PLSR is a technique that diminishes the predictors to
a smaller series of uncorrelated components and makes least
squares regression on the components rather than the origi-
nal data. For instance, PLSR is often used to establish re-
lationships between instrumental and sensory descriptive
data. Based on this technique, the process-checking strategies
primarily measure the unrealized variable models to explain
the error recognition indices later. Today, such strategies have
extraordinary potentials for industrial applications [Godoy

et al., 2014; Martens & Martens, 2001]. Thus, the predic-
tion of sensory characteristics by instrumental dimensions
is of supreme importance in the food industry, as it provides
much information about the appropriateness and quality
of the final product. Several researchers have afforded to cor-
relate various chemical and rheological properties describ-
ing the quality and shelf life of different food products with
sensory characteristics [Hejri-Zarifi et al., 2013; Pourfarzad
et al., 2012; Qaziyani et al., 2019]. Determining the quality
profile by instrumental dimensions has the benefits of high
convenience, reproducibility, and directness compared to
the evaluation of sensory components [Sabanis et al., 2009].
Thus, the instrumental properties with the most significant
interrelationships with other properties were used as the pre-
dictors. In our study, the instrumental texture parameters
(hardness and adhesiveness), acidity and oil separation dur-
ing storage were used to predict sensory scores of hazelnut
butters. The output regression equations are given in

4 -
3 -
|
=
v 2T
~
< 14
2 >
& |
2 0 T
z L
O 1+
=] k-1h
= @ Lecithin 0 g/100g
s 5 B Lecithin 1 g/100g
& @ Lecithin 2 g/100g
3 = Mono- and di-glycerides 0 g/100g
& ik 4 Mono- and di-glycerides 1 g/100g
4 Mono- and di-glycerides 2 g/100g
-4 = = 3
-4 -3 -2 -1 0 1 2 3 4
First Component: 53.7%
0.5 Adhesivepess !
\ Acidity 60
0.41 Acidity 90
) Alcidity 30
e Overall acceptance
=) 1 = e s |
ﬁ 032 Taste Color
? extur
PREEE S E
=
2 aif -
o | Spreadability
= i 0il separation 60
L10) Sl e i i -
S ooq Haver —Oil separation 30—
&) Hardness Oil separation 1 | Acidity 1 0il separation 90
g 013 -
(=]
[*]
& 021
031
-04 03 -02 -0.1 0.0 01 02 03 04 05

First Component: 53.7%

FIGURE 1. Biplot of principal component analysis of hazelnut butters containing lecithin and mono and di-glycerides and without emulsifiers. Vari-

ables are sensory characteristics (taste, flavor, texture, color, spreadability,

and overall acceptance), texture parameters (hardness and adhesiveness),

and quality properties (acidity and oil separation on day 1, 30, 60, and 90 of storage).
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TABLE 7. Partial least squares regression (PLSR) models for sensory
characteristics of hazelnut butters containing lecithin and mono- and
di-glycerides.

Sa?isljolfy&: Multiple regression equation R?

Flavor 2349 +1.32 H'ar'dness — 1.25 Adhesiveness 98.96
+ 2.81 Acidity 30 + 0.014 O.S.30

Texture -45.04 + 7.78 ngdness + 0.96 Adhesiveness 94.90
+ 5.28 Acidity 30 + 0.41 0.S.30

Color 0.39 + 0.43 ngdness + 0.95 Adhesiveness 96.92
- 0.25 Acidity 30 + 0.063 0.S.30

Overall -32.92 +5.58 Hglrglness + 1.61 Adhesiveness 94.73

acceptance + 5.02 Acidity 30 + 0.26 O.S.30

0.5.30: Oil separation on day 30 of hazelnut butter storage; R* multiple
determination coefficient.

The high coefficients of multiple determination (94.73%-
-99.97%) provide evidence for the applicability of PLSR
model within the ranges of the variables involved.

CONCLUSIONS

Generally, the results of the present research showed
that the hazelnut butter could be a good food product to in-
crease the consumption of nutritious hazelnuts. The lecithin
and mono- and di-glycerides as emulsifiers had no negative
effect on the sensory characteristics and texture parameters
of hazelnut butter. Both emulsifiers improved hazelnut but-
ter stability. By optimizing the physicochemical proper-
ties and sensory characteristics of hazelnut butter, the best
qualitative, sensory, and shelf life properties were observed
in the samples containing lecithin at the level of 2 g/100 g
and mono- and di-glycerides at the level of 1 g/100 g. More-
over, the sensory characteristics was significantly positively
correlated with hardness and negatively with oil separation
during storage. These findings were confirmed by PCA re-
sults. Combining the sensory scores and data of instrumental
measurements in the PLSR analysis provided a valuable in-
sight for predicting the effect of physicochemical properties
on the sensory characteristics of hazelnut butters. In future
study, the effect of other factors such as hazelnut roasting,
content of antioxidants and sweeteners on the hazelnut butter
quality, stability, and marketing can be considered.
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Aronia melanocarpa Leaves as a Source of Chlorogenic Acids, Anthocyanins, and Sorbitol,
and Their Anti-Inflammatory Activity
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Aronia melanocarpa E. berries are a valuable component of the healthy diet. They are extremely high in phenolics exhibiting strong antioxi-
dant properties. However, not much information is available on the chemical composition and bioactive potential of chokeberry leaves. Therefore,
the analyses of sugars and phenolics of extracts from chokeberry leaves collected from June to October were performed using spectroscopic (NMR)
and chromatographic (HPLC-DAD/RI, GC-MS) methods. The leaf extracts contained a significant amount of sorbitol, especially those made of leaves
collected since June to July (avg. 145.2 mg/g d.w.). The average contents of Cya-3-Gal and chlorogenic acids in the extracts were at 0.52 mg g d.w.
and up to 13.1 mg/g d.w., respectively. Chokeberry leaf extracts from green and red leaves were subjected to the in vitro study on human umbilical
vein endothelial cells (HUVECs). Both extracts suppressed TNF-a-induced surface expression of ICAM-1 and VCAM-1 molecules, and exhibited
anti-adhesive and anti-inflammatory properties. Green and red leaves may foster a therapeutic potential in the prevention of atherosclerosis and other
pathological events involving leucocyte adhesion. That is why chokeberry leaves can be considered as a promising component of functional foods owing

to the high content of chlorogenic acids and sorbitol.

ABBREVIATIONS

CGA - chlorogenic acid, 3-O-caffeoylquinic acid (CAS
327-97-9); nCGA - neochlorogenic acid, 5-O-caffeoylquinic
acid (CAS 906-33-2); iCGA - isochlorogenic acid A, 3,5-di-
caffeoylquinic acid (CAS 2450-53-5); Cya-3-Gal - cyanidin
3-0-galactoside (CAS 27661-36-5); TNFo — tumor necrosis
factor alpha; ICAM-1 - intercellular adhesion molecule 1;
VCAM-1 - vascular cell adhesion molecule 1; CAMs — cell
adhesion molecules; HUVECs — human umbilical vein en-
dothelial cells.

INTRODUCTION

Aronia melanocarpa [Michx.] Elliot [Hardin, 1973; Strigl
et al., 1995] is a member of the Rosaceae family; commonly
called the black chokeberry, chokeberry or simply aronia.
Itis cultivated in Poland and other European countries as well
as in the USA and South Korea. Its fruits are most frequently
used to produce juice, syrup, jam, jellies, wine, and herbal
teas. Earlier studies were focused on the chemical composi-

* Corresponding Author:

E-mail: (A. Zielinska)

tion and biological activity of the fruits. Recently, an increased
interest in aronia has been observed because of the nutri-
tional benefits of the berries and their role in the prevention
of degenerative diseases. The berry extracts and juice showed
antioxidant, antiatherosclerotic, antidiabetic, anti-inflamma-
tory, antiviral, and antimutagenic properties [Chrubasik et al.,
2010; Kokotkiewicz et al., 2010; Kulling & Rawel, 2008].

There are only a few studies available on the composition
and potential application of chokeberry leaves. As by-products
of aronia cultivation, they are plentiful and cheap raw mate-
rial. The leaves are green in the spring and summer, and turn
red and become decorative in the autumn. Chokeberry leaves
may exhibit interesting biological effects due to the content
of phenolic compounds and their high antioxidant activity
[Thi & Hwang, 2014]. Among their phenolic components,
flavonoids (glycosides of cyanidin, quercetin, isorhamnetin
and apigenin, and kaempferol derivative), hydroxycimmanic
acids (chlorogenic, neochlorogenic, and dicaffeoylquinic ac-
ids), and proanthocyanidins (oligomers and polymers) were
detected using HPLC-MS/MS [Lee et al., 2014; Teleszko &
Wojdyto, 2015].

A. melanocarpa fruits have an interesting free sugar pro-
file. They contain significantly more sorbitol than fructose,
glucose, and sucrose [Denev ef al., 2018; Yang et al., 2019].
Sugar alcohols (polyols): sorbitol, mannitol and xylitol, were

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
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found in several wild berries [Makinen & Soderllng, 1980].
Sorbitol and mannitol occurred most abundantly in rowan
berries (Sorbus aucuparia), with their contents reaching up to
5.3 and 0.38 mg/g of fresh weight, respectively. Polyols are
used as sugar replacers [Livesey, 2003]. They are low glyce-
mic, low insulinemic, low-energy, and osmotic (colon-hydrat-
ing, laxative). The glycemic index (GI) and insulinemic index
(ID of sorbitol are 9 and 11, respectively (sucrose 65 and 43,
respectively, and glucose 100 and 100, respectively). An aver-
age diet provides 2.6-5.8 g of polyols per day [Lee, 2015].
Dried prunes (9-18 g of sorbitol/100 g) are one of the high-
est sorbitol-containing Rosaceae fruit. However, to the best
of our knowledge, sugar composition of chokeberry leaf has
not yet been determined. The Food and Drug Administration
(FDA) has asserted that sorbitol is generally recognized as
safe (GRAS, 21CFR184.1835).

Chlorogenic acids (CGAs) are the main phenolic com-
pounds of chokeberry [Thi & Hwang, 2014]. They also oc-
cur in remarkable quantities in coffee beans, cocoa, apples,
and berry fruits (blackberry, mulberry) [Clifford, 2000].
Chlorogenic acid exhibits high antioxidant activity [Mari-
nova et al., 2009] due to the ability to scavenge free radicals
and modulate antioxidant enzyme gene expression [Gugliucci
& Bastos, 2009]. CGAs reduce glucose absorption, act as
a protective agent to liver cells, and may offer clinical ben-
efits in the treatment of neurodegenerative diseases [Mikami
& Yamazawa, 2015].

Anthocyanins are plant pigments classified as natu-
ral non-nutritive substances, their presence being indicated
by dark red color of fruits and leaves. Young leaves deficient
in chlorophyll as well as old leaves are red in color. Discol-
oration of old leaves results from atmospheric factors, e.g.,
cold weather or ultraviolet radiation [Lee, 2002; Szopa et al.,
2017; Thi & Hwang, 2014; Zou et al., 2012]. The dominant
pigments in aronia fruits are cyanidin 3-O-galactoside and cy-
anidin 3-O-arabinoside [Zielifiska et al., 2020]. Anthocyanins
provide a range of health benefits, they can reduce oxida-
tive stress, act as anti-inflammatory agents, or regulate glu-
cose concentration in the blood. It has been demonstrated
that the intake of aronia juice and the extracts lowers blood
pressure and reduces serum levels of total cholesterol, LDL
cholesterol, and triglycerides in patients with the metabolic
syndrome [Skoczynska et al., 2007]. Moreover, berry extracts
were found to reduce the levels of cardiovascular risk mark-
ers, such as oxidized low-density lipoprotein (oxy-LDL),
C-reactive protein (CRP), interleukin 6 (IL-6), soluble in-
tercellular adhesion molecule-1 (SICAM-1), serum-soluble
vascular cell adhesion molecule-1 (sVCAM-1), or monocyte
chemoattractant protein 1 (MCP-1) in patients after myocar-
dial infarction [Naruszewicz et al., 2003, 2007]. Based on in vi-
tro studies and animal experiments, it is assumed that most
of the beneficial activity of A. melanocarpa extracts is due to
the high anti-oxidative activity of polyphenols, especially an-
thocyanins [Chrubasik et al., 2010]. The studies on endothelial
cells have provided new insights into understanding the mo-
lecular mechanisms underlying their beneficial effects, besides
antioxidative and radical scavenging ones [Xia ef al., 2009].
The in vitro studies have demonstrated that the A. melanocarpa
fruit extract inhibits 7b-hydroxycholesterol-induced apoptosis

of endothelial cells [Zapolska-Downar et al., 2012]. Human
umbilical vein endothelial cells (HUVECs) were treated with
various concentrations of the commercial chokeberry fruit ex-
tract prior to the treatment with a tumor necrosis factor alpha
(TNFa). The surface protein and mRNA expression of cell ad-
hesion molecules ICAM-1 and VCAM-1, as well as the adhe-
sion of peripheral blood mononuclear leucocytes (PBMLs) to
HUVECs were evaluated [Chang et al., 2010]. The endothelial
adhesiveness to PBMLs and the expression of adhesion mole-
cules in endothelial cells can also be influenced by chlorogenic
acid [Bagchi et al., 2002] or proanthocyanidins.

The aim of this study was to perform a qualitative
and quantitative analysis of the phenolic compounds and sug-
ars of leaf water extracts of chokeberry var. ‘Nero’, as well as
to track their changes in the growing season (from flower-
ing to fruit ripening) by means of chromatographic methods
(high-performance liquid chromatography with UV/VIS di-
ode array and refractive index detection, HPLC-DAD/RI; gas
chromatography — mass spectrometry, GC-MS) and spectro-
scopic methods (nuclear magnetic resonance, NMR). A fur-
ther goal was to investigate the anti-inflammatory activity
of the extracts in the in vitro study on human umbilical vein
endothelial cells (HUVECs). Water was chosen as the solvent
because of the potential use of the leaves in herbal teas.

MATERIALS AND METHODS

Plant material

Aronia melanocarpa (Michx.) Elliott leaves were collected
at an ecological plantation (Organic Nursery Aronia Eggert,
Grojec, Poland), from June until October 2013. Plant mate-
rial was authenticated by Mr. Piotr Eggert (M.Sc.). A vouch-
er specimen (no 10192) was deposited at the herbarium
of the Department of Biology and Pharmaceutical Botany,
Medical University of Gdansk, Poland. The leaves were col-
lected from the moment they were young but shaped until
turning red, for a period of five months. Harvesting was per-
formed on the following days : June 4 and 26, July 18 and 26,
August 16, September 2 and 21, October 18, collecting about
250 g of leaves from three selected, healthy, and well-defined
shrubs on the plantations (from the same shrubs at all collec-
tion periods). All leaf samples were frozen immediately after
collection and lyophilized. The lyophilized leaves were ground
into powder and stored at -70°C until extraction and analyses.

Chemicals

All standards, reagents, and solvents were of analytical or
gradient grade. HPLC standards: chlorogenic acid (CGA, CAS
327-97-9), neochlorogenic acid (nCGA, CAS 906-33-2),
isochlorogenic acid A (iCGA, CAS 2450-53-5), and cy-
anidin 3-0O-galactoside (Cya-3-Gal, CAS 27661-36-5) were
purchased from PhytoLab GmbH & Co. KG, (Vestenbergs-
greuth, German), sold as a primary reference standard with
certified absolute purity. b-Sorbitol (99%, CAS 50-70-4 ), d-
(+)-glucose (299.5%), p-(—)-fructose (=99%), and sucrose
(299.5%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other chemicals were purchased from Sigma-
-Aldrich and Avantor Performance Materials S.A. (Gliwice,
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Poland). Ultra-pure water (Millipore Milli-Q) was used for
sample preparation.

Humanumbilical vein endothelial cells(HUVECs), EBM-2
(Endothelial basal medium), EGM-2 Bulletkit = EBM-2 +
all growth supplements, fetal bovine serum (FBS), Hanks’
balanced salt solution (HBSS), trypsin-EDTA (ethylenedi-
aminetetraacetate), and trypsin neutralizing solution (TNS)
were obtained from LONZA (Basel, Switzerland). 3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), and non-enzymatic cell dissoci-
ation solution were provided by Sigma (St. Louis, MO, USA).
Human recombinant TNFa, phycoerythrin (PE) — conjugated
mouse monoclonal antibody anti-human ICAM-1, fluores-
cein isothiocyanate (FITC) — conjugated mouse anti-human
VCAM-1 monoclonal antibody, and suitable conjugated
mouse IgG isotypes were all purchased from Becton Dick-
inson (San Diego, CA, USA). All other chemicals were pur-
chased from Sigma-Aldrich.

Extraction

The leaf samples of 0.5 gram were weighed out. Then,
50 mL of boiling deionized water was added and the sam-
ples were kept at 90°C for 30 min. Next, they were passed
through a sintered glass filter under reduced pressure
and evaporated to dryness using a Heidolph Hei-VAP Core
rotary evaporator (Heidolph Instruments, Schwabach, Ger-
many). Three extracts were prepared for each batch. Next,
the dry samples were dissolved in 10 mL of 80% (v/v) MeOH
(to remove polymerized sugars), filtered through a sintered
glass filter, and evaporated to dryness using a rotary evapo-
rator. To obtain carbohydrate fractions, the extracts were
dissolved in 80% (v/v) MeOH, loaded on an RP-18 column
(10x100 mm), and eluted under increased pressure of 80 bar
(Waters HPLC pump 515, Waters Corp., Milford, MA, USA),
with 50 mL of 80% (v/v) MeOH (first fraction, SF), later with
100% methanol (second fraction), eventually with chloroform
to clean the column. The SF contained water-soluble carbo-
hydrates and chlorogenic acids, the second fraction contained
other phenolics. The fractions were evaporated to dryness
and stored in a freezer for further analysis.

Sugar and sorbitol content analysis by HPLC-RI
and GC-MS

The HPLC-RI quantitative analysis was carried out us-
ing a Hitachi Chromaster HPLC system with an RI detec-
tor and a Purospher STAR NH, (5 um, 4x250 mm) column,

under isocratic conditions, mobile phase: acetonitrile/water
75:25 (vv), a flow rate: 1 mL/min. The concentration of sor-
bitol was determined using a calibration curve generated for
sorbitol, glucose, fructose, and sucrose standards. The linear-
ity of the method was assessed based on the value of the coef-
ficient of determination (R?) of the calibration curve obtained
for each standard ( ). The limit of detection (LOD)
and limit of quantification (LOQ) concentrations were set us-
ing equations: LOD = 3.3 x ¢/S and LOQ = 10 X o/S, where
o is the standard deviation of the y-intercept and S is the slope
of the calibration curve ( ). The results of method ac-
curacy analysis showed low values of % RSD (< 2) for in-
terday variation. The recovery results were within the accept-
able limit (recovery ranged from 97 to 103%) of the interday
variation, which indicated that the method is accurate. There
was no significant change observed for the chromatograms
of the standard solution and the experimental solution.

For the GC measurement, trimethylsilyl derivatives
of the extract compounds and sugar standards were obtained
with the BSTFA (V,0-bis(trimethylsilyl) trifluoroacetamide)
and TMCS (trimethylchlorosilane) mixture, according to
Bstfa+Tmcs Spec. [1997]. The composition of derivatized
samples was determined using the GC system coupled to an
Agilent 7890A & 5975C MS detector (Santa Clara, CA, USA).
The column and analytical parameters were as follows: HP-
SMS capillary column (30 mx0.25 mmx0.25 wm, Agilent),
carrier gas — helium (1 mL/min), temperature program -
150°C for 3 min, 150-300°C, 5°C/min. The compounds were
identified using reference mass spectra from the NIST Stan-
dard Reference Database. All the HPLC and GC retention
times were confirmed using respective standards.

Sorbitol analysis by NMR spectroscopy

13C NMR spectra were recorded at room temperature on
a Varian VNMRS 300 MHz spectrometer (Palo Alto, CA,
USA) operating at 75 MHz for BC. The dry extracts were dis-
solved in DMSO-d,. Chemical shifts (5) are given in ppm with
TMS as an internal standard. NMR peak assignment for sorbi-
tol is in agreement with the reported data [Ulrich et al., 2008].

CGA and anthocyanin content analysis by HPLC-DAD
Qualitative and quantitative analyses of the leaf extracts
were performed using HPLC-DAD. Profiles of chlorogenic
acids and anthocyanins were characterized simultaneously
using the Hitachi Chromaster system (Tokyo, Japan) with
a Purospher STAR RP-18¢ column (5 wm, 4x250 mm),

TABLE 1. Calibration curves, concentration range, limit of detection (LOD), and limit of quantification (LOQ) determined for sugar and sugar alcohol

using the HPLC-IR method.

Compound Calibration curve? R? Li(nni;r;%ge LOD (mg/mL) LOQ (mg/mL)
Sorbitol A=114479¢-709 0.999 20.0-50.0 0.51 1.55
Fructose A= 437966c-923 0.997 0.25-2.5 0.06 0.18
Glucose A=404226c+711 0.998 0.25-2.5 0.05 0.15
Sucrose A=448100c+962 0.998 0.25-2.5 0.05 0.15

A — peak area, ¢ — concentration (mg/mL) of the compound.
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according to the methods validated and described in our
publication on the chokeberry research [Zielifiska ef al.,
2020]. A mobile phase gradient system consisting of 4.5%
(v/v) formic acid (A) and acetonitrile (B) was employed
for the analysis. The gradient conditions were as follows:
0-5 min, 5% B; 5-15 min, 5-8% B; 15-50 min, 8§-25% B;
50-55 min, 25-50% B; 55-65 min, 5% B, flow rate:
1-15 min, I mL/min; 15-50 min, 0.8 mL/min; 50-65 min
I mL/min. The anthocyanin chromatograms were moni-
tored at 520 nm, CGAs at 330 nm, retention times were:
nCGA 10.9 min, CGA 20.5 min, iCGA 22.3 min, and Cya-
Gal 26.8 min. The concentrations of the compounds were
determined using an appropriate calibration curve. All mea-
surements were performed in triplicate.

Anti-inflammatory activity of green and red chokeberry
leaves in human endothelial cells

Materials

Two extracts were selected for detailed testing of the anti-
inflammatory activity: from green leaves (collected on Au-
gust 16) and red leaves (collected on October 18). The aim
of the anti-inflammatory activity tests was to compare
the properties of green and red leaves. Therefore, the samples
with a similar CGA acid content were selected, one of which
additionally contained anthocyanins. The August 16 leaves
were healthy with no signs of reddening or wilting. In the case
of a sample collected in the autumn, fully red leaves were se-
lected (only sample form October 18 met this criterion).

The extracts were dissolved before use in the phosphate-
-buffered saline (PBS) solution containing 10% DMSO
(10 mg/mL) and further diluted with culture medium. All re-
agents were maintained at -20°C and further dilutions were
made with culture medium prior to use.

Cell culture and experimental conditions

Human umbilical vein endothelial cells were cultured
in endothelial cell growth medium with 2% FBS. The cells
were maintained at 37°C in 5% CO, in humidified atmosphere
and used for experiments between passages 3 and 4 (doubling
population <10). For experiments, human umbilical vein en-
dothelial cells were cultured in 6- or 12-well plates. When
the HUVECs reached confluence, the cells were pretreated
with the A. melanocarpa extract (50 pg/mL) for 2 h. The cells
were then treated with TNFo (10 ng/mL) for the indicated
period of time. Cell viability remained constant in all experi-
ments (above 90%).

Cell viability assessment by MTT assay

Cell viability was assessed by determining the MTT salt
conversion using mitochondrial dehydrogenase. Briefly,
the cells were incubated for 24 h in 24-well plates at a con-
centration of 50 ug/mL of the tested extracts, and then for an-
other 4 h with 0.5 mg/mL of the MTT solution, which is con-
verted in living cells to insoluble formazan under the influence
of mitochondrial dehydrogenase. The converted pigments
were then dissolved in 0.04 M HCI in absolute isopropanol.
The absorbance of dissolved formazan was measured spectro-
photometrically at 570 nm using an Epoch microplate reader

(BioTek Instruments Inc., Winooski, VT, USA) equipped with
GenS software. Cell viability remained constant in all experi-
ments (above 90%).

Measurement of ICAM-1 and VCAM-1 expression in human
umbilical vein endothelial cells using flow cytometry

Resting HUVECs in 12-well plates were pretreated with
the indicated concentration (50 pug/mL) of A. melanocarpa
extracts for 2 h and then treated with TNFa (10 ng/mL)
for 16 h. After the experiments, the cells were washed with
a phosphate-buffered saline solution (PBS). Next, they were
harvested and washed in PBS containing 1% FBS and resus-
pended in 100 uL of the labeling buffer. Immediately after
that, the cells were incubated with PE-conjugated mouse an-
ti-human ICAM-1 and FITC-conjugated mouse anti-human
VCAM-1 antibodies, in a dark place for 1 h. For the isotype
control, the cells were treated with PE-conjugated mouse an-
ti-IgG1 antibody. The samples were washed again with PBS
and analyzed (10,000 cells per sample) by flow cytometry
using the FACSCalibur system (BD, Biosciences, San Jose,
CA, USA) with the CellQuest Software. After correcting for
non-specific binding using the isotype control, the mean fluo-
rescence intensity was measured as an indicator of [CAM-1
and VCAM-1 surface protein expression.

Statistical analysis

The results were expressed as mean =+ standard deviation
(n=3). Statistica 10 (StatSoft Inc., Tulsa, OK, USA) was used
for the statistical analysis of experimental results. One-way
analysis of variance (ANOVA) was applied with Tukey test at
a significance level of p<0.05.

RESULTS AND DISCUSSION

Contents of sorbitol and sugars

Simple carbohydrates can be distinguished by thin-
-layer chromatography (TLC), gas chromatography (GC),
and high-performance liquid chromatography (HPLC).
These methods have specific advantages and drawbacks. For
GC separations, sugars have to be derivatized. In the case
of the HPLC method, the detection of simple carbohydrates
from highly colored small fruit samples may be disturbed
by anthocyanins. Therefore, we used NMR spectroscopy
which does not require chemical preparation of the sample
and yields information on all sugars in one experiment (NMR
spectrum).

The GC-MS analysis, performed prior to “C NMR,
indicated that the major sugar of chokeberry leaves may
be one of the sugar alcohols: sorbitol or mannitol ( ).
Among other trimethylsilyl (TMS) derivatives, two peaks
of glucose (a- and B-glucopyranoside) and one of sucrose
were identified, also quinic and caffeic acids — constituents
of chlorogenic acid. However, the fructose peaks were not
detected, probably due to the decomposition of fructose si-
lyl derivatives.

The NMR analysis was performed to identify sugars
in the leaf extracts. The *C NMR spectra of the sugar frac-
tion of water extracts from aronia leaves showed six high
resonances revealing the presence of sorbitol as the main
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TABLE 2. GC-MS data for trimethylsilyl (TMS) derivatives of the sugar fraction (SF) of chokeberry leaf extract (sample collected on October 18).

Peak No t, (min) Masses Relf;‘:figgf ZEJS)SF Compound
1 22.181 345,255 21.2 Quinic acid (5 TMS)
2 22.490 204, 191 6.4 p-Glucose (5 TMS)
3 22.987 319,205, 103 44.9 Sorbitol/mannitol (6 TMS)
4 23.356 204, 191 10.2 p-Glucose (5 TMS)
5 24.615 396,219 2.5 Caffeic acid (3 TMS)
6 28.232 217,204 5.5 Derivatization by-product
7 28.266 217,204 3.7 Derivatization by-product
8 29.055 437,361,217 5.5 Sucrose (8§ TMS)

Note: mass 73 and 147 for TMS groups are omitted in the table.

component. An exemplary spectrum of the sugar fraction
(sample from July 24) is shown in . For comparison,
13C NMR spectra (in DMSO-d6) of pure sorbitol and mannitol
are illustrated in Figures 1b and 1c, respectively. Chemical shifts
are collected in . The spectra and data collected show
that the sugar fraction of leaf extracts did not contain mannitol.

The *C NMR spectrum of the sugar fraction of water extract
reveals two areas typical of saccharides ( , ). One
of them is situated between 3 60 and 80 ppm (CH and CH, car-
bons) and the other between & 80 and 106 ppm where the sig-
nals of anomeric carbons of glucose (a- and B-glucopyranose)
and fructose (a- and p-fructofuranoside) can be observed.

The HPLC analysis with a refractive index detector
(HPLC-RD and NH, column was performed to determine

Sorbitol

OH OH

a)

the content of carbohydrates. Its results indicated that
the minor soluble carbohydrates present in the water ex-
tract of chokeberry leaves at the levels of 1-4% were fruc-
tose, glucose, and sucrose (3.3+0.1, 2.2%0.1, 6.1=0.3 mg/g
of lyophilized leaves, respectively). The main sugar compo-
nent, sorbitol, represented ca. 80% of total carbohydrates,
with the average content at 145.2=1.8 mg/g of lyophilized
leaves. Its high content has also been determined in the leaves
of other shrubs and fruit trees, e.g. at 60 — 80 mg/g d.w. on
average in apples (depending on irrigation) [Naschitz ef al.,
20101, and at 30 — 40 mg/g d.w. in peaches [Liu et al., 2013].
On the other hand, its content in blueberries is as low as
0.02-0.05 mg/g d.w. [Fotiric Aksic et al., 2019]. Thus, the sor-
bitol content can vary widely in plants.
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FIGURE 1. BC NMR spectra of a) the sugar fraction of the chokeberry leaf extract (sample from July 24) with the carbon numbering of sorbitol,
b) sorbitol standard, and ¢) mannitol standard. GP - glucopyranose, FF - fructofuranoside.
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TABLE 3. C NMR chemical shifts (3, ppm) of sorbitol of the sugar
fraction (SF) of chokeberry leaf extract (sample collected on July 26),
and standards: sorbitol and mannitol.

TABLE 4. BC NMR chemical shifts (5, ppm) of anomeric carbons C1
(a- and B-glucopyranose and fructofuranoside of the sugar fraction
of chokeberry leaf extract; sample collected on July 26).

Carbon & Sorbitol (SF) | & Sorbitol std | 8 Mannitol std Glucose/fructose 5Cl
1 62.98 62.52 64.31 a-Glucopyranose (aGP-1) 92.68
2 74.22 73.77 71.77 B-Glucopyranose (BGP-1) 97.35
3 69.30 68.85 70.14 B-Glucopyranose (BGP-3) 71.20
4 72.92 72.30 70.14 a-Fructofuranoside (aFF-1) 104.49
5 71.91 71.45 71.77 B-Fructofuranoside (BFF-1) 102.44
6 63.88 63.43 64.31

The changes of sorbitol content in A. melanocarpa leaves
were observed during seasonal growth ( ). In the spring,
the content of sorbitol was high, later it decreased and remained
unchanged during the summer. An increase was observed after
fruit collecting (September 20) and the content decreased slight-
ly at the end of the season (October 18). The pattern of changes
can be related to flowering, fruit ripening, and removal. In Po-
land, the harvest usually takes place between the last week
of August and the first week of September. The highest content
of anthocyanins, vitamin C, and reducing sugars in fruits was
determined between August 29 and September 1, as reported
by Andrzejewska ef al. [2015] and Yang et al. [2019].

The fruit removal has a significant effect on the metabo-
lism of the whole plant, including the leaves. The study on
peach leaves [Nii, 1997] showed that the level of reduc-
ing and non-reducing sugars increased immediately af-
ter the harvest and then decreased successively, whereas
the content of sorbitol also increased after fruit removal but
remained high.

CGAs and anthocyanins in chokeberry leaves during
seasonal growth

The HPLC studies have shown that Cya-3-Gal is respon-
sible for the red color of the leaves. Other pigments pres-
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ent in chokeberry fruits, mainly cyanidin-3-O-arabinoside
[Zielinska et al., 2020], were below detection level in our study.
The average content of anthocyanin Cya-3-Gal was found to
be 0.52=0.01 mg/g dry weight (d.w.) of red leaves, which was
relatively low compared to the fruit (2-3 g/100 g d.w.) [Gralec
et al., 2019]. This content is lower than in the study by Szopa
et al. [2017], were it reached 1.9 mg/100 g d.w.. These differ-
ences may result from various weather conditions in a given
year (temperature during development, amount of sunshine
and rainfall, time of leaf coloring).

The content of chlorogenic acids (nCGA, CGA,
and iCGA) was determined in chokeberry leaf extracts collect-
ed from June till October ( ). The average total content
of CGAs was 13.1 mg/g d.w. and 1.9 mg/100 mg of the extract
(range 1.46-2.59 mg/100 mg extract). The iCGA was pres-
ent in the smallest amount. The content of all CGAs varied
with the growth stages of the leaves. The highest CGAs con-
tent was observed in the extract of leaves collected in the ini-
tial growth phase, for instance in June before fruit ripening.
At a further stage of growth, a decrease in the content of chlo-
rogenic acids could be observed, with a slight increase in Sep-
tember. The decrease in CGAs content can be correlated with
the appearance of anthocyanins in fruit, which takes place
in the middle of July. A similar tendency was observed dur-

Jun 4 Jun 26 Jul18

Jul 26

Aug 16 Sep 2 Sep 21 Oct 18

FIGURE 2. The sorbitol content in extracts from chokeberry leaves collected from June to October, Data are expressed as mean (n = 3). Error bars
indicate standard deviation. Different letters above bars indicate significant differences (p<0.05).
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FIGURE 3. The chlorogenic acids (CGAs) content in water extracts of chokeberry leaves collected from June to October. Data are expressed as mean
(n=3). Error bars indicate standard deviation. Different letters above bars corresponding to the same compound indicate significant differences
(p<0.05). CGA - chlorogenic acid, nCGA - neochlorogenic acid, iCGA - isochlorogenic acid A.

ing the analysis of chokeberry fruit extracts during ripening
[Zielinska et al., 2020]. In green fruit, the content of CGAs was
remarkably high, then it decreased and remained unchanged
till the end of the season (October). However, the content
of both isomers (CGA and nCGA) was fivefold higher (avg.
70 mg/g d.w.).

Our research confirms previous reports that the chlo-
rogenic acids are the main phenolic compounds present in
A. melanocarpa leaves. Korean researchers [Thi & Hwang,
2014] determined the content of CGAs in chokeberry leaves
harvested at different stages of growth and extracted with
two different solvents: distilled water and 80% ethanol, which
turned out to have a significant impact on the CGAs content
in the extract. The content of chlorogenic acid in distilled water
and 80% ethanol extracts of chokeberry leaves was 17.2 mg/g
and 22.8 mg/g, respectively. These findings correspond quite
well with the results obtained in the present study. In turn,
the research by Szopa et al. [2017] showed that the domi-
nant compounds in all analyzed leaf extracts from Aronia
species (A. melanocarpa, A. arbutifolia, and A. X prunifolia)
were chlorogenic and neochlorogenic acids. Their contents
ranged from 184.0 to 678.2 mg/100 g d.w. and from 143.5 to
482.7 mg/100 g d.w., respectively.

Anti-inflammatory activity of green and red chokeberry
leaves in human endothelial cells

Adhesion molecules are strongly involved in the forma-
tion of atherosclerotic plaques by mediating leukocyte mi-
gration. Here, we observed that both chokeberry leaf extracts
(green leaves collected on August 16 and red leaves collect-
ed on October 18) reduced TNF-o induced surface expres-
sion of ICAM-1 and VCAM-1 molecules. The extract from
the green leaves from the August harvest caused 1.2-fold
inhibition of ICAM-1, which is stimulated by TNFa. As for

the surface expression of the TNFa-stimulated VCAM-1 mol-
ecule, it was 1.3-fold inhibited by the extracts from the green
leaves ( ). The red leaf extract inhibited ICAM-1, which
is stimulated by TNFa (1.2-fold inhibition). As for the surface
expression of the TNFa-stimulated VCAM-1 molecule, it was
1.3-fold inhibited by the extract from the red leaves The treat-
ment of endothelial cells with leaf extracts alone had no effect
on constitutively expressed levels of ICAM-1 or VCAM-1.

The red leaf extracts had a rather strong anti-inflammatory
effect on endothelial cells. This is probably due to the pres-
ence of chlorogenic acids and anthocyanins. It should be not-
ed that the content of Cya-3-Gal in the extracts was low
(0.18 mg/100 g), whereas that of chlorogenic acids was ten
times higher (1.9 mg/100 g). Surprisingly, the anti-inflamma-
tory effect was similar to that of the green leaf extract which has
no anthocyanins but contains chlorogenic acids as the main
phenolic ingredient. Thus, the CGAs may be the key com-
pounds determining these properties. These two extracts also
contained sorbitol, but its role was not assessed. In conclusion,
both leaf extracts are valuable and can be used in the future to
prepare medicinal products against inflammation and degen-
erative diseases, such as cardiovascular diseases.

It seemed interesting to consider the results of the study
on chokeberry leaves from South Korea [Lee et al., 2014].
The antioxidant capacities of the leaf extracts were deter-
mined as the DPPH* and ABTS'* scavenging activities,
which were the highest for young leaves, followed by the ma-
ture and aged ones. This antioxidant activity trend may be as-
sociated with the total phenolic content, particularly with
that of the chlorogenic acid derivatives. Younger chokeberry
leaves may be utile for processing into high-quality functional
tea, as they had the highest phenolic content. Our results on
the content of chlorogenic acids and anti-inflammatory activ-
ity support this assumption. However, there is no significant
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FIGURE 4. The effect of chokeberry leaf extract on ICAM-1 and VCA-
(n=3).

difference between the young and the aged leaves in the anti-
inflammatory effect on endothelial cells. In this regard, red
leaves can also be considered as a functional food ingredient.

CONCLUSION

Sorbitol is commonly used as a sweetening agent, an al-
ternative to refined sugar. A. melanocarpa leaves appeared to
be a rich source of sorbitol and therefore infusion (herbal
tea) or the extract might be a valuable component of the diet,
especially for diabetic patients. The content of sorbitol was
higher at the beginning and the end of the season, but lower
in the summer. The green and red leaf extracts have a rather
strong anti-inflammatory effect on endothelial cells. This
is probably due to the presence of chlorogenic acids and an-
thocyanins. Therefore, both the green leaf extract and the red
leaf extract potentially can be used in functional teas, togeth-
er with dried/lyophilized chokeberry fruits or fruit powders.
The leaves are affordable raw material, however, it is worth
remembering that collecting red leaves in the fall makes no
harm to bushes, as opposed to removing them in the spring.

1 expression after TNFa stimulation. Error bars indicate standard deviation
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Health-conscious consumers are interested in products with an increased bioactive compound content. The nutritional quality is considered both
as a stability and bioaccessibility concern. The aim of this study was to investigate the effect of horseradish products (horseradish root pomace, horse-
radish leaf pomace, microencapsulated horseradish root and leaf juice) on the physicochemical properties of biscuits, as well as to assess in vitro bio-
availability and activity of phenolics. The bioactive compounds and antioxidant activity of horseradish products, which were used to replace the flour
in biscuit dough, were analysed. Physicochemical parameters (pH, water activity, colour, phenolic compound contents, and antioxidant activities) were
determined for the biscuits. Horseradish products compared to other cruciferous vegetables have a high content of phenolic compounds, as well as high
antioxidant activity. Higher levels of bioactive compounds were found in microencapsulated horseradish leaf juice, compared to the other horseradish
products used in the study. Enriched biscuits had a significantly higher total phenolic content (TPC) and antioxidant activity, compared to the con-
trol. After 180-day storage, TPC of biscuits with horseradish root products did not change significantly but in biscuits with horseradish leaf products
it decreased by 27-29%. The bioaccessibility index of phenolic compounds after in vitro digestion of enriched biscuits ranged between 2.19 and 2.99.
Microencapsulated horseradish leaf juice was more effective in enriching biscuits with bioactive compounds. The developed biscuits enriched with

horseradish products could meet consumer expectations for healthy, functional food.

INTRODUCTION

No matter how healthy people want to eat, they also like
to have some snacks, treats, and fast carbohydrates, such as
biscuits. To make these snacks healthier, it is possible to use
biologically active compounds from plants of natural origin
in their preparation. Scientists around the world have already
conducted studies on the addition of various plant products,
by-products of food production, as well as plant extracts to
foods, improving their nutritional value as well as biologi-
cal value. For example, it has been possible to significantly
increase the content of phenolic compounds and increase
the antioxidant activity of bread with the addition of sweet-
-lupines [Villarino et al., 2014], rice bran [Irakli et al., 2015],
cumin and caraway seeds and by-products [Sayed-Ahmad
et al., 2018b], chia seeds and cakes [Sayed-Ahmad et al.,
2018al], pasta with mango peel powder [Ajila et al., 20101, Hi-
biscus sabdariffa L. calyxes’ residue [Ahmed & Abozed, 2015],
and biscuit with grape marc extract [Pasqualone et al., 2014].
As each plant has a specific profile of individual phenolic com-
pounds, their behaviour and efficiency in food matrices also
differ; therefore in-depth research of new sources is advisable.

Plants are rich in many biologically active compounds,
such as phenolics (phenolic acids and flavonoids), and es-

* Corresponding Author: E-mail: (L. Tomsone)

sential oils, which possess various antioxidant properties
[Naczk & Shahidi, 2004]. Therefore, local plants specific to
each region, but not widely used, are also sought and identi-
fied. Horseradish (Armoracia rusticana L.) is a plant growing
in temperate latitudes that does not require special growing
conditions, and a previous study [Tomsone, 2015] has shown
that these plants contain high amounts of biologically active
compounds such as phenolic compounds with antioxidant
properties. It was found that total phenolic content (TPC)
of horseradish leaves was 711-5406 mg GAE/100 g dry
matter (DM), but TPC of roots was on average 7-10 times
lower. Other studies showed a smaller difference in TPC be-
tween leaves and roots, i.e., 256-385 mg GAE/100 g DM and
174-289 mg GAE/100 g DM, respectively [Calabrone et al.,
2015]. These plants have long been used for medicinal pur-
poses with a wide range of applications for the treatment
of various diseases using both roots and leaves [Agneta et al.,
2013]. Although horseradish roots have a greater culinary
value, horseradish leaves can also be used for food pur-
poses. Like other cruciferous plants, besides phenolic com-
pounds [Prieto et al., 2019], horseradish is rich in volatile
sulphur-containing compounds — glucosinolates [Kloucek
etal.,2012], and enzymes such as peroxidase and myrosinase
[Belitz et al., 2009; Mokdad et al., 2009].

The high content of biologically active substances in cer-
tain food ingredients does not always ensure high bioacces-
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sibility and bioavailability during digestion. Bioavailability,
defined as the amount of compounds available for absorp-
tion, can depend on a number of factors. These factors are af-
fected by the chemical structure of compounds caused by gly-
cosylation, esterification and polymerization [Alminger ef al.,
2014; Gayoso et al., 2018]. The raw materials of the plant
kingdom consist of many compounds, which could be un-
stable in the aggressive environment of the stomach. They
can be stabilised using modern technologies. One of such
solutions is microencapsulation. It is a physical solution to
prevent premature degradation of these substances, where
the microcapsule wall acts as a physical protective barrier to
chemical compounds.

The aim of this study was to investigate the effect of horse-
radish root pomace, horseradish leaf pomace, microencapsu-
lated horseradish root and leaf juice on the physicochemical
properties of biscuits, as well as to assess in vitro bioavailabil-
ity and activity of phenolics.

MATERIALS AND METHODS

Horseradish products

Horseradish (A. rusticana L.) was harvested in Latvia (lat-
itude 56°39” N, longitude 23° 44’ E), washed, cut in 5 cm long
pieces. Horseradish leaves and roots were packed in polyeth-
ylene bags (approximately 0.5 kg each, in total 50 kg roots
and 25 kg leaves) and frozen at -18°C. Horseradish root
and leaf juice was obtained by grinding the frozen sample,
and then extracting in a basket press. Juice was microencap-
sulated in a Mini Spray Dryer B-290 (Biichi, Flawil, Switzer-
land) using maltodextrin as a wall material at the core-to-wall
ratio of 50:50 [Tomsone, 2020b]. Horseradish root and leaf
pomace was dried in a Musson-1 microwave-vacuum drier
(Ingredient, St. Petersburg, Russia) as described by Tomsone
et al. [2020a].

Biscuit preparation

Biscuits were prepared according to the formulation de-
scribed in , and the calculation of the required amount
of horseradish product to be added was based on the TPC
in each product. The traditional recipe of butter biscuit dough
was selected for a control. Horseradish products were used to
enrich biscuits with phenolic compounds.

All ingredients were mixed using a Varimixer AR10 mix-
er (Wodschow & Co., Brondby, Denmark) for +10 min.
The dough was allowed to rest for =10 min, and then rolled
in a 0.7 cm thick sheet. Circles of 4.5 cm in diameter were
then cut and were further divided into four equal segments.
Biscuits were baked using the silicon baking sheet at 200+ 5°C
for =10 min in a rotary oven (Sveba Dahlen, Fristad, Swe-
den). Two batches (each 800 g) of biscuits were baked for
each formulation and tempered to room temperature 22+2°C
within 1 h. Biscuits were then stored in cardboard boxes at
room temperature in the dark at 60+5% relative air humid-
ity and analysed twice — on the next day after baking (further
referred to as: before storage) and after 180 days storage (fur-
ther referred to as: after storage). Ten biscuits were randomly
selected from the batch, crushed and used as the average
sample for further analysis.

Reagents

Gallic acid, Folin-Ciocalteu reagent, and 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH ") were purchased from Sig-
ma-Aldrich (Buchs, Switzerland). All other chemicals were
obtained from Acros Organics (Belgium, WI, USA).

Spectrophotometric assays of the total phenolic content
and antioxidant activity

Extraction procedure

The extraction of phenolic compounds from horseradish
root and leaf pomace was done according to Tomsone et al.
[2020a]. Briefly, dried pomace was ground and twice extract-
ed using acetone in an ultrasonic bath and then re-extracted
with ethanol/water (80:20, v/v). Extraction was completed
in triplicate for each type of pomace.

For the spectrophotometric analysis of microencapsulat-
ed horseradish root and horseradish leaf juice, 0.1 g of pow-
der was dissolved in 100 mL of distilled water and stirred for
20 min on a magnetic stirrer (magnet size 4.0 x 0.5 cm) at
700 rpm. Three extracts were prepared for each type of mi-
crocapsules.

For biscuit extraction, 2.5 g of crushed biscuits were sus-
pended in 10 mL of an ethanol/water mixture (80:20, v/v)
in a glass flask. The extraction was completed at 20+1°C
in an ultrasonic bath YJ5120-1 (Oubo Dental, St. Louis, MO,
USA) for 30 min at 35 kHz. The clear top layer of the extract
was decanted and centrifuged using a CM-6MT centrifuge
(Elmi Ltd., Riga, Latvia) for 5 min at 3,500 rpm. The super-
natant was collected in a 25-mL graduated flask. Biscuit sedi-
ment was re-extracted with 10 mL of a fresh solvent and treat-

TABLE 1. Formulation of biscuit doughs with different horseradish
products.

Samples

C | B_HRP | B_HLP |B_HRM|B_HLM

Ingredients

Flour and horseradish
products, incl.

flour (g) 500

dried horseradish

487.50 497.10 492.10 499.20

- 12.50 - - -
root pomace (g)
dried horseradish B B 7,90 _ B
leaf pomace (g)
horgeradlsh root B B B 7.90 B
microcapsules (g)
hors_eradlsh leaf 3 3 3 _ 0.80
microcapsules (g)
Butter (g) 270 270 270 270 270
Sugar (g) 125 125 125 125 125
Egg mass (g) 50 50 50 50 50
Salt (g) 5 5 5 S 5
Baking powder (g) 3 3 3 3 3

Abbreviations: C: control; B_HRP: biscuits with horseradish root pom-
ace powder; B_HLP: biscuits with horseradish leaf pomace powder;
B_HRM: biscuits with horseradish root juice microcapsules; B_HLM:
biscuits with horseradish leaf juice microcapsules.
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ed in an ultrasonic bath for an additional 10 min. The top
layer was decanted and centrifuged for 5 min. Both superna-
tants were combined in a 25-mL graduated flask and filled
with solvent till the mark. Extraction was completed in tripli-
cate for each sample.

Spectrophotometric analysis

All spectrophotometric analyses were performed using
a JENWAY 6300 spectrophotometer (Barloworld Scientific
Ltd., Staffordshire, UK) and were used according to the pro-
cedure described by Tomsone et al. [2020a].

The total phenolic content (TPC) was determined accord-
ing to the Folin—Ciocalteu spectrophotometric assay described
by Singleton er al. [1999]. Calculations were done using
a standard curve of a gallic acid solution in water, and results
were expressed as mg gallic acid equivalents (GAE) per 100 g
of DM. Each extract was analysed in triplicate.

DPPH" scavenging activity was determined according
to the method described by Yu et al. [2003]. The 2,2’-azi-
no-bis(3-ethylbenz-thiazoline-6-sulfonic) acid (ABTS) was
used to determine ABTS "+ scavenging activity according to
Reer al. [1999] procedure. Calculations were done using a stan-
dard curve, and results were expressed as mmol 6-hydroxy-
-2,5,7.8-tetramethylchroman-2-carboxylic acid (Trolox) equiva-
lents per 100 g DM. Each extract was analysed in triplicate.

Determination of individual phenolic compounds
and organic acids

Individual phenolics and organic acids were determined
by HPLC as described by Tomsone et al. [2020a]. Briefly,
1 N HCl/ethanol/distilled water (1:80:19, vv/v) was used for
phenolics extraction in an ultrasonic bath YJ5120-1 (Oubo
Dental) at 35 kHz and 20+ 1°C for 10 min. The supernatants
obtained after centrifugation were then separated and quanti-
fied using a Prominence LC-20AD HPLC system (Shimadzu,
Canby, OR, USA) with a photodiode array detector SPD M20A
(Shimadzu, Kyoto, Japan). For determination of organic acids,
samples were extracted with a solution of metaphosphoric acid
in distilled water (pH 3.0), using a magnetic stirrer. The ana-
lytical C18 column (Perkin Elmer, 4.6 mm %250 mm, 5 mm)
and detection at a wavelength of 210 nm were used. The total
organic acids were calculated as a sum of oxalic, tartaric, quin-
ic, malic, malonic, ascorbic, citric, fumaric, and succinic acids.
Each extract was analysed in triplicate.

Determination of moisture content, pH, and water
activity

Moisture content in the horseradish products (dried
horseradish root pomace, dried horseradish leaf pomace,
microencapsulated horseradish juice, and microencapsulated
horseradish leaf juice) and biscuits was determined according
to the International Organization for Standardization (ISO)
6496 standard [ISO, 1999], which was used for the expression
of results in dry matter. Each batch was analysed in triplicate.

The water activity (a ) was measured directly at 25°C
using the Novasina Thermoconstanter model Labswift-a
(Novasina AG, Lachen, Switzerland). Each reading was com-
pleted according to the manufacturer’s instructions and done
in triplicate for each batch.

The pH value of the samples was measured accord-
ing to Association of Official Analytical Chemists (AOAC)
method No. 943.02 [AOAC, 2020] with some modifications.
The biscuit sample (5 g) was weighed into an Erlenmeyer
flask and 50 mL of distilled H,O was added. The suspension
was prepared by mixing for 10 min at 25°C. Then, the pH
was measured using a Jenway-3505 pH-meter (Barloworld
Scientific Ltd., Dunmow, Essex, UK) with a glass electrode
standardized by buffer solutions of pH 4 and pH 7, both at
25°C. Each batch was analysed in triplicate.

Colour evaluation

Colour analyses were performed using a ColorTec-PCM
instrument (Accuracy Microsensors, Inc., Pittsford, New
York, USA), using the CIE L* a* b* colour space, where L*
represents the sample’s lightness in the range from 0 (black)
to 100 (white), a* is the redness from green to red (-a* — 4+a*),
and b* is the yellowness from blue to yellow (-b* - +b*). Each
biscuit type was crushed and placed in a PE-LD ziplock bag
(size 60 x 75 mm). The colour of each batch was measured
on the bag surface in ten random places.

The total colour difference (AE) between the enriched bis-
cuits and the butter biscuits without horseradish (control) on
the day after baking and cooling was calculated using Equa-
tion (1):

AE = V(L,-L )+ (a,-a %) + (b,~b ") (1)

where: L,*, a,*, and b," — measured values of biscuit samples
with horseradish products; and L *, a * and b * — the values
of butter biscuit samples (control).

The total colour difference (AE)) between the samples af-
ter 180-day storage and the respective biscuits before storage
was calculated using Equation (2):

AE[ = \/(LQ*_LII*) + (at2*_atl*) + (ba*_btl*)z 2)

where: L *, a,*, and b ,* — measured values of biscuit samples
after 180-day storage; and L *, a *, and b * — measured val-
ues of the respective biscuit samples before storage.

Chroma (C*¥) was calculated according to Equation (3),
and hue angle (h) according to Equation (4) [Daget al., 2017,
Sant’Anna et al., 2013].

C,* = Va7+b? (3)
h,, = arctan (b*/a*) 4

when + a* and +b* are in quadrant L.

In vitro digestion

The digestibility of the products was assessed in a gastro-
intestinal tract (GIT) model - bioreactor, in which nutrient
transit and digestibility were simulated. The GIT model used
in the study (Multifors 2, INFORS-HT, Bottmingen-Basel,
Switzerland) consisted of a 500 mL bioreactor tank in which
the processes were controlled with the Iris 6 Pallalel Bio-
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process Control software (INFORS-HT, Bottmingen-Basel,
Switzerland). The reactor was equipped with temperature
and pH sensors, a magnetic stirrer, as well as pumps that con-
trolled the rate of hydrochloric acid (HCI) and sodium bicar-
bonate (NaHCO,) addition. The temperature in the bioreac-
tor was maintained at 37=0.1°C to implement the simulation
process. During the process, continuous mixing was ensured
at 120-250 rpm.

The digestibility of the products was simulated based on
Minekus et al. [2014] enzymatic in vitro digestibility proto-
col. The product (30 g) was placed in a bioreactor connected
to a temperature and pH sensor, 30 mL of simulated saliva
fluid (SSF) were added, and the sample was kept at 37°C for
2 min. The transition to the stomach was simulated by adding
a simulated gastric fluid (SGF), pepsin, CaCl,, and distilled
water into the bioreactor. Gastric acid secretion was simu-
lated by adding 1 M HCI and adjusting the pH to 3.0=0.2.
Digestion in the stomach was simulated for 2 h.

The stomach content was then neutralised to pH 7.0+0.2
by 1 M NaHCO; and a simulated intestinal fluid (SIF) contain-
ing a concentrated electrolyte solution, enzymes (trypsin, chy-
motrypsin, a-amylase, lipase), bile salts, CaCl,, and distilled
water was added, simulating the transit of gastric contents into
the duodenum. Digestion in duodenum was simulated for 2 h.
The samples were frozen and stored at —18+1°C till further
analysis. Each batch was analysed in duplicate.

Prior to the analysis, the samples were defrosted and cen-
trifuged for 30 min. TPC and antioxidant activity (DPPH"
and ABTS"* scavenging activity) were measured in the su-
pernatant or the digested part. The bioaccessibility index
(PAC) was calculated according to Equation (5) [Celep et al.,
2017; Swieca et al., 2017]:

PAC = C,/C,, 5)

where: C;, - the total phenolic content or antioxidant activ-
ity in the samples after gastrointestinal digestion; and Cj; -

the total phenolic content or antioxidant activity in the non-
digested samples.

Statistical analysis

All experiments were performed with at least three repli-
cates and the results are shown as mean + standard devia-
tion. The analysis of variance (ANOVA) and Tukey’s test or
t-test were performed using SPSS version 17 (SPSS Inc.,
Chicago, IL, USA) to determine parameter differences be-
tween samples. The differences were considered significant at
p<0.05. Linear correlation analysis was performed to analyse
the relationship between the variables tested.

RESULTS AND DISCUSSION

Description of the horseradish products

Horseradish products can be used as a source of antioxi-
dants. An important group of the natural antioxidants, due to
their reduction-oxidation potential, is phenolic compounds —
plant secondary metabolites. The horseradish products stud-
ied in the current research are also rich in phenolics.

The analysis of variance showed that the TPC, individual
phenolic compounds, and antioxidant activity in horserad-
ish products differed significantly ( ). TPC in the leaf
pomace was four times higher, compared to the root pomace,
but in the microencapsulated leaf juice it was 10 times high-
er, compared to the root juice. As previous studies reported,
the horseradish leaves contained a higher amount of the phe-
nolics, compared to roots [Tomsone, 2015]. In general,
the microencapsulated horseradish leaf juice had a higher
content of all the determined compounds, except for (+)-cat-
echin (the highest content was detected in the horseradish
root microcapsules). TPC ranged from 244.44 mg/100 g DM
of root pomace to 3730.38 mg/100 g DM of encapsulated leaf
juice, showing potential especially for horseradish leaf prod-
ucts to improve the health value of biscuits with small quanti-
ties added.

TABLE 2. Phenolic compound and organic acid contents, and antioxidant activity of horseradish products.

Pomace Microcapsules
Parameters Root Leaf Root juice Leaf juice
HRP HLP HRM HLM

TPC* 244.44+10.90¢ 1028.57+27.64° 376.64+8.05¢ 3730.38+62.137
DPPH" scavenging activity™* 13.86x0.45¢ 53.13x0.62¢ 89.60+2.11° 120.33£1.05*
ABTS"* scavenging activity™ 23.64=0.79¢ 298.84+7.96" 120.47+3.10¢ 631.32+13.56°
(4)-Catechin™* 6.96x0.32¢ 2.39+0.10¢ 42.04=1.15 9.900.43>
Sinapic acid** 0.71=0.04¢ 1.53+0.08¢ 11.67=0.54° 324.92+11.25
2-Hydroxycinnamic acid*** 1.66=0.05¢ 1.80+0.07¢ 3.70=0.19° 44.40=2.14°
Rutin™* 37.77+1.73¢ 220.23+1.68° 75.46+2.77¢ 2033.52+101.68
Total organic acids™* 760.04+28.00¢ 772.66+28.63¢ 2725.91+106.30° 6879.92+244.01¢

All data are means =+ standard deviation (n=9). *b<... — values with different superscripts in the same row are significantly different (p< 0.05). *mg GAE
(gallic acid equivalent)/100 g DM, **mmol Trolox equivalent/100 g DM, **mg/100 g DM. Abbreviations: HRP: horseradish root pomace powder;
HLP: horseradish leaf pomace powder; HRM: horseradish root juice microcapsules; HLM: horseradish leaf juice microcapsules, TPC: total phenolic

content, DM: dry matter.
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Among the individual phenolic compounds quantified
in horseradish product samples, the highest content of rutin
reached 2033.52 mg/100 g DM of horseradish juice micro-
capsules. Rutin has a wide range of bioactivities including
antioxidant and anti-inflammatory ones, and therefore sci-
entists are searching for its potential sources [Camponogara
et al., 2020; Kherbache ef al., 2020]. A similar content of ru-
tin was found in dried aerial parts of buckwheat (2.66%), but
in extracts its content increased to 6.75% [Kim & Lim, 2019].
The banana leaf extract also reached 5% of rutin [Yingyuen
et al., 2020]. Results of the current study confirm that horse-
radish leaf juice can be a potential source of rutin.

Scientists have been testing the possibility of adding dif-
ferent phenolic-rich products to food, as each of the added
products contains an individual and unique chemical profile,
and compounds can react differently in each particular food
matrix. Therefore, it is necessary to study the effect of phe-
nolic compounds of horseradish on the food matrix. The ob-
tained results allowed choosing the quantity of each horse-
radish product to be added, so that the same concentration
of phenolic compounds would be added to each biscuit type
based on the TPC.

Organic acids are important for plant metabolism
and were found in all horseradish products analysed. Organic
acids are closely related to the formation of phenolic com-
pounds in plants, as they are part of the phenylpropanoid
pathway biosynthesis. Horseradish leaf juice microcapsules
(HLM) had the highest contents of organic acids among
the studied products. There was a tendency that microen-
capsulated horseradish juice had 3-8 times higher content
of organic acids, compared to the pomace. The main organic
acids in all horseradish products were quinic, citric, fumaric,
and succinic acids (data not shown).

Biscuit characteristics

Total phenolic content (TPC) and antioxidant activity in biscuits

The TPC values varied among the biscuit samples ( ).
On the day after baking, the control biscuits (C) had a signifi-
cantly (p<0.05) lower TPC than the enriched biscuits. The addi-
tion of the horseradish products to biscuits increased their TPC
by 21% (B_HRP) to 60% (B_HLM), compared to the control.
Other researchers also succeeded in increasing the TPC of flour
products by adding various plant materials rich in phenolics,
such as rice bran by 200 to 400% [Irakli et al., 2015], and cum-
in seeds and by-products by 50-116% [Sayed-Ahmad ef al.,
2018b]. The same amount of phenolic compounds provided
by different horseradish products was added to the biscuits
in the current research. However, the individual phenolic com-
pound profiles of additives differed significantly. The horserad-
ish leaf juice microcapsules had higher contents of rutin, sinapic
acid, and 2-hydroxycinnamic acid, compared to the other
horseradish products ( ). Possibly, some of the individual
compounds were more susceptible to the increased temperature
and moisture vaporization during baking, resulting in the loss
of TPC.

During baking, the antioxidant activity, like TPC, also
increased in the biscuits containing horseradish products
( ). Compared to the control, the DPPH" scavenging

TABLE 3. Total phenolic content (TPC) and antioxidant activity of bis-
cuits enriched with horseradish products one day after baking and after
180-day storage.

Samples Before After Changes
storage storage after storage
TPC (mg GAE/100 g DM)
C 14.82+0.7144 15.60+0.614 n.s.
B_HRP 17.96+0.36 18.990.93:4 n.s.
B_HLP 23.15+0.9324 16.94+0.45>8 27% (])
B_HRM 21.74x0.430A 20.04=1.08# n.s.
B_HLM 23.75+0.43A 16.98+0.28"" 29% (1)

DPPH" scavenging activity (mmol TE/100 g DM)

C 1.58+0.08<8 2.11x0.0324 33% (1)
B_HRP 1.70+0.08v<8 2.28x0.05* 34% (1)
B_HLP 1.86+0.06>8 2.18x0.0124 17% (1)
B_HRM 1.99+0.10*4 2.14+0.1284 n.s.

B_HLM 1.93+0.03*# 2.23+0.08*4 16% (1)

ABTS"* scavenging activity (mmol TE/100 g DM)

C 1.060.05%4 0.56+0.06°" 47% (1)
B_HRP 1.25+0.06°4 0.68+0.0148 46% (1)
B_HLP 1.80=0.08>4 1.32+0.0428 27% (])
B_HRM 1.710.09>A 1.15+0.05>8 33% (1)
B_HLM 1.92+0.06* 1.10+0.030<P 43% (1)

All data are means =+ standard deviation (n=18). *°<... — values with

different superscripts in the same column for the same parameter are
significantly different (p<0.05). B— values with different superscripts
in the same row are significantly different (p< 0.05). Abbreviations:
C: control; B_HRP: biscuits with horseradish root pomace powder;
B_HLP: biscuits with horseradish leaf pomace powder; B_HRM: biscuits
with horseradish root juice microcapsules; B_HLM: biscuits with horse-
radish leaf juice microcapsules; DM: dry matter; n.s.: change is statisti-
cally insignificant (p>0.05). 1: Percentage increase after 180-day storage.
1: Percentage decrease after 180-day storage.

activity increased by 7% (B_HRP) to 26% (B_HRM), but
the ABTS*+ scavenging activity by 18% (B_HRP) to 81%
(B_HLM).

The increase in the antioxidant activity has been reported
when food production by-products were added to flour prod-
ucts. Mango peel powder increased antioxidant activity 3 to
22 times [Ajila et al., 20101, Hibiscus sabdariffa L. calyxes’ resi-
due by 18-140% [Ahmed & Abozed, 2015], as well as cumin
and caraway seeds and by-products [Sayed-Ahmad ez al.,
2018b], and chia seeds and cakes by 12-37% [Sayed-Ahmad
et al., 2018a]. In this study, higher DPPH" scavenging activ-
ity was found for the biscuits with horseradish root microcap-
sules (B_HRM), horseradish leaf microcapsules (B_HLM),
and horseradish leaf pomace (B_HLP), while higher ABTS"*
scavenging activity for the biscuits with horseradish leaf micro-
capsules (B_HLM) and horseradish leaf pomace (B_HLP).
It may be due to the different individual phenolic compound
profiles of the horseradish products and the differences in an-
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tioxidant activity determination methods. The DPPH assay
is fast and easy to use in measuring the ability of compounds to
act as radical scavengers or hydrogen donors, and is therefore
often used to determine the antioxidant potential of food prod-
ucts [Szawara-Nowak ef al., 2016]. But still, the results could
be interfered by different solubility of the compounds in alco-
hol and could depend on the chemical structure of the samples
tested due to their different reaction kinetics with the radical.
The ABTS assay, on the other hand, is another commonly used
method for determining the antioxidant activity of foods con-
taining a broader range of antioxidants, including hydrophilic
and lipophilic compounds, but its results could also be affected
by the chemical structure of compounds, pH, and oxygen con-
centration in media.

The correlation between TPC and DPPH scavenging activ-
ity in the analysed biscuits before storage was strong (r=0.869)
and similar to these reported by Sayed-Ahmad ef al. [2018b]
and Moldovan et al. [2016]. The coefficient of correlation be-
tween TPC and ABTS"* scavenging activity was r=0.818.

During storage, various biochemical reactions continue
in the food. Antioxidants, including phenolic compounds,
and their content change over time. It was observed that
during storage, TPC did not change significantly (p>0.05)
in the biscuits with added horseradish root products (B_HRP
and B HRM) ( ). However, TPC decreased signifi-
cantly (p<0.05) in the biscuits with the added horseradish
leaf products (B HLP and B HLM) after 180-day storage.
A similar decrease in TPC during storage was observed in rye
ginger cakes [Zielifiski e al., 2012], where TPC had decreased
by 2-23% after storage. At the same time, TPC decreased sig-
nificantly during storage of gluten-free rice-buckwheat biscuits
[Sakac et al., 2016], and after 6 months of storage the decrease
reached 26%. The diversity of phenolic compounds in food
matrixes and endogenous factors of food, such as pH and fat
content, can affect the stability of phenolic compounds during
storage [Ahmed & Abozed, 2015; Alminger et al., 2014].

All analysed biscuits, except for B_HRM, showed a sig-
nificant (p<0.05) increase in DPPH" scavenging activity dur-
ing storage ( ). The largest changes were observed for
the C and B_HRP samples. Changes in the antioxidant activ-
ity with DPPH" could be explained by the development of
Maillard reaction products, which have antioxidant proper-
ties. Zielinski et al. [2012] found that the content of Mail-
lard reaction products increased by as much as 380% during
storage of rye ginger cakes. The decrease in the TPC of the
analysed biscuits during storage, and the increase in their
DPPH " scavenging activity can also be explained by the fact
that the antiradical activity against DPPH ™ may be provided
by polar compounds other than phenolics.

The ABTS"* scavenging activity of the experimental bis-
cuits decreased until the end of the storage period ( ).
The smallest changes were observed for B_HLP, but the largest
ones for C and B_HRP samples. During storage, the ABTS "+
scavenging activity decreased similarly to TPC.

The pH and water activity (a,) of biscuits
Horseradish products contained organic acids, therefore
adding them to biscuits lowered their pH ( ). The pH

TABLE 4. pH and water activity of biscuits enriched with horseradish
products one day after baking and after 180-day storage.

Samples Before After ' Changffs
storage storage after storage
pH
C 6.683+0.027:4 6.711+0.00424 n.s.
B_HRP 6.476+0.009°4 6.485+0.005A n.s.
B_HLP 6.395+0.035¢44  6.319x0.005¢8 n.s.
B_HRM 6.434+0.008* 6.380+0.005¢" n.s.
B_HLM 6.397+0.028%A 6.322+0.022¢8 n.s.
C 0.394+0.00124 0.385+0.001>8 n.s.
B_HRP 0.259+0.001>8 0.382+0.001¢* 47% (1)
B_HLP 0.188+0.001¢8 0.387x0.0012A 105% (1)
B_HRM 0.224+0.001¢8 0.384+0.000¢4 1% (1)
B_HLM 0.177+0.001¢8 0.386x0.00120A 117% (1)

All data are means = standard deviation (n=6). *>< — values with dif-
ferent superscripts in the same column for the same parameter are
significantly different (p< 0.05). A8 — values with different superscripts
in the same row are significantly different (p< 0.05). Abbreviations:
C: control; B_HRP: biscuits with horseradish root pomace powder; B_
HLP: biscuits with horseradish leaf pomace powder; B_HRM: biscuits
with horseradish root juice microcapsules; B_HLM: biscuits with horse-
radish leaf juice microcapsules. n.s.: change is statistically insignificant
(p>0.05). 1: Percentage increase after 180-day storage. |: Percentage de-
crease after 180-day storage.

of the biscuits without additives was 6.683 (sample C),
whereas the pH of the biscuits containing horseradish prod-
ucts was significantly (p<0.05) lower compared to the control
and ranged between 6.395 (B_HLP) and 6.476 (B_HRP).
Since horseradish leaf products contained more organic ac-
ids ( ), their addition resulted in lowered pH of the bis-
cuits (B_HLP and B_HLM). According to Ahmed & Abozed
[2015], organic acids may act as preservatives, thus improving
the microbiological and physicochemical stability of the baked
products. However, the pH of biscuits in the current research
was higher than the values reported for crackers produced with
Hibiscus sabdariffa by-products [Ahmed & Abozed, 2015].

After 180-day storage, no significant (p>0.05) pH chang-
es were observed in the biscuits ( ).

Water activity (a ) values of the control biscuits after bak-
ing were significantly higher (p<0.05) compared to the en-
riched biscuits ( ). The lowest water activity was mea-
sured in the biscuits with added horseradish leaves products
(B_HLP and B_HLM) but these samples showed the highest
increase in water activity after storage. Generally, there was
an increase in water activity after 180-day storage, except for
the control sample (sample C). The water activity of the bis-
cuits during storage had the same characteristics as that
of commercial biscuits [Romani et al., 2016] and gluten-free
biscuits with chestnut flour supplement [Paciulli ef al., 2018],
when it increased slightly during storage.
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TABLE 5. Colour parameters of biscuits enriched with horseradish products.

Parameter C B_HRP B_HLP B_HRM B_HLM

L* 77.48+0.98° 69.54:+1.69° 64.08+0.96¢ 66.17+1.98% 64.042.01¢
a* 1.5320.22¢ 2.700.14° 3.690.65 4.1520.54° 3.910.65
b* 22.16+1.04* 22.53+1.94° 22.33+1.59° 21.52+1.29° 23.81+1.04¢
AE - 8.24+0.74¢ 13.77+1.45° 11,901,012 13.96+1.59
Chroma 22.16£1.220 22.69+1.48 22.63=1.70° 21.92+1.4700 24.12£1.57
Hue angle (°) 1.5520.02¢ 1.4520.02° 1.4120.020¢ 1.3820.02¢ 1.4120.03b¢
AE, 2.06=0.15¢ 2,690,242 0.57=0.06 2.120.18 3.19x0.36*

t

Each measured value is the mean=standard deviation. (n=20). &b<, .

— values with different superscripts in the same row are significantly different

(p<0.05). AE shows difference between respective sample and control, AE is totatl colour difference between samples after 180-day storage compared
with respective sample before storage. Abbreviations: C: control; B_HRP: biscuits with horseradish root pomace powder; B_HLP: biscuits with horse-
radish leaf pomace powder; B_HRM: biscuits with horseradish root juice microcapsules; B_HLM: biscuits with horseradish leaf juice microcapsules.

Biscuit colour

The colour of food is an important visual aspect that can ei-
ther attract or deter consumers from a product, regardless of its
true value. Therefore, the average values of colour parameters
of the experimental biscuits after baking are reported in

. The results showed that the addition of horseradish prod-
ucts significantly (p<0.05) increased the darkness and redness
of the biscuits, but did not affect the blue-yellow tones. It may
be affected by the transformation of phenolic compounds to
quinones during heat treatment, which are subsequently con-
verted to dark coloured melanins [Taranto et al., 2012]. Paciulli
etal. [2018] also reported a similar trend in colour change upon
baking when chestnut flour was added to gluten-free biscuits.

Pigments present in leaves increased the darkness
of the experimental products. The darkest biscuits were ob-
tained by adding horseradish leaf products (horseradish leaf
pomace powder and microencapsulated horseradish leaf
juice), which is indicated by the L* values of the biscuit colour.
The heat treatment caused changes of the natural pigments
colour, and as a result of various reactions, the tone of the en-
riched biscuits turned brownish red, which is also visible from
the results of a* values.

Higher a* values were found for the biscuits with added
horseradish root juice microcapsules (B_HRM), compared
to the biscuits with horseradish root pomace. The differences
between a* values are probably due to the use of maltodextrin
as a wall material for the microcapsules. Similar observations
have been made with the addition of cumin and caraway seeds
and by-products [Sayed-Ahmad ez al., 2018b], and chia seeds
and cakes [Sayed-Ahmad et al., 2018a] to flour products.

The total colour difference (AE) indicates that the big-
gest differences compared to the control biscuits (sample C)
were observed in the biscuit samples enriched with horserad-
ish leaf products (B_HLM and B_HLP). The AE of B_HLM
was by 9% higher than that of the control biscuits. The hue
angle values indicate redness of the experimental biscuits, as
the hue angle value is less than 10° ( ).

In general, the enrichment of the biscuits with various
horseradish products resulted in darker biscuits, which could
be associated with non-enzymatic chemical reactions such

as caramelization and browning reactions. Similar to the ad-
dition of grape marc extract to biscuits [Pasqualone ez al.,
2014], the colour of the experimental biscuits could be af-
fected by the oxidation and degradation products of pheno-
lics and chlorophyll compounds present in the horseradish
products added.

Major colour changes after 180-day storage (AE, )
were observed in B_HLM biscuits, whereas no significant
changes were observed in B_HLP samples. Additionally,
it was the only sample with smaller AE, than control (C).

When assessing colour differences and changes in biscuit
samples, it should be taken into account that the addition
of natural plant products may cause changes in colour pa-
rameters due to the characteristic colour of these plant prod-
ucts, as well as mutual biochemical reactions.

Bioaccessibility of TPC and antioxidant activity after
biscuit digestion in vitro

The high content and activity of phytochemicals in certain
food ingredients does not always ensure high bioaccessibility
and bioavailability during in vitro digestion. The results ob-
tained in this study ( ) showed that TPC was sig-
nificantly higher in all analysed biscuit samples after the di-
gestion than before digestion, which is also consistent with
other studies [Irakli ez al., 2019; Szawara-Nowak et al., 2016;
Zielinski et al., 2020].

The in vitro digestive process in the gastrointestinal
tract involves the addition of enzymes and the adjustment
of the pH at each stage according to the physiology of the hu-
man gastrointestinal tract. The effect of this process depends
on the nature of the original sample. The metabolism and ab-
sorption of phenolic compounds usually depend on their
physicochemical properties — basic structure, molecular size,
degree of polymerization or glycosylation, solubility, as well
as conjugation with other phenolic compounds [Carbonell-
-Capellaet al.,, 2014].

Bioaccessibility indexes (PACs) after simulated gastric
treatment were used in the study to evaluate the amounts
of phenolics that are released from the relevant food matrix
after digestion, making these compounds available for ab-
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FIGURE 1. Bioaccessibility indexes (PACs) based on (A) TPC, (B)
DPPH" scavenging activity and (C) ABTS"* scavenging activity after
biscuit in vitro digestion. C — control; B_HRP - biscuits with horseradish
root pomace powder; B_HLP — biscuits with horseradish leaf pomace
powder; B_.HRM - biscuits with horseradish root juice microcapsules;
B_HLM - biscuits with horseradish leaf juice microcapsules; TPC - total
phenolic content.

sorption through the gastrointestinal mucosa. shows
the PACs based on the determination of TPC and antioxidant
activity after digestion. In all biscuit samples, the PAC for TPC
exceeded 1.6, showing a mean value of the phenolic bioavail-
ability index of approximately 2.34. According to Zielinski et al.
[2020], these values indicate high bioaccessibility. This can
be explained by the fact that during digestion phenolics are re-
leased from cell wall matrices, as well as from their conjugated
forms. There is also evidence in the literature that TPC of food
matrices enriched with various natural substances increased af-
ter digestion [Irakli e al., 2019; Szawara-Nowak et al., 2016].
The highest PACs were observed for the biscuits with added
horseradish leaf pomace powder (B_HLP), which were by 86%
higher than these determined for the control biscuits.

Unfortunately, in all biscuit samples, the values of PAC
based on the antioxidant activity were low (according to the cri-
teria described by Zielifiski et al. [20201); i.e., 0.09 in the case
of DPPH " scavenging activity and 0.20 in the case of ABTS "+
scavenging activity ( ). This could indicate that some
phenolic compounds with antioxidant properties in the food
matrix, which are exposed to the in vitro digestion, interact
with other compounds to form indigestible complexes [Jako-
bek, 2015], while other compounds may be released from their
bound state. The highest PAC for DPPH" scavenging activity
was observed in the control biscuits. However, a higher PAC
for ABTS ** scavenging activity was determined for the biscuits
with added horseradish root pomace (B_HRP), which was
by 33% higher than that of the control biscuits.

CONCLUSION

Pomace and microcapsules of horseradish root and leaves
could potentially be used as the functional ingredients in foods
due to their content of phenolic compounds with antioxidant
activity. The addition of horseradish products to butter bis-
cuits enriched the bakery product with phenolic compounds,
as well as improved their antioxidant potential. Microencap-
sulated horseradish leaf juice was more effective in enrich-
ing the biscuits with bioactive compounds, thus opening up
this raw material to new interesting applications in the food
industry. The bioaccessibility indexes after biscuit digestion
based on TPC indicated the high bioaccessibility of pheno-
lic compounds from experimental products. Further research
is required to optimise the functional recipe for horseradish-
-fortified flour confectionery, examining their potential health
effects. It is also necessary to study the use of these raw mate-
rials in other products by assessing the properties and organ-
oleptic attributes of these innovative functional raw materials
that meet consumer expectations.
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In Vitro Characterization of Fluted Pumpkin Leaf Protein Hydrolysates and Ultrafiltration
of Peptide Fractions: Antioxidant and Enzyme-Inhibitory Properties
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Hydrolysates were produced using Alcalase (AH), chymotrypsin (CH), pepsin (PH), and trypsin (TH), and also fluted pumpkin leaf protein isolate
(FLI) as a substrate. AH had the lowest degree of hydrolysis (16.37%) but exhibited overall superior antioxidant and enzyme inhibitory properties.
Therefore, it was fractionated by membrane ultrafiltration to give <1, 1-3, 3-5, 5-10, and >10 kDa peptide fractions. Gel permeation chromatography
showed that the molecular weight of the FLI was 19.77 kDa and that of the hydrolysates was below 7.5 kDa. The hydrolysate peptides had a high
content of hydrophobic amino acids but low levels of sulfur-containing amino acids, when compared to protein of FLI. Peptide sequence analysis
showed that the hydrolysates consisted of dipeptides, tripeptides, and tetrapeptides with molecular weights below 500 Da. The hydrolysates were
also stronger inhibitors of linoleic acid oxidation, a-amylase, a-glucosidase, and angiotensin converting enzyme (ACE) than FLI. Among the frac-
tions, the <1 and 1-3 kDa were the most effective free radical scavengers and metal chelators in addition to their strong inhibitory activities against
a-amylase, a-glucosidase, and ACE. We conclude that the AH and low molecular weight peptide fraction (<3 kDa) could find applications in formu-

lating foods with various bioactive properties.

INTRODUCTION

Proteins are integral food compounds that provide nu-
tritional, technological, and functional properties. In addi-
tion to these properties, proteins can give rise to bioactive
peptides or hydrolysates, which show certain specific prop-
erties such as antioxidant, antihypertensive, and antidiabetic
activities [Chalamaiah et al., 2017]. The various properties
of these hydrolysates and peptides make them applicable as
potential agents in the treatment, prevention, and ameliora-
tion of various diseases as well as in the shelf life extension
of food products [Ortiz-Martinez et al., 2014]. Bioactive
peptides from foods are obtained after enzymatic hydrolysis,
because the active sequences lie within the primary structure
of the proteins [Aluko, 2015; Ramada et al., 2017]. Based
on this fact, the study of protein hydrolysates has become
a new area in biochemical and nutritional research. Enzy-
matic hydrolysis has been an effective way of releasing these
peptides from the precursor proteins because it preserves
the functionalities of the peptides. The properties of enzy-

* Corresponding Author: Tel.: +2347038688258;
E mail: (Dr. A. Famuwagun)

matic hydrolysates depend on the primary structure of parent
protein(s), degree of hydrolysis (DH), nature of protease(s)
used, and the type of peptides released during the hydrolysis
such as their molecular weight and amino acid composition
and sequence [Mirzaei et al., 2016]. Variations in the specific-
ities of enzymes used during protein hydrolysis are important
to the hydrolysates because the same protein chain can pro-
duce different peptides when cleaved by different proteases
[Tavano, 2013]. After hydrolysis, peptides that were inactive
in the intact proteins are released and can be further fraction-
ated into peptides of varying molecular weights using an ul-
trafiltration membrane; the fractions may then be evaluated
for bioactive functions.

The human body is constantly subjected to various ac-
tivities, leading to oxidative stress, which sometimes leads
to overpowering of the intrinsic antioxidant defense mecha-
nism of the body. Overwhelming of the in-built defense sys-
tem may occur as a result of many factors which may lead
to reactive oxygen species accumulating as reactive radicals
that cause severe damages to the body [Wei et al., 2001; Yo-
shikawa & Naito, 2002]. To expand the treatment options,
antioxidant peptides that target the reduction of oxidative
stress would be of interest [McCarthy et al., 2013]. Con-
sumption of natural dietary supplements, such as peptides,

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
(
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with varieties of antioxidant compounds may help to aug-
ment the body defense mechanism against the free radi-
cals. Antioxidant peptides exert their activity through mul-
tiple pathways such as scavenging free radicals, chelating
transition metals, and reducing ferric irons [Ramada ef al.,
2017]. These peptides inhibit oxidative processes that lead
to the formation of harmful radicals, which cause various
diseases such as cardiovascular impairment (including hy-
pertension and atherosclerosis), cancer, and diabetes [Yo-
shikawa & Naito, 2002]. Several peptides and hydrolysates
with antioxidant properties have been produced from plant
materials such as hemp seed [Girgih er al., 2011], canola
seed [Alashi et al., 20141, kariya [Gbadamosi & Famuwa-
gun, 2016], and alfalfa leaf [Xie et al., 2016].

Hypertension is a risk factor of cardiovascular disease,
stroke, and end stage renal disease [Kim & Byun, 2012].
The angiotensin-I converting enzyme (ACE) in the renin-an-
giotensin system regulates blood pressure in the human body
and catalyzes the cleavage of the C-terminal dipeptide from
inactive angiotensin I to produce the active angiotensin II,
in addition to inactivating bradykinin, a potent vasodilator
[Cao et al., 2010]. Therefore, ACE inhibition is important
to controlling the blood pressure. ACE-inhibitory peptides
have been produced from various plant proteins such as cot-
ton seed [Filho ef al., 20201, soy protein [Wang et al., 2019],
canola [Alashi ez al., 2014], oat [Bleakley ez al., 2017], peanut
[Gonget al., 2017], and rice [Pinciroli et al., 2019].

Diabetes mellitus is an endocrine system disease that
causes disruption in the normal metabolic process arising
from multiple organ damage syndromes [Arise ef al., 2016].
Inhibition of enzymes, such as a-amylase and a-glucosidase,
will slow down the digestion and absorption of glucose
in the intestine and is therefore, one of the key approaches
in controlling diabetes. Enzymatic hydrolysis of plant protein
has been used to release many potential antidiabetic pep-
tides such as pea seed [Awosika & Aluko, 2019], watermelon
seed [Arise et al., 2016], and soy protein [Wang et al., 2019].
Therefore, peptides with multifunctional activities have been
suggested to tackle the damaging effects of excessive levels
of a-amylase, a-glucosidase, ACE, and toxic free radicals
in the body [Gong et al., 2017].

Proteins obtained from leaves represent a good source
of nutrition for human [Aletor et al., 2002]. Fluted pumpkin
leaf (7elfairia occidentalis) is one of the most widely consumed
leafy vegetables in Nigeria [Odiaka, 2001]. The leaf is avail-
able all year round in Nigeria depending on water availability
and is used to prepare various dishes. The dried leaf powder
has about 30.05-32.82% protein content [Nnamezie et al.,
2019; Udousoro & Ekanem, 2013], which is comparable with
some seed proteins. This high level of protein in fluted pump-
kin dried leaf could enhance its use in the production of high-
-quality protein products.

Protein has been isolated from fluted pumpkin dried leaf
and characterized [Famuwagun et al., 2020]. However, there
is no published work on fluted pumpkin leaf protein hydroly-
sates, especially on their antioxidant and enzyme inhibitory
activities. This study determined the antioxidant and enzyme
inhibitory activities of fluted pumpkin leaf protein hydrolysates
produced using four different food grade proteases. The most

active protein hydrolysate was then fractionated using the ul-
trafiltration membrane method. The fractions were tested for
antioxidant, antidiabetic (a-amylase and a-glucosidase inhi-
bition), and antihypertensive (angiotensin-converting enzyme
inhibition) activities.

MATERIALS AND METHODS

Preparation of dried leaf powder

Fresh leaves of fluted pumpkin leafy vegetables were ob-
tained from accredited Microveg farmer in Osun State, Nige-
ria. The leaves were sorted, destalked, rinsed, and subsequently
oven-dried using a hot air oven (Uniscope SM9053 Labora-
tory Oven, Singerfried, England) at a drying temperature
of 55%2¢°C for 8 h. The dried leaves were milled to powder
with a laboratory blender (VLC sapphire grinder, 1S-4930,
Edinburgh, England). The milled powder was subjected to
acetone extraction at a ratio of 1:10 (leaf powder:acetone,
w/v). The purpose of this was to remove any form of interfer-
ing compound (such as polyphenol) during protein isolation.
The leaf powder/acetone suspension was continuously stirred
on a magnetic stirrer for 2 h and later filtered using muslin
cloth. The residue obtained was again extracted with acetone
and the resulting residue was air-dried in the fume hood at
room temperature for 48 h to ensure the escape of residual
acetone from the residue. This was then packaged as fluted
pumpkin leaf powder and stored at -20°C.

Preparation of fluted pumpkin leaf isolate and enzymatic
hydrolysates

The fluted pumpkin leaf isolate (FLI) was obtained by
a combined method of solubilization, precipitation, and neu-
tralization described by Malomo ef al. [2014], which was
slightly modified. A suspension of fluted pumpkin leaf powder
in deionized water was prepared at a 5% (w/v) concentration.
The suspension was adjusted to pH 10.0 with 2 M NaOH
and then stirred continuously for 1 h at 37°C. The residue
was separated from the solution by centrifuging at 3500 xg
for 30 min at 4°C. The supernatant was collected and adjust-
ed to pH 4.5 using 2 M HCl and stirred for 20 min. The pre-
cipitate obtained after centrifugation was washed twice with
distilled water to remove salt, re-dispersed in deionized wa-
ter, and freeze dried to obtain the fluted pumpkin protein
isolate. The FLI was hydrolyzed using four different prote-
ases (purchased from Sigma-Aldrich, St. Louis, MO, USA),
namely Alcalase (>2.4 U/g), chymotrypsin (>250 units/mg),
pepsin (>250 units/mg), and pancreatin (>250 units/mg) at
an enzyme:substrate ratio of 1:100. Different hydrolysis con-
ditions were employed as follows: Alcalase (pH 8.0, 50°C);
trypsin (pH 8, 37°C); pepsin (pH 2.0, 37°C), and chymotryp-
sin (pH 8.0, 37°C). The pH of the hydrolysis process was
maintained using either 1 M NaOH or 1 M HCI as appro-
priate, while temperature was kept constant with a thermo-
stat. After the 4-h hydrolysis, the enzymes were inactivated
by heating and holding at 85°C for 15 min followed by cen-
trifugation (9000xg, 4°C, 30 min), and the supernatant was
freeze-dried to obtain the respective enzymatic protein hy-
drolysate and stored at -20°C.
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Measurement of degree of hydrolysis (DH)

The method with o-phthalaldehyde (OPA) described
by Charoenphun ef al. [2013] was used to estimate DH with
some modifications. The freshly prepared reagent consisted
of 6 mM OPA (dissolved in methanol) and 0.2% (v/v) 2-mer-
captoethanol in 50 mM sodium tetraborate containing 1%
(w/v) sodium dodecyl sulphate (SDS). Acid hydrolysis was
performed on the FLI using 6 M HCI (5 mg/mL concentra-
tion of the FLI in the acid) at 110°C for 24 h. A 200 L aliquot
of the OPA reagent was added to 5 uL of the standard (Gly-
Gly-Gly), protein hydrolysates or acid-hydrolyzed isolate.
The mixture was incubated for 100 s at room temperature
and the absorbance was measured at 340 nm using a micro-
plate reader (Multiskan Thermo Fischer Scientific, Waltham,
MA, USA). The DH, defined as the percentage of cleaved
peptide bonds, was calculated as follows:

(NH2)t,— (NHz )y
(NHZ )mtal - (NHZ )[u

DH (%) = x 100 (1)

where: (NH,)t is the number of free amino groups in the pro-
tein hydrolysate and (NH,) , is the total number of ami-
no groups in the protein (obtained from acid hydrolysate
of FLI), and (NH,),  is the amount of free amino groups
of unhydrolyzed FLI.

Membrane ultrafiltration of fluted pumpkin leaf protein
hydrolysate

Based on the bioactive properties, the Alcalase hydrolysate
(AH) exhibited superior activities relative to the hydrolysates.
As a result of this, AH was fractionated in an Amicon 8400 ul-
trafiltration stirred cell (Millipore Corp., Billerica, MA, USA)
using 1, 3, 5, and 10 kDa molecular cut offs (MWCO) mem-
branes. The Alcalase hydrolysate was passed through a 1 kDa
membrane to collect the <1 kDa permeate while the retentate
from the <1 kDa was passed through the 3 kDa membrane to
obtain the 1-3 kDa. The retentate from the 3 kDa was passed
through a 5 kDa to obtain 3-5 kDa permeates while the re-
tentate from the 5 kDa was finally passed through a 10 kDa
membrane to obtain the 5-10 kDa permeate. The final reten-
tate (>10 kDa) and all the membrane permeates were freeze-
dried and stored at -20°C.

Amino acid composition

The amino acid profile of each sample was determined ac-
cording to the established methods described by Girgih et al.
[2011] using a HPLC system after hydrolysis with 6 M HCI.
The cysteine and methionine contents were determined after
performic acid oxidation while the tryptophan content was
determined after alkaline hydrolysis.

Determination of molecular weight distribution

The molecular weight (MW) distribution of fluted pump-
kin leaf protein isolate and hydrolysates was evaluated using
the method described by Alashi ez al. [2014]. A 1000 wL sam-
ple aliquot, taken from the sample prepared at 5 mg/mL con-
centration in a phosphate buffer, pH 7.0, containing 0.15 M
NaCl was loaded on the AKTA FPLC system (GE Health-
care, Montreal, PQ, Canada) equipped with a Superdex™

Peptide 10/300 GL column (10 x 300 mm) and the elution
was carried out at room temperature using a phosphate buf-
fer at 0.5 mL/min flow rate. Peptide molecular weight of each
peak was estimated by extrapolating sample elution volume
to a linear plot of log MW versus elution volume of standard
proteins (cytochrome C, 12.38 kDa; aprotinin, 6.51 kDa; vita-
min B12, 1.85 kDa; glycine, 0.075 kDa).

Determination of antioxidant properties

1,1-Diphenyl-2-picrylhydrazine (DPPH) radical scavenging
activities

The method described by Girgih et al. [2011], with little
modification, was used to determine the DPPH radical scav-
enging activities of the samples. The samples were made into
solution using 0.1 M sodium phosphate buffer, pH 7.0, that
contained 1% (v/v) Triton-X and prepared to a final con-
centration of 0.0156-1.0 mg/mL. A 100 uM DPPH radical
concentration was prepared using 95% methanol. A 0.1 mL
aliquot of each sample and 0.1 mL of the DPPH radical solu-
tion was pipetted into a 96-well plate. The mixture was incu-
bated in the dark for 30 min at room temperature. The buf-
fer and the reduced glutathione (GSH) served as the blank
and positive control, respectively. After incubation, the absor-
bance was measured at 517 nm using a microplate reader.
The percentage DPPH radical scavenging activity was calcu-
lated using Equation (2):

DPPH radical scavenging activity (%) =

- 2)
=8B % 100
Al

where: Al and A2, are absorbance of the blank and sample,
respectively. The effective concentration that scavenged 50%
of the free radicals (EC,) was calculated for each sample
by non-linear regression from a plot percent DPPH radical
scavenging activity versus sample concentration (mg/mL).

Superoxide radical scavenging activity

The method described by Xie et al. [2008] was used to
determine superoxide radical scavenging activity (SRSA)
of the FLI, hydrolysates, AH fractions, and GSH as the stan-
dard. Each of the samples was dissolved in 50 mM Tris-HCI
buffer, pH 8.3, containing | mM EDTA to concentrations
between 0.25 and 1.5 mg/mL. The sample (80 uL) was trans-
ferred into a clear bottom microplate well while 80 uL of buf-
fer was added to the blank well. This was followed by the ad-
dition of 40 uL of 1.5 mM pyrogallol (dissolved in 10 mM
HCI) into each well in the dark, and the change in the rate
of reaction was measured immediately at room temperature
over a period of 4 min (1 min interval) using a microplate
reader at a wavelength of 420 nm. The SRSA was calculated
using the Equation 3:

SRSA =

slope of blank for SRSA—slope of sample for SRSA
= x 100

slope of absorbance per minute of blank of SRSA

3)
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The EC,, was calculated for each sample by non-linear
regression from a plot of percent SRSA versus sample con-
centration (mg/mL).

Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity (HRSA)
of the samples was determined by a modified method of Aji-
bolaetal. [2011]. The samples (0.1-4 mg/mL) and 1,10 phen-
anthroline (3 Mm) were dissolved in 0.1 M phosphate buf-
fer (pH 7.4) separately. Also, 3 mM FeSO, and 0.01% (w/v)
hydrogen peroxide were each separately dissolved in distilled
water. The mixture was incubated for 1 h at room tempera-
ture and centrifuged (3500xg, for 30 min). To a 96-well plate,
50 L of the sample or GSH was first pipetted, followed
by 50 L of each of the 1,10-phenanthroline and FeSO, solu-
tions. The reaction was initiated by adding 50 uL of hydro-
gen peroxide to the well that was then covered, incubated at
37°C for 1 h, and shaken constantly. The blank was prepared
in a similar manner as the sample but was made up of 50 uLL
of the phosphate buffer in place of the sample. The absor-
bance of the colored reaction mixtures was measured at
10 min intervals for 1 h in a microplate reader at a wavelength
of 536 nm. The reaction rate (AA/min) was then used to eval-
uate the HRSA value as follows:

AA/min of blank —AA/min of sample

HRSA = AA/min of blank

x 100 4)

The effective concentration that scavenged 50% of hy-
droxyl radicals was calculated for each sample using a non-
-linear regression from a plot of HRSA (%) activity versus
sample concentration (mg/mL).

Ferric reducing antioxidant power

The modified method described by Benzie & Strain
[1996] was used determine the ferric reducing antioxidant
power (FRAP) of the samples. The FRAP working reagents
were prepared as follows: acetate buffer (300 mM at pH 3.6);
2,4,6-tri-(2-pyridyl)-1,3,5-triazine (10 mM); and FeCl,
(20 mM) were mixed in the ratio of 5:1:1 (vA/v) to obtain
a straw-colored solution and the temperature was raised to
37°C. The samples were dissolved in water to the final con-
centration of 0.167 mg/mL. About 40 uL of the sample solu-
tion and 200 L of FRAP reagent were pipetted into a clear
96-well microplate and the absorbance of the mixture was read
at 593 nm. The ferric ion reducing ability of the samples were
extrapolated from the calibration curve obtained from iron (II)
sulfate heptahydrate (FeSO,x7H,0) prepared at concentra-
tions between 0.025 and 0.25 mM and presented as Fe** (mM).

Metal chelating activity

The metal chelating activity (MCA) of the samples was
evaluated using the FeCl /ferrozine method described by Xie
et al. [2008]. The samples and the standard (glutathione)
were dissolved in distilled water to concentrations between
1 and 5 mg/mL and water was used as blank. One thousand
microliters of the sample, standard or blank was transferred
into different test-tubes and 50 uL of FeCl, (2 mM) was add-
ed, followed by 1.85 mL of distilled water, and then 100 uL

of 5 mM ferrozine. The mixture was well vortexed and incu-
bated for 10 min at room temperature. The reaction mixture
(200 uL) was subsequently transferred from the reaction tube
into a 96-well plate and absorbance values for the blank (Ab)
and samples (As) were measured at 562 nm using a micro-
plate reader. The MCA was determined using Equation (5):

100 Q)

Metal chelating activity (%) = _(Al:;‘s) «

The effective concentration that chelated 50% of the met-
als (EC,)) was calculated for each sample by non-linear re-
gression from a plot of metal chelating activity (%) versus
sample concentration (mg/mL).

Inhibition of linoleic acid oxidation

The inhibitory properties of the protein samples against
linoleic acid oxidation were evaluated following the method
described by He et al. [2013]. Sodium phosphate buffer
(0.1 M, pH 7.0) was used to dissolve the samples and GSH
(standard) to give sample concentration of 0.25 mg/mL,
and then the sample was centrifuged. About I mL of the sam-
ple supernatant or blank (phosphate buffer) was mixed with
I mL of linoleic acid (50 mM linoleic acid dissolved in 95%
ethanol). The mixture was incubated at 60°C and the degree
of color changes was measured after 24 h for seven days. Each
day, the reaction tube contained 100 nL aliquot of the assay
mixture, in addition to 4.7 mL of 75% (v/v) ethanol, 100 uL
of 30% (w/v) ammonium thiocyanate, and 100 uL of 0.02 M
ferric chloride dissolved in 1 M HCI. After the mixture was in-
cubated for 3 min, 200 wL was transferred into a clear-bottom
96-well plate and the absorbance was measured at 500 nm us-
ing a microplate reader. An increase in the absorbance value
suggested a high level of linoleic acid oxidation.

Inhibition of angiotensin-converting enzyme

The in vitro inhibitory properties of the FLI, hydrolysates,
and AH fractions against the ACE (purchased from Sigma-Al-
drich, St. Louis, MO, USA) were evaluated following the meth-
od described by Udenigwe ef al. [2009], involving the use
of N-[3-(2-furyDacryloyl]-Phe-Gly-Gly (FAPPG) and Tris-HCI
buffer. Briefly, 1 mL of 0.5 mM FAPGG (dissolved in 50 mM
Tris—HCI buffer containing 0.3 M NaCl, pH 7.5, and kept at
37°C) was mixed with 20 uL of ACE (final activity of 20 mU)
and 200 uL of the samples (0.2 to 3 mg/mL assay concentra-
tion) dissolved in the Tris-HCI buffer. The rate of decrease
in absorbance at 345 nm was recorded for 2 min at room tem-
perature. Tris—-HCI buffer served as the assay blank. ACE activ-
ity was expressed as the change in the rate of reaction (AA/min)
and inhibitory activity was determined using Equation 6:

ACE ibhibition =

AA/min (blank)—AA/ min (sample) (6)
= - x 100
AA/min (blank)

where: (AA/min)(blank) and (AA/min)(sample) are ACE
activities in the absence and presence of samples, respec-
tively. The concentration that inhibited 50% of the ACE
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(IC,,) was calculated for each sample by non-linear regres-
sion from a plot of ACE activity (%) versus sample concen-
tration (mg/mL).

Inhibition of a-amylase

The porcine a-amylase inhibitory activity of the samples
was evaluated using the 3,5-dinitrosalicylic acid (DNSA)
method described by Kwon ef al. [2008]. The samples
and standard (acarbose) were dissolved using phosphate
buffer (0.02 M, pH 6.9 containing 6 mM NaCl) to a fi-
nal concentration of 200-500 pg/mL and 1-9 ug/mL for
the samples and standard, respectively. a-Amylase (pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) was also
dissolved in phosphate buffer (0.02 M, pH 6.9 containing
6 mM NaCl) to a final concentration of 1 mg/mL. One hun-
dred microliters of the samples or the standard were mixed
with 100 uL of a-amylase (200 units/mg) in a reaction
tube and pre-incubated to 25°C. Two hundred microliters
of a starch solution (1%, prepared in 0.02 M phosphate buf-
fer, pH 6.9 containing 6 mM NaCl) were added to the as-
say mixture and incubated for 10 min at room temperature.
The reactions were halted after the mixture was incubated
in boiling water for 5 min. Then, 1000 uL DNSA was add-
ed and the mixture was cooled. Two hundred microliters
of the mixture were pipetted into the 96-well microplate af-
ter diluting to the ratio of 1:5 with double distilled water.
The absorbance was then measured with a microplate read-
er at 540 nm. The percentage inhibition was then determined
using Equation (7):

a- Amylase inhibition (%) =

(Absorbance of control—(Absorbance of sample—Absorbance of sample blank)) % 100
Absorbance of control

Inhibition of a-glucosidase

The yeast a-glucosidase and p-nitrophenyl-a-p-
-glucopyranoside (pNPG) were used to determine the in-
hibitory activity of the samples against o-glucosidase
[Kim et al., 2004]. The samples, the standard (acarbose),
and a-glucosidase enzyme (purchased from Sigma-Aldrich,
St. Louis, MO, USA) were dissolved using a phosphate buf-
fer (0.1 M, pH 6.9) to final concentrations of 1-6 mg/mL,
0.0312-0.25 mg/mL, and 1 mg/mL for the samples, acarbose
and a-glucosidase respectively. Exactly 100 uL of the sam-
ple or the standard was added to 50 uL of the enzyme
(200 units/mg). After pre-incubating for 20 min at 37°C,
100 L of pNPG (5 mM, dissolved in 0.1 M phosphate buf-
fer, pH 6.9) was added to a 96-well microplate. The mixture
was incubated for 10 min at 37°C and the absorbance was
read with a microplate reader at 405 nm for 30 min at the in-
terval of 1 min. The percentage inhibitory activity was evalu-
ated using Equation (8):

a- Glucosidase inhibition (%) =

®)

__ (final absorbance of blank—(final absorbance of sample)

X100

final absorbance of blank

Mass spectrometry and
sequences

Peptide sequences present in the protein hydrolysates
were identified using the method of Malomo & Aluko [2019].
Sample solutions were diluted to 10 ng/uL using aqueous for-
mic acid (0.1%, v/v) and passed through a 0.2 um filter. Then,
10 uL of the filtrate was infused into an Absciex QTRAP®
6500 mass spectrometer (Absciex Ltd., Foster City, CA, USA)
coupled with an electrospray ionization source. Operating
conditions were as previously described: 3.5 kV ion spray volt-
age at 150°C, and 30 pL/min flow rate for 3 min in the posi-
tive ion mode with 2000 m/z scan maximum. The peptide se-
quences were obtained according to The Uniprot Consortium
[2019] using the published primary sequences of Telfairia oc-
cidentalis Rubisco protein (Entry name = A5X4F4 9ROSI) at
mass tolerance of +0.05 Da.

identification of peptide

Statistical analysis

The experiments were carried out in triplicate determina-
tions. Data were subjected to the analysis of variance using
the statistical package for social sciences software, version 18.
The statistical significance of difference between mean val-
ues of the data were chosen at p<0.05 level using the Duncan
Multiple Range Test.

RESULTS AND DISCUSSION

Degree of hydrolysis (DH)

After a 4-h enzymatic hydrolysis of FLI, the DH ranged
between 16.37 and 20.66%. Chymotrypsin hydrolysate (CH)
had the highest DH (20.66+0.37%). This value was not dif-
ferent significantly (p=0.05) from the DH of 20.53+0.21% ob-
tained for trypsin hydrolysate (TH) and 19.06=0.23% for pep-
sin hydrolysate (PH) but significantly (p<0.05) higher than
the value (16.37=0.42%) obtained for Alcalase hydrolysate
(AH). This may suggest that the peptide bonds of the protein
(FLI) are more accessible to chymotrypsin, trypsin, and pep-
sin enzymes, since the DH depends on the number of broken
bonds, which also reflects the enzyme specificity during diges-
tion [Filho et al., 2020]. Muhamyankaka ez al. [2013] reported
6-14% DH of pumpkin seeds protein hydrolysates, values
that are lower than obtained in the current work. The differ-
ences in DH values may suggest variations in the amino acid
sequence of the proteins (pumpkin seed vs. leaf), which will
affect the number of peptide bonds broken by the proteases.

Amino acid composition

shows that the protein hydrolysates had higher
contents of aspartic, glutamic, proline, valine, and lysine ami-
no acids, when compared to FLI. The essential amino acid
contents were higher than the 32.14 to 34.81% earlier report-
ed for pumpkin seed protein hydrolysates [Muyamyyankaka
et al.,2013], which indicates that the samples are good sourc-
es of high-quality protein. All the samples had high (>35%)
contents of hydrophobic amino acids, which were higher
in the hydrolysates compared to FLI. The hydrophobic amino
acid content is important due to the potential for increased
peptide solubility in hydrophobic environments, which can
lead to enhanced antioxidant activities [Rajapakse et al., 2005;
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TABLE 1. Amino acid composition (%) of fluted pumpkin leaf protein
and hydrolysates*.

Amino acid | FLI | AH | CH | PH | TH

Aspartic acid/asparagine 1028  11.73  11.19  11.00 11.32
Threonine 422 2.21 2.90 4.05 2.71

Serine 5.22 291 3.74 5.24 3.45
Glutamic acid/glutamine  11.08  14.94  12.74 1436  13.25
Proline 4.30 5.03 5.03 5.74 4.89
Glycine 5.22 4.72 4.79 5.12 4.81

Alanine 6.75 6.42 6.59 6.69 6.62
Cysteine 1.66 1.10 0.91 0.96 0.84
Valine 5.73 7.33 6.46 6.66 6.53
Methionine 222 1.79 1.97 1.21 1.73
Isoleucine 472 5.78 5.32 4.53 5.50
Leucine 9.04 9.30 9.81 8.08 9.14
Tyrosine 4.35 2.66 2.69 2.70 2.14
Phenylalanine 5.66 5.61 6.27 4.71 5.22
Histidine 3.53 3.07 3.16 3.44 3.04
Lysine 6.92 7.08 7.18 7.25 8.33
Arginine 6.88 6.43 7.24 6.94 9.04
Tryptophan 2.21 1.89 2.00 1.24 1.42
BCAA 19.49 2241 2159 1927 2117
HAA 3798 4037 3997 38.03 39.22
AAA 1222 1016 1096  8.71 8.78
PCAA 1733 16.58 17.58 17.63  20.41
NCAA 3080 31.79  30.57 34.65 30.73
SCAA 3.88 2.89 2.88 2.17 2.57
EAA 4425 4406 4507 4123  43.62

*FLI, protein isolate; AH, Alcalase hydrolysate; CH, chymotrypsin hydro-
lysate; PH, pepsin hydrolysate; TH, trypsin hydrolysate. BCAA: branched-
-chain amino acids (valine, leucine, isoleucine); HAA: hydrophobic amino
acids (proline, glycine, alanine, leucine, isoleucine, valine, methionine);
AAA: aromatic amino acids (tyrosine, phenylalanine, tryptophan); PCAA:
positively-charged amino acids (arginine, lysine, histidine; NCAA: nega-
tively-charged amino acids (aspartic acid/asparagine, glutamic acid/glu-
tamine, serine, threonine); SCAA: sulfur-containing amino acids (cysteine
and methionine); EAA: Essential amino acids (valine, leucine, isoleucine,
phenylalanine, histidine, tryptophan, methionine, lysine, threonine).

Zhu et al., 2006]. The content of branched-chain amino acids
(BCAAs) was also higher in hydrolysates than in FLI with
the exception of PH. The presence of BCAAs is reported to
be important for enhanced ACE-inhibitory activity of pep-
tides. Increased levels of negatively charged and positively
charged amino acids were observed only for PH and TH, re-
spectively. Amino acids with negative charges contain excess
electrons, which may contribute to an increase in the free rad-
ical quenching ability of antioxidant peptides. However, there

were decreases in aromatic and sulfur-containing amino ac-
ids, which have also been suggested to contribute to increased
antioxidant activities [Udenigwe & Aluko, 2012].

Peptide sequencing

Amino acid sequences of identified peptides, the observed
mass/charge and the calculated mases are shown in
Based on the protein database, six, seven, eleven, and four
peptides were identified in Alcalase, chymotrypsin, pepsin,
and trypsin hydrolysates, respectively. CH contained a higher
number of dipeptides (5 out of 7 peptides identified) when
compared with the other protein hydrolysates. This is con-
sistent with the DH of the hydrolysates in this study, where
CH had the highest value. The presence of shorter peptides
such as the dipeptides may suggest greater advantages to in-
teract with and neutralize free radicals more effectively to in-
hibit propagation. In addition, all the identified peptides have
molecular weights <500 Da and this may enhance the ease
of absorption of the peptides from the gastrointestinal tract
and improve in vivo activities [Malomo & Aluko, 2019]. Alca-
lase and chymotrypsin hydrolysates shared three (PGV, GVP,
and RP) common peptides (2 tripeptides and 1 dipeptide)
while pepsin and trypsin hydrolysates showed two (STGT
and FKA) similar peptides. The similarity in some of the pep-
tides identified in the hydrolysates suggests that the catalytic
activities of the enzymes can be well compared. With the ex-
ception of HAVI, all the peptides identified from AH and CH
contained proline while BCAAs (L, I, V) were also present
in most of the peptides. Most of the peptides were mainly
composed of either hydrophobic or branched chain amino
acids, which may have implications in their bioactivities.
For instance, Chen et al. [2012] reported that the presence
of glycine in egg-white peptide contributed to the antioxidant
properties of the hydrolysate due proton donating ability
of this amino acid. A previous report by Mirzaei et al. [2016]
showed that the presence of hydrophobic amino acids such
as proline in the peptide sequence obtained from Saccharomy-
ces cerevisiae facilitated the scavenging of free radical species
and the quenching of singlet oxygen.

A previous study has indicated that the dipeptide sequenc-
es (RP, VP, PV) have ACE-inhibitory activity [Sentandreu &
Toldra, 2007] while IP, PI, LP, VE and FV peptides are dipep-
tidyl peptidase (DPP)-IV inhibitors in addition to their ACE
inhibitory potentials [Lacroix & Li-Chan, 2012; Sentandreu
& Toldra, 2007]. Several other dipeptide subsequences that
make up tripeptides and tetrapeptides identified in this study
have been linked to various bioactivities. For instance, PGV
(PG, GV subsequences), GVP (VP and GP subsequences),
IEPV (IE, PV or EP subsequences), PLDL (PL, LD or DL
subsequences), SSTG (ST and TG subsequences), YIA (YI
and JA subsequences), and TAY (IA and AY subsequences)
have been reported to function as ACE and DPP-1V inhibitors
according to BIOPEP UWM database [http://www.uwm.edu.
pl/biochemia/index.php/pl/biopepl. The peptide subsequenc-
es, HA and VI of the identified tetrapeptide HAVI have also
been reported to possess renin inhibitory activity [Pihlanto &
Mikinen, 2017] while KA dipeptide, which is one of the sub-
sequences of FKA, has been reported as DPP-III inhibitor
[Dhanda et al., 2008].
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TABLE 2. Amino acid sequences of peptides identified in the enzymatic
hydrolysates of fluted pumpkin leaf protein isolate.

Obse‘rve'd Calculatfad Peptide o

molecular molecular Location

weight (Da) | weight (Da) sequence

Alcalase hydrolysate (AH)
272.200 272.160 PGV f30-32, 356-358
272.200 272.160 GVP f31-33, 245-247
272.200 272.172 RP f151-152
439.300 439.266 HAVI £282-285
457.300 457.266 IEPV F71-74
457.300 457.266 PLDL F883-91
Chymotrypsin hydrolysate (CH)
229.200 229.155 PL f88-89, 152-153
229.200 229.155 PI 247-248
229.200 229.155 1P f124-125
229.200 229.155 LP f355-356, 359-360
272.200 272.160 PGV f30-32, 356-358
272.200 272.160 GVP f31-33, 245-247
272.200 272,172 RP f151-152
Pepsin hydrolysate (PH)
215.100 215.139 vp 32-33, 246-247
215.100 215.139 PV 73-74, 360-361
351.200 351151 SSTG f45-48
351.200 351.166 FQG f132-134
351.200 351.166 QFG 385-387
351.200 351.166 GFK f110-112
365.200 365.167 STGT f46-49
365.200 365.218 FKA f111-113
365.200 365.202 YIA 81-83
365.200 365.202 IAY 82-84
365.200 365.202 ALY £208-210
Trypsin hydrolysate (TH)

265.200 265.155 VF f108-109, 239-240
265.200 265.155 FV f329-330, 337-338
365.200 365.167 STGT f46-49
365.200 365.218 FKA f111-113

*Within the primary structure of 7elfairia occidentalis Rubisco; f = fragment.

Molecular weight distribution

Size exclusion chromatography was used to estimate
the molecular weight distribution of fluted pumpkin leaf
protein isolate and hydrolysates, as shown in
The molecular weight of the hydrolysates was mainly be-

tween 2.1 and 7.2 kDa, which was lower than the molecular
weight of FLI (19.11 kDa). The results show that the FLI was
degraded to lower molecular weights by the hydrolyzing en-
zymes. A previous study on alfalfa leaf hydrolysate reported
a peptide molecular weight range of 0.2 to 1.9 kDa [Xie et al.,
2008]. The estimated molecular weight of PH main peak
that eluted early (~12 min) was 7.2 kDa, which suggests
the presence of bigger peptides when compared to the other
protein hydrolysates with longer elution times. The findings
from these results showed that the hydrolysates have varying
peptide molecular weights, which is consistent with the fact
that the enzymes differ in protease specificity. This varia-
tion in molecular weights of the hydrolysates with respect to
the hydrolyzing enzymes is expected to influence the func-
tional and bio-active effects of the hydrolysates because these
properties are dependent on the chain length of peptides
closely correlated with their molecular weight [Wasswa et al.,
2007]. The smaller average peptide molecular weight of TH,
AH, and CH is important because of the potential for escap-
ing further enzyme degradation in the gastro-intestinal tract
and improving absorption into blood circulation [Horton
etal., 2002].

Antioxidant properties

DPPH radical scavenging activity (DRSA)

The DRSA is based on a decolorization assay that mea-
sures the capacity of antioxidants to directly react with
the DPPH radical by monitoring its absorbance at 517 nm.
It is a stable organic nitrogen-centered free radical with
a dark purple color but becomes colorless when reduced to its
non-radical form by an electron-donating compound, which
enables estimating antioxidant capacity [Saidi ef al., 2014].
The DRSA values of fluted pumpkin leaf isolate and hydro-
lysate are shown in . The EC, values of the protein

Absorbance at 218nm (mAU)

30

Elution volume (mL)

— FLI AH — CH TH — PH
FIGURE 1. Comparative gel-permeation chromatograms of the fluted
pumpkin leaf protein isolate (FLI) and Alcalase (AH), chymotrypsin
(CH), pepsin (PH), and trypsin (TH) hydrolysates after passage through
a Superdex Peptide12 10/300 GL column. Inserted values indicate esti-
mated molecular weights.
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TABLE 3. EC,, (mg/mL) determined for antioxidant activities and IC,; (mg/mL) determined for ACE-inhibitory property of fluted pumpkin leaf pro-
tein isolate, hydrolysates, and Alcalase hydrolysate ultrafiltration peptide fractions.

DPPH radical Superoxide _radical Hydroxyl rgdical Metal chelation ACE inhibition
scavenging scavenging scavenging
Hydrolysates
GSH 0.237+0.019¢ 0.785+0.008¢ 0.668+0.023¢ 4.961x0.016 -
FLI 0.825+0.029¢ 0.899+0.002° 3.259+0.087¢ 4.655+0.010° 2.826+0.099°
AH 0.240+0.001¢ 0.914+0.009° 5.969+0.0412 4.903x0.032¢ 0.675+0.035¢
CH 0.486+0.014¢ 0.939+0.007 3.170+0.035¢ 4.894+0.006 0.6660.042¢
PH 0.602+0.153% 0.965+0.003¢ 5.260+0.062° 4.756+0.008° 1.432+0.014°
TH 0.361=0.009¢ 0.873+0.005° 3.277+0.025¢ 4.839x0.016% 0.889+0.011¢
AH fractions
<1kDa 0.047+0.005¢ 0.676+0.095¢ 0.600+0.023¢ 3.283+0.074° 0.340=0.036¢
1-3 kDa 0.049+0.001¢ 1.222+0.012¢ 1.259+0.087¢ 2.914x0.165¢ 0.217x0.004¢
3-5kDa 0.421+0.014 1.112+0.074¢ 1.713+0.029° 3.342+0.088° 0.372+0.039¢
5-10kDa 0.053+0.002¢ 1.347+0.013° 1.711+0.083° 3.441=0.078° 0.3560.069¢
>10 kDa 0.054=0.002¢ 1.433+0.037* 1.456+0.064¢ 3.481=0.015° 0.446+0.038°
GSH 0.237+0.019° 0.785=+0.008' 0.668+0.023¢ 4.961=0.016* -

Note: Values are mean = SD of triplicate determination. Values with different superscripts along the same column (separately for hydrolysates and AH
fractions) are significantly (p<0.05) different from each other. Abbreviations: AH, Alcalase hydrolysate; FLI, fluted pumpkin leaf protein isolate; CH,
chymotrypsin hydrolysate; PH, pepsin hydrolysate; TH, trypsin hydrolysate; GSH, reduced glutathione.

hydrolysates were between 0.240 and 0.602 mg/mL, which
is significantly lower (p<0.05) compared to the 0.825 mg/mL
determined for FLI. Therefore, the results suggest that
the hydrolysates possess stronger electron donating ability
when compared to the protein isolate. The results also reflect
the beneficial effect of protein hydrolysis in enhancing the bio-
active properties of proteins. These results also revealed that
the hydrolysates exhibited different DRSA values, which
is consistent with the varied proteolytic specificity of the en-
zymes used during protein hydrolysis. This is because the re-
lease of the peptides and the exposure of the amino acid resi-
dues depend on the specificity of the enzymes [Thamnarathip
et al., 2016]. A previous work also showed different DRSA
values for different enzymatic cotton seed protein hydroly-
sates [Filho ez al., 2020]. Among the protein hydrolysates, Al-
calase hydrolysate (AH) had stronger DRSA when compared
to the other hydrolysates, which may be due to the higher con-
tents of glutamine, valine, and isoleucine ( ) and this
was the basis for separating Alcalase hydrolysate (AH) into
lower molecular weight fractions using ultrafiltration mem-
brane process.

The DRSA EC, values for the AH ultrafiltration peptide
fractions are shown in . With the exception of 3-5 kDa
peptides, the peptide fractions had similar DRSA values.
The DRSA EC, values of <1 kDa (0.047 mg/mL), 1-3 kDa
(0.049 kDa), and 5-10 kDa (0.053 mg/mL) were signifi-
cantly (p<0.05) lower than those of the parent hydrolysate
(0.240 mg/mL) and the GSH, the physiological peptide
(0.261 mg/mL). The results showed <1 kDa peptide fraction
exhibited stronger electron donating ability when compared to

the other fractions, which may be related to the small peptide
size, which enhanced interactions with the DPPH free radical.
The results showing that the <1 kDa had stronger DRSA than
the other peptide fractions are consistent with previous works
on perilla seed hydrolysate [Park & Yoon, 2019] and pigeon
pea hydrolysate [Olagunju et al., 2018] peptide fractions.

Superoxide radical scavenging activity (SRSA)

The superoxide is usually unable to initiate lipid peroxida-
tion without the presence of other free radicals. In addition
to its ability to destroy cellular biopolymers, the superoxide
radical may also engage in reactions that lead to the produc-
tion of hydrogen peroxide (H,0,) and the highly toxic hy-
droxyl radical [Jamdar et al., 2012]. As shown in ,
the SRSA EC,; values for the protein hydrolysates were
between 0.873 and 0.965 mg/mL, which are significantly
(p<0.05) higher than the 0.785 mg/mL determined for
GSH. This suggests that the hydrolysates had weaker SRSA
than GSH. The results suggest that enzymatic hydrolysis did
not significantly enhance the SRSA of the hydrolysates, as ev-
idenced in the data whereby the EC, value obtained for FLI
(0.899 mg/mL) was significantly (p>0.05) lower than the re-
spective values determined for CH and PH. The SRSA of AH
peptide fractions is shown in . The parent hydrolysate
(AH) exhibited significantly (p<0.05) stronger SRSA than
the >1 kDa peptide fractions. The results indicate that with
exception of the <1 kDa peptides, strong peptide synergistic
interactions within the protein hydrolysate were weakened af-
ter membrane separation. The strong SRSA of <1 kDa pep-
tides may be due to the small size, which may have favored
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increased interactions with the free radical as previously re-
ported for pigeon pea seed peptide fractions [Olagunju ef al.,
2018].

Hydroxyl radical scavenging activity (HRSA)

The hydroxyl radical is one of the most reactive species
generated by biological systems, which is mainly generated
in vivo by many reactions such as Fenton, superoxide-de-
pendent, and the Haber-Weiss. The hydroxyl radical exerts
cellular oxidative damage, which may cause several chronic
diseases [Jia et al., 2013]. Therefore, scavenging this radical
would reduce the risk for oxidative deterioration of tissues
and associated negative effects on human health. The HRSA
values for protein isolate and hydrolysates are shown in

. The values showed that the protein hydrolysates
had EC,, between 3.170 and 5.969 mg/mL while the pro-
tein isolate had EC, at 3.259 mg/mL, suggesting that only
the Alcalase and pepsin hydrolysates were less potent when
compared with the protein isolate. There was no signifi-
cant difference (p>0.05) in the HRSA of FLI, TH, and CH.
Jia et al. [2013] reported that high contents of hydrophobic
amino acids played an important role in the HRSA of mussel
protein hydrolysates. The variations in HRSA of the protein
hydrolysates may be related to differences in the proteolytic
specificities of the enzymes used for digestion.

The HRSA EC, values of AH peptide fractions were be-
tween 0.600 and 1.713 mg/mL ( ). The separated frac-
tions showed higher radical quenching ability than the parent
hydrolysate (AH), which suggests that ultrafiltration mem-
brane separation enhanced the HRSA of the resulting pep-
tides. This may be due to reduced antagonistic interactions
between the peptides after membrane ultrafiltration separa-
tion. The results are consistent with an earlier report on rape-
seed hydrolysates where the peptide fractions showed superior
HRSA than the unfractionated hydrolysate [He et al., 2013].
The <1 kDa peptide fraction possessed significantly (p<0.05)
higher HRSA than the >1 kDa peptide fractions. The stronger
HRSA of the <1 kDa peptides may have been favored by its
low molecular weight, which would have enhanced peptide
interactions with the hydroxyl radical molecules [Koopman
et al., 2009]. Similar findings showing that the <1 kDa pep-
tides had better HRSA than the other peptide fractions were
previously reported for chickpea peptides [Li et al., 2008].

Metal chelating activity (MCA)

The MCA principle involves the formation of colored
complexes with ferrous iron molecules when a test com-
pound competes with a synthetic chelator [Nam et al., 2008].
The extent of color change, which accompanies the complex
compound formation, is used to estimate the chelating activ-
ity of the antioxidant test compound. shows that FLI
and PH were better metal chelators when compared to AH,
CH, and TH, which suggests that enzymatic hydrolysis did
not improve the MCA of the hydrolysates. The similar MCA
values for FLI and PH may be attributed to the threonine
and serine contents, which are higher than the levels present
in AH, CH, and TH. This is because serine and threonine can
ionize to produce negative charges that will then enable stron-
ger interactions with the ferrous iron [Mirzaei ef al., 2016].

The MCA values for AH peptide fractions (EC,: 2.914 to
3.481 mg/mL) indicate stronger metal chelators when com-
pared to the unfractionated hydrolysate (EC,: 4.903 mg/mL)
and GSH. The results suggest that membrane separa-
tion reduced the antagonistic peptide interactions present
in AH. The 1-3 kDa peptides had the strongest MCA with
a lower EC, value while the chelating activities of <1 kDa,
3-5 kDa, 5-10 kDa peptide fractions were not significantly
(p>0.05) different from each another. A previous report also
reported that the 1-3 kDa peptide fraction of perilla seed pro-
tein hydrolysate exhibited greater metal chelating ability than
the other fractions [Park & Yoon, 2019].

Ferric reducing antioxidant power (FRAP)

The FRAP assay estimates the potential of antioxidant
compounds to donate electron/hydrogen ions and interrupt
propagation of chain reactions involving free radicals [Dor-
man ef al., 2003]. The FRAP values of the fluted pumpkin
protein hydrolysates (0.166 to 0.287 mM) were significantly
(p<0.05) higher compared to the protein isolate ( ),
which suggests that enzymatic hydrolysis improved the re-
ducing property of the protein hydrolysates. This may be due
to protein fragmentation and the accompanying increased
number of N- and C-terminals, which contain electron-
donating groups (NH, and COOH, respectively) [Jia et al.,
2013]. Previous works reported FRAP values of between
0.045 and 0.125 mM for alfalfa leaf protein hydrolysates [Xie
et al., 2008] and between 0.01 and 0.35 mM for hawk tea hy-
drolysates [Jia ef al., 2013]. Among the protein hydrolysates,
chymotrypsin hydrolysate showed stronger reducing prop-
erty when compared to the other protein hydrolysates. This
is consistent with the smaller average molecular weight of CH
as shown in , which suggests that the reduced pep-
tide chain length may have enhanced reduction of Fe’* when
compared to the longer peptides present in AH, TH, and PH.

The FRAP of the Alcalase peptide fractions ranged be-
tween 0.234 and 0.313 mM ( ). In general, FRAP
values were higher in the fractions when compared with val-
ues of the unfractionated hydrolysate, which suggests that
the ultrafiltration membrane process improved the capacity
of the resulting peptides to donate electrons. The increased
FRAP potency after membrane separation suggests a positive
effect through the reduction of antagonistic peptide interac-
tions within the unfractionated hydrolysate. The <1 kDa pep-
tide fraction exhibited the highest ferric reducing antioxidant
power among the membrane fractions, which is consistent
with a previous report on fish hound peptide fractions [Bou-
gatef et al., 2009]. This is an indication that low molecular
weight peptides have stronger potentials than bigger peptides
for effective reduction of Fe’*.

Lipid peroxidation inhibition

Lipid oxidation is an important chain reaction process
because of the damaging effects on food and biological
systems. It is a major cause of quality deterioration, such
as the rancidity development and loss in nutritional val-
ues of foods [Elias et al., 2008]. In human systems, lipid
oxidation and its by-products have been linked to a num-
ber of chronic inflammatory and neurogenerative diseases,
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FIGURE 2. Ferric reducing antioxidant power (FRAP) of fluted pumpkin leaf protein isolate (FLI), Alcalase (AH), chymotrypsin (CH), pepsin (PH),
trypsin (TH) hydrolysates (A), and AH peptide fractions (B). Different letters above bars indicate significant differences (p<0.05).

making it of great interest for human health. The inhibition
of linoleic acid oxidation is a standardized method devel-
oped to evaluate the stability of fats and oils under elevated
temperatures [Jia et al., 2013]. Any antioxidant compound
that delays or inhibits the oxidation of unsaturated fatty
acids in vitro would probably show similar effects in vivo.
The inhibition of lipid oxidation by fluted pumpkin leaf
isolate and hydrolysates over a period of seven days of in-
cubation is shown in . Absorbance of the control
(without antioxidant compound) increased on the 1* incu-
bation day and attained its peak absorbance value on the 2"
day (0.881). The values, however, decreased progressively
for the rest of the five days. The decrease in the absorbance
of the control may be attributed to rapid depletion of lin-
oleic acid coupled with decomposition of the hydroperox-
ides as the reaction progressed. This is consistent with data
from a previous work on pumpkin seed protein hydrolysates
[Venuste ef al., 2013]. The peak absorbance values of oxi-
dation of linoleic acid with glutathione (0.175) and fluted
pumpkin leaf isolate (0.455) occurred on the first day of in-
cubation and decreased for the rest of the incubation days.
These values were higher than the peak values of oxidation
of lipids with protein hydrolysates, which occurred on the 31
day for CH (0.096), and 4™ day for AH (0.082), PH (0.083),
and TH (0.088). This pattern of results suggests that hydro-
lysis improved the inhibition of the linoleic acid oxidation.
The stronger inhibition of linoleic acid oxidation exhibited
by protein hydrolysates over the protein isolate may be re-
lated to protein fragmentation that would have increased
charge density (for electron donation) and reduced peptide
size (better interactions with free radicals). Moreover, the in-
creased electron donating ability of the protein hydrolysates,
as reflected in the stronger DRSA and FRAP, may have con-
tributed to the better inhibition of lipid peroxidation when
compared to the unhydrolyzed protein (FLI).

Enzyme inhibitory properties

a-Amylase inhibitory activities

a-Amylase is an enzyme responsible for hydrolyzing
the linear chain of starch molecules, which results in the pro-
duction of shorter chains (mainly di- and tri-saccharides)
that are further broken down by other enzymes into absorb-
able glucose; therefore, inhibition of this enzyme activity
would contribute to the management of diabetics and obe-
sity in humans [Habtamu er al., 2019]. The a-amylase
inhibitory activity of the hydrolysates ranged between
42.47 and 46.84%, and was significantly (p<0.05) higher

1.0

Absorbance at 500nm

Incubation time (days)

— Control — GSH — FLI = AH

CH o PH —— TH

FIGURE 3. Inhibition of linoleic peroxidation by fluted pumpkin leaf
protein isolate (FLI) and Alcalase (AH), chymotrypsin (CH), pepsin
(PH), and trypsin (TH) hydrolysates.
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FIGURE 4. a-Amylase inhibitory activities of fluted pumpkin leaf protein isolate (FLI) and Alcalase (AH), chymotrypsin (CH), pepsin (PH), trypsin
(TH) hydrolysates (A), and AH peptide fractions (B). Different letters above bars indicate significant differences (p<0.05).

than the 37.24% determined for FLI ( ). Therefore,
proteolysis led to improved inhibitory properties of the hy-
drolysates against a-amylase. The positive effect of prote-
olysis on a-amylase inhibition may be due to the production
of multiple peptide products that can interact with the en-
zyme protein when compared to the few polypeptide chains
present in the FLI. The results show that AH was the most
effective a-amylase inhibitor and that its inhibitory activity
may be related to the higher content of BCAA when com-
pared to CH, PH, and TH. However, the inhibitory values
obtained in this work were lower than the 70-80% previ-
ously reported for cowpea protein hydrolysates [Olusola
& Ekun, 2019] and 60 to 77% for watermelon seed protein
hydrolysates [Arise et al., 2016]. The o-amylase inhibitory
properties of Alcalase hydrolysate peptide fractions are pre-
sented in . The 56.83 to 70.22% inhibitory levels
are higher than the 46.84% obtained for the unfraction-
ated protein hydrolysate. Improved a-amylase inhibition
by the peptide fractions suggests reduced peptide antago-
nism, which enhanced interactions with the enzyme protein.
However, the a-amylase inhibitory activity of the protein
hydrolysates and peptide fractions is lower than the 86.54%
noted for acarbose (a commercial drug). Among the frac-
tions, the <1 kDa peptides showed greater inhibition, which
is consistent with increased ability of small size peptide to
interact with the a-amylase protein.

a-Glucosidase inhibitory activities

In the human system, a-glucosidase breaks down dietary
short-chain carbohydrates to produce glucose for intestinal
absorption, which leads to an increase in blood glucose lev-
els. Therefore, the inhibition of a-glucosidase activity would
slow down glucose absorption and attenuate blood glucose
levels following meals, which is one of the effective ways to
manage diabetes [Arise et al., 2016]. The a-glucosidase in-

hibitory properties of the hydrolysates (13.87 to 23.76%)
were higher than the 6.79% determined for fluted protein iso-
late ( ). The results also showed that the inhibition
of a-glucosidase activity differed among the hydrolysates,
which may be related to differences in the proteolytic specific-
ity of the enzymes used during protein digestion. This pattern
of results showing the enzyme-dependent activity of protein
hydrolysates is consistent with previously published works on
watermelon seed hydrolysates [Arise et al., 2016] and soy pro-
tein hydrolysates [Wang ez al., 2019]. The <1 kDa, 1-3 kDa,
and >10 kDa peptide fractions had stronger a-glucosidase
inhibitory activities when compared with the unfractionated
AH, while there was no significant difference (p>0.05) be-
tween the 3-5 kDa peptide fraction and the parent AH. This
may suggest that some of the peptide fractions had reduced
peptide-peptide interactions and better peptide-enzyme in-
teractions when compared to the unfractionated hydrolysate
( ). Unlike the o-amylase inhibition, the <1 kDa
(28.26%) and 1-3 kDa (27.38%) had similar a-glucosidase in-
hibitory activity but were weaker inhibitors than the >10 kDa
peptide fraction. Therefore, peptide molecular weight does not
seem to play an important role in the a-glucosidase inhibitory
activity of the peptide fractions. The results suggest differ-
ences in the mode of action of a-amylase and a-glucosidase
in addition to variations in how the enzymes interact with in-
hibitory peptides.

Angiotensin-converting enzyme (ACE)-inhibitory properties
ACE is a multi-functional enzyme that plays vital roles
in the regulation of blood pressure, and inhibition of its ac-
tivity can lead to a reduction in the angiotensin II concentra-
tion with concomitant attenuation of hypertension, which
can cause many cardiovascular diseases [Zhanget al., 2006].
The ACE-inhibitory IC,; values show significant (p<0.05)
increase in potency after enzymatic hydrolysis of FLI
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FIGURE 5. o-Glucosidase inhibitory activities of fluted pumpkin leaf protein isolate (FLI) and Alcalase (AH), chymotrypsin (CH), pepsin (PH), tryp-
sin (TH) hydrolysates (A), and AH peptide fractions (B). Different letters above bars indicate significant differences (p<0.05).

( ). This pattern may be attributed to an increased
number of peptide molecules in the hydrolysates when
compared to the few polypeptide molecules in FLI. More-
over, the smaller peptides may have better interactions with
the enzyme active site than the big FLI protein molecules.
There was no significant (p<0.05) difference in the ACE-
inhibitory properties of CH and AH, but these two hydro-
lysates had lower IC, values (0.666 and 0.675 mg/mL, re-
spectively), which suggest their greater inhibitory potency
when compared to PH (1.432 mg/mL) and TH (0.889 mg/
mL). CH and AH also had higher contents of aromatic ami-
no acids (AAA), BCAA, HAA, and sulfur-containing amino
acids (SCAA) as shown in , which may have con-
tributed to the superior ACE--inhibitory properties when
compared to PH and TH. The results are consistent with
previous works on chickpea [Medina--Godoy et al., 2012]
and lupin [Boschin er al., 2014] protein hydrolysates with
strong ACE-inhibitory activities attributed to the high level
of hydrophobic amino acids.

The ACE-inhibitory IC, values of Alcalase peptide frac-
tions ranged from 0.217 to 0.446 mg/mL, and were significant-
ly lower (more potency) when compared to the unfractionated
hydrolysate ( ). The 1-3 kDa peptide fraction showed
the strongest (p<0.05) ACE inhibition (IC,; = 0.217 mg/mL),
whereas there were no significant differences between <1 kDa
(0.340 mg/mL), 3-5 kDa (0.372 mg/mL), and 5-10 kDa frac-
tions (0.356 mg/mL). In contrast, the >10kDa peptide fraction
was the weakest (0.446 mg/mL) ACE inhibitor. The ACE-in-
hibitory IC, values obtained in this study for peptide fractions
were lower when compared to the 3.00-3.64 mg/mL reported
for Leucopaxillus tricolor [Genget al., 2016], 0.50-2.00 mg/mL
for Fucus spirallis [Paiva et al., 2017], and 0.615-1.975 mg/mL
for sea cucumber Acaudina molpadioidea [Zhao et al., 2009]
protein hydrolysates.

CONCLUSIONS

In this study, four proteases were used to hydrolyze
fluted pumpkin leaf protein isolate into hydrolysates with
a distinct degree of hydrolysis, peptide molecular weight
distribution, and amino acid composition, which contrib-
uted to variations observed in antioxidant and enzyme
(a-amylase, a-glucosidase, and ACE) inhibitory properties.
The results of the peptide sequencing showed that the hy-
drolysate contained dipeptides, tripeptide, and tetrapep-
tides, and the presence of these short peptides may con-
tribute to the bioactivities of the hydrolysates. The AH was
fractionated into peptides of varying molecular weights with
the <1 kDa showing better overall antioxidant and enzyme-
-inhibitory properties. The results support previous works
in scientific literature that have shown stronger bioactive
properties of small size peptides when compared to the big-
ger peptides. Membrane ultrafiltration separation of AH led
to an increase in the in vitro bioactive properties, which sup-
ports the use of this method in enriching peptide fractions
with active molecules. Therefore, the resulting peptides, es-
pecially the low molecular weight fractions, may find appli-
cation as ingredients in the food and nutrition industries to
formulate functional foods and nutraceuticals for the man-
agement of oxidative stress, hyperglycemia, and hyperten-
sion. However, in vivo studies that use animal models are
required to validate bioactive properties of the peptides.
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