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Abstract: Royal Jelly is a nutrient secretion of nurse bees and a high interest functional food in
human nutrition. Very little information is available on its chemical composition integrity and
enzymatic activity during shelf life and assessment of new freshness markers are desirable for its
conservation. In this study, the activity of glucose oxidase, five proteases and two antioxidant enzymes
in refrigerated and frozen Royal Jelly for different storage times was preliminary investigated.
Refrigeration determined a significantly reduction in glucose oxidase and carboxypeptidase A-like
activity in Royal Jelly after one year of storage while no differences were recorded in the activity of
these enzymes in frozen samples. After one year of storage glucose oxidase and carboxypeptidase
A-like activity resulted higher in frozen samples frozen than in refrigerate ones. Results obtained
suggest that the activities of these enzymes may be good markers of Royal Jelly freshness within 1 year
at refrigeration condition. Freezing could be a valid alternative storage method to ensure a higher
preservation of glucose oxidase and carboxypeptidase A-like activities for at least 1 year. Further
investigation to determine the timing of glucose oxidase inactivation/degradation under refrigerated
conditions and the enzymatic activity trend under prolonged frozen conditions are desirable.

Keywords: royal jelly; enzymatic activity; freshness markers; storage; antioxidant enzymes

1. Introduction

Royal Jelly (R]) is a nutrient rich secretion, yellowish-white in color, acidic in nature,
with a pungent odor and taste, with a gelatinous consistency, and usually not homogenous
due to the presence of undissolved particles of variable size [1]. It is secreted by nurse
honeybees from their hypopharyngeal, mandibular, post-cerebral and thoracic glands after
partial consumption of pollen and nectar/honey [2]. Worker fate larvae fed R]J for only
3 days, and later they fed on a mixture of honey, R], and pollen, while in queen bees R]J is
the primary food throughout their lifetime [3].

RJ is composed of 60-70% moisture, 9-18% proteins, 7-18% carbohydrates and
3-8% lipids [4]. Aspartic acid is the main amino acid and 10-hydroxy-2-decenoic acid
the major fatty-acid [5]. The lipid fraction of R] consists of 80-85% fatty acids, 4-10% phe-
nols, 5-6% waxes, 3—4% steroids, and 0.4-0.8% phospholipids [6]. Glucose and fructose
account for over 90% of the total sugar content in RJ [6]. Recently, thanks to proteomics
techniques, R] proteins were detected, identified and characterized [2,7-13]. The most solu-
ble RJ proteins are Major Royal Jelly Proteins (MR]Ps), of which there are nine members:
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MRJP1, MRJP2, MRJP3, MRJP4, MR]P5, MRJP6, MRJP7, MRJP8 and MRJP9 [6]. Among
them, MRJP1 is the most abundant one [7].

Royal Jelly possesses several health-promoting properties such as antibacterial, anti-
inflammatory, vasodilative, hypotensive, disinfectant, antioxidant, antihypercholesterolemic
and antitumor activity [14]. Based on its unique composition, there is a growing interest in
consumers and food industry towards this functional food, thus far mostly used in dietetics
and cosmetics in several countries. Due to the importance of R] in human nutrition its shelf-
life has been widely investigated [8,12,15-17]. Furosine, 5-hydroxymethyl-2-furaldehyde,
57-kDa protein, major R] protein 4, 5 (MRJP4, MRJP5), MRJP1, glucose oxidase, peroxire-
doxin and glutathione S transferase were suggested as potential markers for R] freshness
since their abundance could change according to storage condition, time and temper-
ature [2,8,9,11-18]. However, using a proteomic approach, MRJP4, 5, glucose oxidase,
peroxiredoxin, and glutathione S-transferase S1 were reported to be absent in R] after
1 year of storage at room temperature [12]. Glucose oxidase is an enzyme secreted by bee
hypopharyngeal glands and involved in the transformation of D-glucose into gluconic acid
and hydrogen peroxide, the last having antimicrobial properties [19]. The peroxiredoxin
and glutathione S transferase are two antioxidant enzymes involved in the elimination
of free radicals, potentially dangerous to the cells of all living organisms [20-22]. The
hypopharyngeal glands are the main producers of R] and glucose oxidase, glutathione
S transferase S1, and peroxiredoxin 2540 have been identified in their proteome [23-28].
Glucose oxidase and glutathione S-transferase are also present in nectar [29-31], while per-
oxiredoxin has been detected in pollen [32]. It is therefore difficult to know whether these
enzymes are produced by the bee and secreted in R] or whether they are of vegetal origin.
The post-production progressive decrease in abundance of these proteins could be due to
the presence of proteases. In R] activities of a carboxypeptidase A-like and a chymotrypsin-
like, proteins were identified [33]. The presence of proteases in R] has been previously
hypothesized and discussed by several authors [8,10,34] but only a trypsin-like protease [8]
and two serine-proteinase in R] derived from thoracic glands [2] were identified.

Although R] has been studied for a long time and arouses interest in quantitative
aspects, their enzymatic activity through its shelf life, is still a neglected topic [35-37].
However, the presence of glucose oxidase and antioxidant enzymes activities can affect
antimicrobial and antioxidant properties of RJ [19,21]. At the same time, the increase in
proteases activity could determine proteins degradation resulting in a loss of product
quality [10]. For these reasons, the measure of the enzymatic activity in R] may be a useful
tool for quality product assessment during its shelf life. The aim of this preliminary work
was to investigate the enzymatic activity of glucose oxidase, five proteases (chymotrypsin,
trypsin, N-aminopeptidase, carboxypeptidase A and B) and two antioxidant enzymes
(peroxiredoxin and glutathione S transferase) in R] under different storage condition (i.e.,
refrigeration at 4 °C and deep-freezing at —18°) and times.

2. Materials and Methods
2.1. Samples

The investigation was carried out on 5 samples of R] for year produced in 2017, 2018,
2019, 2020 and on 6 samples produced in 2021. Samples collected in 2021 represented the
control of each enzymatic investigation. For each year, samples were collected from the
same beekeepers, produced in the same geographical areas and analyzed at the same time,
belonging to the same commercial batches. The 2017, 2018 and 2019 samples were stored at
4 °C from production to analysis (Table 1). Samples collected in 2020 and 2021 were split
at production time to store the same sample both at 4 °C (refrigeration, R) and at —18 °C
(deep-freezing, F) until lab processing. In the text, ‘treatment’ is referred to as the type of
storage (temperature and time of storage).
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Table 1. Relative amount of R] samples investigated per treatment (4 °C, refrigeration “R”; —18 °C,
deep-freezing “F”); each of two months and one-year-old sample was analyzed both for R and F.

Collection Year Storage Time R F
2017 4 years 5
2018 3 years 5
2019 2 years 5
2020 1 year 5 5
2021 (control) 2 months 6 6
Total 26 11

2.2. Protein Extraction and Quantification for Enzymatic Investigations

A total of 100 mg of sample were incubated with 150 uL of 0.1 M phosphate buffer
pH7.2 with 1% Triton X-100. After centrifugation at 2500 g for 10 min, the supernatant
was collected. To the resulting pellet, 150 uL of 0.1 M phosphate buffer pH7.2 was added
and centrifuged again at 2500 g for 10 min. The supernatant was added to that taken
from the first centrifuge and stored at —20 °C until analysis. The protein concentration
of each sample was determined by Bradford’s reagent [38], using y-globulin to create the
standard curve.

2.3. Measurement of Glucose Oxidase Activity

The glucose-oxidase activity was determined according to Cohen [39] and
Sagona et al. [40] with some modifications. For each protein extract, 1.5 mL of solution
containing 100 mM Hepes buffer pH7, 0.1 mM EDTA, 5 mM D-glucose, Diaminobenzidine
(DAB) (0.18 mg/mL), and horseradish peroxidase (HRP) (0.02 mg/mL) was prepared. Ab-
sorbance was obtained at a wavelength of A = 352 nm at times 0 and 120 min. All enzymatic
analyses were conducted using a Lambda 25 UV /VIS spectrophotometer (Perkin Elmer,
Milano, Italy).

2.4. Measurement of Proteases’ Activity

Chymotrypsin-like activity was determined in accordance with Hummel protocol [41]
and Wirnt [42], using 1.18 mM N-Benzoyl-L-Tyrosine Ethyl Ester (BTEE) as substrate. To
a solution containing 0.52 mL of 80 mM Tris HCI buffer with 100 mM calcium chloride
pH7.8, and 0.48 mL of BTEE, 33 uL of sample was added. Absorbance was recorded at a
wavelength of 256 nm for 3 min.

Trypsin-like activity was determined using 20 mM N-o-Benzoyl-DL-arginine-p-nitroanilide
(BAPNA) as substrate, according to Bisswanger [43] with some modifications. To a solution
containing 0.7 mL distilled water, 0.18 mL BAPNA and 0.10 mL 0.3 M potassium phosphate
buffer pH 8.0, 20 uL of protein extract was added. Absorbance was recorded at a wavelength
of 405 nm.

N-aminopeptidase-like activity was determined using L-alanine-p-nitroanilide as a
substrate according to the protocol of Coppola et al. [44]. A volume of 10 puL of sample was
added to 1 mL of a test solution consisting of 2.04 mM L-alanine-p-nitroanilide in 0.1 of
phosphate buffer pH7.2 and incubated at 37 °C for 10 min. The reaction was stopped with
3 mL of cold glacial acetic acid. The absorbance was measured at 384 nm. Activity was
determined using the molar extinction coefficient of p-nitroanilide (¢ =8.8 M~ cm1).

Carboxypeptidase-like A and B activities were determined according to the protocol
of Grogan and Hunt [45]. For carboxypeptidase A activity, 2.9 mL of a solution containing
1 mM Hippuryl-L-phenylalanine (HPA) dissolved in 25 mM Tris HCl buffer pH7.5 and con-
taining 500 mM NaCl was added to 0.1 mL of sample protein extract. For carboxypeptidase
B, 2.9 mL of a solution containing 1 mM Hippuryl-L-arginine (HA) dissolved in 25 mM Tris
HCl buffer pH 7.65 and containing 100 mM NaCl was added to 0.1 mL of sample protein
extract. The change in absorbance at 254 nm as a function of time was recorded as an index
of activity for both enzymes.
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2.5. Measurement of Antioxidant Enzymes’ Activity

The peroxiredoxin activity was determined according to the protocol of Ali and
Hadwan [46]. Hydrogen peroxide 2.1 mM was added to a solution containing 50 mM
phosphate buffer (PB) pH7, 10 mM sodium azide, 2.1 mM 1,4-dithio-DL-threitol (DTT) and
the sample protein extract and incubated at 37 °C for 3 min. FOX reagent consisting of two
reagents A and B, in a ratio 1:100, was added to an aliquot of this mixture. FOX reagent A
contains 25 mM ammonium iron sulphate in 25 mM sulfuric acid, while FOX reagent B
consists of 100 mM sorbitol and 125 pM xylenol orange in distilled water. The solutions
were incubated at room temperature for 30 min. The change in absorbance was measured at
560 nm. The glutathione S-transferase activity was determined according to Habig et al. [47]
with some modifications. A solution consisting of 1.2 mL 0.1 M phosphate buffer pH 6.5,
50 uL. 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) in methanol and 200 pL distilled water
was added to the protein extracts. A further 100 uL 5 mM reduced glutathione (GSH) was
added to the cuvettes prior to spectrophotometric reading. The absorbance of individual
samples was recorded at a wavelength of 340 nm for 5 min.

2.6. Statistical Analysis

Data were processed using JMP 7 software (Cary, NC: SAS Institute, 2008). After
checking the distribution of data using the Shapiro-Wilk test, normally distributed data
were analyzed using ANOVA test followed by Tukey’s test was applied or t-student test.
Not-normally distributed data were analyzed by the non-parametric Kruskal-Wallis H-test,
followed by the post hoc Wilcoxon test. Differences in glucose oxidase, carboxypeptidase-
like A, trypsin-like, N-aminopeptidase-like, carboxypeptidase-like B activities in R] samples
stored for different period at 4 °C, were analyzed using the non-parametric Kruskal-Wallis
H-test, followed by the post hoc Wilcoxon test while for Chymotrypsin-like, peroxire-
doxin, and glutathione S-transferase ANOVA test followed by Tukey’s test were used.
Differences in glucose oxidase, carboxypeptidase-like A, trypsin-like, N-aminopeptidase-
like, carboxypeptidase-like B activities between R] samples refrigerated and frozen for
two months and 1 year were analyzed using the non-parametric Wilcoxon test, while for
chymotrypsin-like, peroxiredoxin, and glutathione S-transferase activities, the T-Student
test was used. p-values lower than 0.05 were considered significant.

3. Results

Glucose oxidase activity in refrigerated RJ samples resulted significantly higher after
two months of storage than from one to four years (p = 0.015). No differences among
RJ samples stored from one to four years at 4 °C were recorded. Significantly higher
carboxypeptidase-like A activity was recorded at two-months and two years old samples
with respect of the other investigated time points (p = 0.007; Table 2). Chymotrypsin-
like, trypsin-like, N-aminopeptidase-like, carboxypeptidase-like B, peroxiredoxin and
glutathione S transferase activities did not show statistical difference in refrigerated samples
in relation to the storage time.

The analysis of 2020 and 2021 samples enabled a direct comparison of different storage
treatments on the same batch of production: refrigeration at 4 °C determined a higher
glucose oxidase activity in RJ samples after two months of storing rather than after 1 year
(p = 0.009), while no differences were detected among samples stored at —18 °C for different
period of time. Furthermore, after 1 year of refrigerated storage, RJ samples showed
significant lower glucose oxidase activity than those deeply frozen (p = 0.047; Table 3).
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Table 2. Statistical differences of enzymatic activity in R] samples stored for different period (2
months = 2m; 1 year = 1y; 2 years = 2y, 3 years = 3y and 4 years = 4y) at 4 °C. Values are expressed as
average * SE (median). Significant differences are indicated with superscript different letters and
marked in bold.

RJ Storage Time

Enzyme 2m 1y 2y 3y 4y p-Value
Glucose oxidase 274 +£702 62+ 21" 91+ 6P 129 +24° 93+ 30" 0.015
(U/mg proteins) (279) (45) 1) (130) (98) ‘
Carboxypeptidase-like A 33.7+£1052 39+13°¢ 133 +23P 45+14°¢ 6.2 +3.2b¢ 0.007
(U/mg proteins) (22.8) (5.2) (13.1) 4.3) 1.6) '
Trypsin-like 0.40 + 0.02 0.50 + 0.03 0.45 +0.03 0.47 + 0.02 0.49 + 0.05 0.136
(U/mg proteins) (0.40) (0.48) (0.41) (0.47) (0.49) ’
Chymotrypsin-like 0.07 &+ 0.02 0.03 + 0.01 0.08 &+ 0.02 0.09 + 0.02 0.07 &+ 0.02 0.271
(U/mg proteins) (0.06) (0.01) (0.06) (0.10) (0.06) ’
N-aminopeptidase-like 0.58 + 0.19 0.35 + 0.06 0.30 + 0.03 0.33 + 0.03 0.32 + 0.04 0.692
(U/mg proteins) (0.44) (0.34) (0.32) (0.30) (0.31) '
Carboxypeptidase-like B 0.29 +£0.21 0.20 +0.12 0.37 +£0.30 0.19 +0.15 0.77 £ 0.22 0.206
(U/mg proteins) (0.04) (0.04) (0.02) (0.00) (0.59) '
Peroxiredoxin 444 +0.24 3.41 4+ 091 5.00 £ 0.70 494 +0.68 432 +0.46 0.413
(U/ug proteins) (4.43) (3.84) (5.22) (5.52) 4.37 ’
Glutathione S transferase 116 £19 120 £+ 10 119 £ 16 87 + 20 102 £12 0.575
(gst mM/min/ug proteins) (111) (109) (117) (84) (107) ’

Table 3. Statistical differences in enzymatic activity in R] samples refrigerated (R) at 4 °C and frozen
(F) at —18 °C for two months (2m) and 1 year (1y). All values are expressed as average + SE (median).

Significant differences are marked in bold.

Enzyme 2mR vs. 1yR 2mF vs. 1yF 2mR vs. 2mF 1yR vs. 1yF
Clucose oxidase 274 + 70(279) vs. 772 4 436(272) vs. 274 + 70(279) vs. 62 £ 21(45) vs.
(Ulme oroteing 62 + 21(45) 433 + 140(392) 772 + 436(272) 433 + 140(392)
§ proteins p = 0.009; p=0.754; p=0.754; p =0.047;
. o 33.7 + 10.5(22.8) vs. 9.4 + 5.1(4.0) vs. 33.7 +10.5(22.8) vs. 3.9+ 1.3(5.2) vs.
(Clj‘/rlz""yrl;‘:gitr‘i;’se A-like 3.9 +1.3(5.2) 9.7 + 3.4(7.5) 9.4 + 5.1(4.0) 9.7 + 3.4(7.5)
8P p = 0.006; p=0.584; p =0.025; p =0.047;

Trypsin-like
(U/ mg proteins)

0.40 -+ 0.02(0.40) vs.
0.50 + 0.03(0.48)
p=0.018;

0.49 =+ 0.04(0.46) vs.

0.50 4+ 0.03(0.48)
p=0.718;

0.40 + 0.02(0.40) vs.

0.49 + 0.04(0.46)
p=0.109;

0.50 + 0.03(0.48) vs.
0.50 4 0.03(0.48)
p=0.917;

Chymotrypsin-like
(U/mg proteins)

0.07 £ 0.02(0.06) vs.
0.03 & 0.01(0.01)
p =0.120;

0.11 + 0.02(0.11) vs.

0.05 =+ 0.02(0.06)
p=0.133;

0.07 =+ 0.02(0.06) vs.

0.11 + 0.02(0.11)
p =244;

0.03 = 0.01(0.01) vs.
0.05 & 0.02(0.06)
p=0.348;

N-aminopeptidase-like

0.58 + 0.19(0.44) vs.
0.35 + 0.06(0.34)

0.43 + 0.06(0.47) vs.

0.38 & 0.08(0.28)

0.58 4 0.19(0.44) vs.

0.43 + 0.06(0.47)

0.35 + 0.06(0.34) vs.
0.38 + 0.08(0.28)

(Ulmg proteins) p = 0.361; p = 0.465; p = 0.749; p=0.917;
Carboxvoentidase Blike 0.29 + 0.21(0.04) vs. 0.13 + 0.13(0.00) vs. 0.29 + 0.21(0.04) vs. 0.20 + 0.12(0.04) vs.
i yr%tsins) 0.20 + 0.12(0.04) 0.69 + 0.65(0.00) 0.13 -+ 0.13(0.00) 0.69 -+ 0.65(0.00)
gP p=0.848; p = 0.416; p =0.295; p=0738
Peroxiredoxin 4.44 + 0.24(4.43) vs. 3.89 + 0.82(3.84) vs. 4.44 £ 0.24(4.43) vs. 341 + 0.91(3.84) vs.
(Ul oeoteing) 3.41 4 0.91(3.84) 3.41 4 0.51(3.65) 3.89 4 0.82(3.84) 3.41 + 0.51(3.65)
H& P p=0.264; p = 0.645; p = 0.535; p = 0.996;
. 116 4 19(111) vs. 132 4 19(130) vs. 116 + 19(111) s. 120 + 10(109) os.
(Ght‘tat;‘/[‘/"“.e 15 tranSfter.as‘; 120 + 10(109) 77 + 21(56) 132 + 19(130) 77 + 21(56)
gst mV/min/ug protens p = 0.868; p = 0.081; p = 0.540; p=0.108
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RJ samples stored at 4 °C for 1 year also showed lower carboxypeptidase-like A
activity than those stored for 2 months (p = 0.006). No differences in carboxypeptidase-like
A activity were recorded among samples stored at —18 °C for different period of time
(1 year vs. 2 months) (p > 0.05). After 2 months of storage carboxypeptidase A-like activity
was higher in samples stored at 4°C than in those stored at —18 °C (p = 0.025), while after
1 year result higher in samples stored at —18 °C than those at 4 °C (p = 0.047).

Trypsin-like activity resulted higher in R] samples stored at 4 °C for 1 year than in
those stored for 2 months (p = 0.018), while no differences were recorded among samples
stored at —18 °C for different period of time (1 year vs. 2 months) as well as for the same
period of time under different storage conditions. No differences were also recorded on
chymotrypsin-like, N-aminopeptidase-like, carboxypeptidase-like B, peroxiredoxin and
glutathione S transferase activities among samples stored for different period of time
(1 year vs. 2 months) and for the same period of time under different storage conditions.

4. Discussion

To the best of our knowledge, the present study investigates for the first time the poten-
tial activity of glucose oxidase, five proteases (chymotrypsin, trypsin, N-aminopeptidase,
carboxypeptidase A and B) and two antioxidant enzymes (peroxiredoxin and glutathione S
transferase) in R] stored under different condition (+4 °C and —18 °C) for different period
of time.

Our results indicate that refrigeration at 4 °C determined a significant decrease in
glucose oxidase activity after one year of storage to then remains stable for the subsequently
years of storage under similar conditions. A high activity of glucose oxidase may be a
detrimental factor for the quality of R], since it can lead to a degradation of the lipids which
represent the 3-8% of its composition [4]. It is known that hydrogen peroxide, generated
from the glucose oxidase activity, causes lipid peroxidation [48]. On the other hand,
hydrogen peroxide has an antimicrobial action which could prevent spoilage of the product
while stored at 4 °C [49,50]. However, the lower activity of glucose oxidase recorded could
be due to partial inhibition, or fewer active molecules because the others are degraded;
thus, further investigation to assess the period over which glucose oxidase activity is
preserved is desirable. The intermediate product of glucose oxidase, glucono-lactone is a
weak competitive inhibitor of glucose oxidase, and the activity of the enzyme also declines
in the presence of aldohexoses such as D-arabinose and 2-deoxy-D-glucose which act as
competitive inhibitors [51]. The possible presence of these competitive inhibitor could
contribute to the decrease in glucose oxidase activity. After one year of storage, decrease in
glucose oxidase activity also occurred in frozen R], keeping though high level of activity
than at 4 °C. Therefore, the decrease in glucose oxidase activity after one year of storage
at 4 °C suggests that this enzyme may be a good indicator of R] freshness, while also
highlighting the capacity of frozen storage to maintain high level of glucose oxidase activity.
Our results suggest focusing further investigations within the first year from production by
narrowing the observation intervals.

The assessment of chymotrypsin, trypsin, N-aminopeptidase, carboxypeptidase A
and B activity values obtained in this study to investigate possible protein degradation al-
low us to detect and quantify for the first time the activity of these proteases in Royal
Jelly. To the best of our knowledge, these proteases have not yet been identified in
the RJ proteome [2,7-13,34]. Fujita et al. [2] identified two serine-proteinase in R] de-
rived by thoracic glands and only trypsin-like protease was previously found in R] by
Kamakura et al. [8]. In honeybees, chymotrypsin-1 with molecular mass 28 KDa, trypsin-1
29 Kda, N-aminopeptidase 90-130 KDa, carboxypeptidase A 38 KDa, carboxypeptidase
B-like 48 KDa [33,52,53] have been identified. No protease activity was detected in nectar
using casein as substrate [54]. Conversely, trypsin-like, chymotrypsin-like, carboxypep-
tidase A and B-like, and aminopeptidase activities, were found in pollen extract [45,55].
Therefore, the protease activity detected in R] in this study and not by proteomic approach
leads us to develop two hypotheses: (I) proteases are a component of R] secreted by the
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honeybee as an expression of its genome but were not previously detected because of
applied technical constraints. This hypothesis could account for the absence of low molec-
ular weight proteases which may be lost in molecular sieves, such as the SDS page with
large meshes [56]. (II) Proteases are not an expression of the honeybee genome but rather
present as contaminants by the honeybee gut content (i.e., pollen, nectar). Pollen is a natural
pollutant of RJ and its low presence in samples may not allow for the detection of proteases
where MR]Ps are predominant, but under optimal conditions they might perform their
activity. This could have implications that go beyond assessing the product freshness, for
instance helping to detect food frauds, as an artificially produced RJ would not detect
proteases. Among R] proteases investigated in this study, only carboxypeptidase A-like
showed significant variation in activity level in relation to the storage period length at 4 °C
with higher activity level recorded after two months. The high variability of carboxypepti-
dase A-like activity could be due to the difference in R] samples production (i.e., collection
time) but we cannot exclude that geographical or botanical features might play a role as
well. The method of collection and analysis can be furtherly improved, but the fact remains
that it could be a freshness and authenticity indicator for RJ. Although carboxypeptidase A
is an exopeptidase, that is specific for catalyzing the cleavage of certain carboxyl-terminal
peptide bonds in peptides and proteins; therefore, it may contribute to the degradation
of glucose oxidase. However, as its activity increases with increasing glucose oxidase
activity, it would appear not to be involved in its degradation [57]. This result indicates
that also carboxypeptidase A could be a good freshness indicator for RJ. However, further
investigation on carboxypeptidase A-like activity over the time on R] samples of same
geographical or botanical features produced using the same method are desirable in order
to better understand the activity trend of these proteases.

Concerning the products of glucose oxidase, hydrogen peroxide and their ability to
degrade lipids, two antioxidant enzymes known to be present in R] were investigated. Per-
oxiredoxin enzymes are antioxidant enzymes belonging to a family of cysteine-dependent
peroxidases that react with hydrogen peroxide, aliphatic and aromatic hydroperoxide
substrates, and peroxynitrite [16], while glutathione S transferase enzymes have function
of detoxification of electrophiles by glutathione conjugation [58]. Both of these enzymes do
not change their activity during refrigerated storage; this could be an advantage as they
represent an always active system for the elimination of free radicals. However, they are
not an indicator of the freshness of RJ, within the examined timeframe.

According to time and storage condition, enzymatic activity in R] samples showed
a high variability, probably due to different collection time as well as geographical or
botanical features. Despite this high variability, the storage of R] at 4 °C for different
period determined significant differences in enzymatic activity compared to treatment at
—18 °C. After 1 year of storage at 4 °C the glucose oxidase activity in R] undergoes to a
significant decrease (77%), while —18 °C storage preserves it to a greater extent. Again, two
hypotheses could be suggested to explain this difference: (i) the freezing treatment might
have removed the action of a potential inhibitor of the glucose oxidase by modification of
inhibitor structure; (ii) at 4 °C proteases degrade glucose oxidase, thus reducing its activity.
This second hypothesis is probably the most reliable, but further investigation is desirable.

Moreover, the deep-freezing treatment determined an early low reduction in car-
boxypeptidase A-like activity in R] after two months of storage compared to refrigeration
and remain constant after 1 year. Differences in carboxypeptidase A-like activity trend in
frozen rather than refrigerated R] suggest enzymatic inhibition by the product, but further
investigations are needed.

Trypsin-like activity increased significantly during refrigerated conservation; this
suggests that trypsin may somehow be involved in the digestion of glucose oxidase as well
as could be hypothesized that trypsin-like digests the glucose oxidase potential inhibitor.
Further investigations are needed to investigate the activity of this important enzyme and
its eventual link with others present in RJ.
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Both antioxidant enzymes investigated (peroxiredoxin and glutathione S transferase)
did not result in any change in their activity under both treatment conditions, thus confirm-
ing that they cannot be considered as possible indicators of freshness in R].

5. Conclusions

In conclusion, results obtained indicate that glucose oxidase and carboxypeptidase
A-like may be good indicators of freshness in Royal Jelly, especially within the first year
from production, since they returned a consistent trend in their activity, regardless the
storage treatment applied. Results obtained also indicate that deep-freezing could be a
better alternative storage method to refrigeration since it determines a high preservation of
glucose oxidase and carboxypeptidase A-like after 1 year of storage. Investigation on the
enzymatic activity trend for longer period in R] stored ad —18° are desirable. Furthermore,
evidence recorded in this study might indicate that for management and commercial
purposes, the cold chain at —18 °C could be repeatedly interrupted with short exposures at
4 °C without negatively impacting on overall product quality and biological functions, but
the effect of repeated thawing on R] composition still has to be assessed.

Author Contributions: Conceptualization, A.E, S.S. and L.P. (Lucia Piana); Performed the field
activities and sampling, S.S., EC. and L.P. (Lucia Piana); Performed the laboratory work: S.S., L.P.
(Lionella Palego), E.T. and E.C.; formal analysis and data interpretation, A.F, S.S.,, EC.,, ET,,R.D,, L.P.
(Lionella Palego), L.B., G.G., L.C. and L.P. (Lucia Piana); writing—original draft preparation, A.E,
S.S., EC. and R.D.; writing—review and editing, A.F,S.S., EC., E.T,, RD., L.P. (Lionella Palego), L.B.,
G.G,, L.C. and L.P. (Lucia Piana); supervision, A.F. and S.S. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors declare that this study was funded by CONAPI (https://conapi.it/en/)
through Reg. UE 1308/2012 art. 55, CUPs J52E20000080007 & J58H19000520007. The funder was not
involved in the study design, collection, analysis, interpretation of data, the writing of this article or
the decision to submit it for publication.

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

Acknowledgments: Authors wish to thank CONAPI for their interest in the topic of Royal Jelly
storage and for its help to contact producers.

Conflicts of Interest: The authors declare no conflict of interest. Author Lucia Piana and Raffaele
Dall’Olio was employed by the company Piana Ricerca e Consulenza and BeeSources, respectively
and planned and written the paper together with other Authors. The remaining authors declare that
the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Pavel, C.I,; Marghitas, L.A.; Bobis, O.; Dezmirean, D.S.; Sapcaliu, A.; Radoi, I.; Madas, M.N. Biological activities of royal
jelly-review. J. Anim. Sci. Biotechnol. 2011, 44, 108-118.

2. Fujita, T.; Kozuka-Hata, H.; Ao-Kondo, H.; Kunieda, T.; Oyama, M.; Kubo, T. Proteomic analysis of the royal jelly and characteri-
zation of the functions of its derivation glands in the honeybee. . Proteome Res. 2013, 12, 404—411. [CrossRef] [PubMed]

3. Mokaya, H.O.; Njeru, L.K.; Lattorff, H.M.G. African honeybee royal jelly: Phytochemical contents, free radical scavenging activity,
and physicochemical properties. Food Biosci. 2020, 37, 100733. [CrossRef]

4. Bogdanov, S. Royal jelly, bee brood: Composition, health, medicine: A review. Lipids 2011, 3, 8-19.

5. Howe, S.R.; Dimick, P.S.; Benton, A.W. Composition of freshly harvested and commercial royal jelly. . Apicult. Res. 1985, 24,
52-61. [CrossRef]

6. Xue, X.; Wy, L.; Wang, K. Chemical Composition of Royal Jelly. In Bee Products-Chemical and Biological Properties; Springer: Cham,
Switzerland, 2017; pp. 181-190.

7. Simuth, J. Some properties of the main protein of honeybee (Apis mellifera) royal jelly. Apidologie 2001, 32, 69-80. [CrossRef]

8.  Kamakura, M.; Fukuda, T.; Fukushima, M.; Yonekura, M. Storage-dependent degradation of 57-kDa protein in royal jelly: A
possible marker for freshness. Biosci. Biotechnol. Biochem. 2001, 65, 277-284. [CrossRef]

9.  Sano, O.; Kunikata, T.; Kohno, K.; Iwaki, K.; Ikeda, M.; Kurimoto, M. Characterization of royal jelly proteins in both Africanized

and European honeybees (Apis mellifera) by two-dimensional gel electrophoresis. J. Agric. Food Chem. 2004, 52, 15-20. [CrossRef]


https://conapi.it/en/
http://doi.org/10.1021/pr300700e
http://www.ncbi.nlm.nih.gov/pubmed/23157659
http://doi.org/10.1016/j.fbio.2020.100733
http://doi.org/10.1080/00218839.1985.11100649
http://doi.org/10.1051/apido:2001112
http://doi.org/10.1271/bbb.65.277
http://doi.org/10.1021/jf030340e

Foods 2022, 11, 3165 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Scarselli, R.; Donadio, E.; Giuffrida, M.G.; Fortunato, D.; Conti, A.; Balestreri, E.; Felicioli, R.; Pinzauti, M.; Sabatini, A.G.; Felicioli,
A. Towards royal jelly proteome. Proteomics 2005, 5, 769-776. [CrossRef]

Schonleben, S.; Sickmann, A.; Mueller, M.].; Reinders, J. Proteome analysis of Apis mellifera royal jelly. Anal Bioanal. Chem. 2007,
389, 1087. [CrossRef]

Li, J.K,; Feng, M.; Zhang, L.; Zhang, Z.H.; Pan, Y.H. Proteomics analysis of major royal jelly protein changes under different
storage conditions. J. Proteome Res. 2008, 7, 3339-3353. [CrossRef] [PubMed]

Yu, E; Mao, F,; Jianke, L. Royal jelly proteome comparison between A. mellifera ligustica and A. cerana cerana. J. Proteome Res.
2010, 9, 2207-2215. [CrossRef] [PubMed]

Ramadan, M.E; Al-Ghamdi, A. Bioactive compounds and health-promoting properties of royal jelly: A review. J. Funct. Foods
2012, 4, 39-52. [CrossRef]

Marconi, E.; Caboni, M.F.; Messia, M.C.; Panfili, G. Furosine: A suitable marker for assessing the freshness of royal jelly. J. Agric.
Food Chem. 2002, 50, 2825-2829. [CrossRef]

Ciulu, M.; Floris, I.; Nurchi, V.M.; Panzanelli, A.; Pilo, M.I,; Spano, N.; Sanna, G. A possible freshness marker for royal jelly:
Formation of 5-hydroxymethyl-2-furaldehyde as a function of storage temperature and time. J. Agric. Food Chem. 2015, 63,
4190-4195. [CrossRef]

Hu, H.; Wei, Q.; Sun, Z.; Zhang, X.; Ma, C.; Feng, M.; Meng, M,; Li, ].; Han, B. Development of a Freshness Assay for Royal Jelly
Based on the Temperature-and Time-Dependent Changes of Antimicrobial Effectiveness and Proteome Dynamics of Royal Jelly
Proteins. J. Agric. Food Chem. 2021, 69, 10731-10740. [CrossRef]

Zhang, L.; Fang, Y.; Li, R.; Feng, M.; Han, B.; Zhou, T.; Li, ]. Towards posttranslational modification proteome of royal jelly. J.
Proteomics 2012, 75, 5327-5341. [CrossRef]

Bucekova, M.; Valachova, I.; Kohutova, L.; Prochazka, E.; Klaudiny, J.; Majtan, ]J. Honeybee glucose oxidase-its expression
in honeybee workers and comparative analyses of its content and HyO,-mediated antibacterial activity in natural honeys.
Naturwissenschaften 2014, 101, 661-670. [CrossRef]

Yu, S.J.; Robinson, F.A.; Nation, J.L. Detoxication capacity in the honey bee, Apis mellifera L. Pestic. Biochem. Phys. 1984, 22, 360-368.
[CrossRef]

Weirich, G.E; Collins, A.M.; Williams, V.P. Antioxidant enzymes in the honey bee, Apis mellifera. Apidologie 2002, 33, 3-14.
[CrossRef]

Nelson, K.J.; Parsonage, D. Measurement of peroxiredoxin activity. Curr. Protoc. Toxicol. 2011, 49, 7-10. [CrossRef] [PubMed]
Hanes, J.; Simuth, J. Identification and partial characterization of the major royal jelly protein of the honey bee (Apis mellifera L.). J.
Apic. Res. 1992, 31, 22-26. [CrossRef]

Kubo, T.; Sasaki, M.; Nakamura, J.; Sasagawa, H.; Ohashi, K.; Takeuchi, H.; Natori, S. Change in the expression of hypopharyngeal-
gland proteins of the worker honeybees (Apis mellifera L.) with age and/or role. . Biochem. 1996, 119, 291-295. [CrossRef]
[PubMed]

Santos, K.S.; dos Santos, L.D.; Mendes, M.A.; de Souza, B.M.; Malaspina, O.; Palma, M.S. Profiling the proteome complement of
the secretion from hypopharyngeal gland of Africanized nurse-honeybees (Apis mellifera L.). Insect Biochem. Mol. Biol. 2005, 35,
85-91. [CrossRef]

Feng, M.; Fang, Y.; Li, J. Proteomic analysis of honeybee worker (Apis mellifera) hypopharyngeal gland development. BVIC Genom.
2009, 10, 645. [CrossRef]

Li, J.; Feng, M.; Begna, D.; Fang, Y.; Zheng, A. Proteome comparison of hypopharyngeal gland development between Italian and
royal jelly producing worker honeybees (Apis mellifera L.). ]. Proteome Res. 2010, 9, 6578-6594. [CrossRef]

Ji, T; Liu, Z; Shen, J.; Shen, E; Liang, Q.; Wu, L.; Chen, G.; Corona, M. Proteomics analysis reveals protein expression differences
for hypopharyngeal gland activity in the honeybee, Apis mellifera carnica Pollmann. BMC Genom. 2014, 15, 665. [CrossRef]

Park, S.; Thornburg, R.W. Biochemistry of nectar proteins. J. Plant Biol. 2009, 52, 27-34. [CrossRef]

Tovar-Méndez, A.; Bustos-Sanmamed, P; Sato, S.; Dietz, K.J.; Cejudo, FJ.; Tabata, S.; Becana Ausejo, M. Peroxiredoxin Genes
of Lotus Japonicus: Expression Analysis in Plants and Hormone Effects. In Biological Nitrogen Fixation and Plant-Associated
Microorganisms, Proceeding of XIII National Meeting of the Spanish Society of Nitrogen Fixation, II Portuguese-Spanish Congress on
Nitrogen Fixation, Zaragoza, Spain, 15-18 June 2010; Becana, M., Ed.; Available online: https://digital.csic.es/handle/10261 /25138
(accessed on 29 August 2022).

Chatt, E.C.; von Aderkas, P; Carter, C.J.; Smith, D.; Elliott, M.; Nikolau, B.]. Sex-dependent variation of pumpkin (Cucurbita
maxima cv. Big Max) nectar and nectaries as determined by proteomics and metabolomics. Front. Plant Sci. 2018, 9, 860. [CrossRef]
Pedrajas, ].R.; Barcena, ].A. Peroxiredoxins: Types, Characteristics and Functions in Higher Plants. In Antioxidants and Antioxidant
Enzymes in Higher Plants; Springer: Cham, Switzerland, 2018; pp. 95-121.

Matsuoka, T.; Kawashima, T.; Nakamura, T.; Kanamaru, Y.; Yabe, T. Isolation and characterization of proteases that hydrolyze
royal jelly proteins from queen bee larvae of the honeybee, Apis mellifera. Apidologie 2012, 43, 685-697. [CrossRef]

Chen, C.; Chen, S.Y. Changes in protein components and storage stability of royal jelly under various conditions. Food Chem.
1995, 54, 195-200. [CrossRef]

Fratini, F,; Cilia, G.; Mancini, S.; Felicioli, A. Royal Jelly: An ancient remedy with remarkable antibacterial properties. Microbiol.
Res. 2016, 192, 130-141. [CrossRef] [PubMed]


http://doi.org/10.1002/pmic.200401149
http://doi.org/10.1007/s00216-007-1498-2
http://doi.org/10.1021/pr8002276
http://www.ncbi.nlm.nih.gov/pubmed/18597515
http://doi.org/10.1021/pr900979h
http://www.ncbi.nlm.nih.gov/pubmed/20307072
http://doi.org/10.1016/j.jff.2011.12.007
http://doi.org/10.1021/jf0114987
http://doi.org/10.1021/acs.jafc.5b00873
http://doi.org/10.1021/acs.jafc.1c02843
http://doi.org/10.1016/j.jprot.2012.06.008
http://doi.org/10.1007/s00114-014-1205-z
http://doi.org/10.1016/0048-3575(84)90029-4
http://doi.org/10.1051/apido:2001001
http://doi.org/10.1002/0471140856.tx0710s49
http://www.ncbi.nlm.nih.gov/pubmed/21818753
http://doi.org/10.1080/00218839.1992.11101256
http://doi.org/10.1093/oxfordjournals.jbchem.a021237
http://www.ncbi.nlm.nih.gov/pubmed/8882720
http://doi.org/10.1016/j.ibmb.2004.10.003
http://doi.org/10.1186/1471-2164-10-645
http://doi.org/10.1021/pr100768t
http://doi.org/10.1186/1471-2164-15-665
http://doi.org/10.1007/s12374-008-9007-5
https://digital.csic.es/handle/10261/25138
http://doi.org/10.3389/fpls.2018.00860
http://doi.org/10.1007/s13592-012-0143-z
http://doi.org/10.1016/0308-8146(95)00031-D
http://doi.org/10.1016/j.micres.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27664731

Foods 2022, 11, 3165 10 of 10

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pasupuleti, V.R.; Sammugam, L.; Ramesh, N.; Gan, S.H. Honey, propolis, and royal jelly: A comprehensive review of their
biological actions and health benefits. Oxid. Med. Cell Longev. 2017, 2017, 1259510. [CrossRef] [PubMed]

Ahmad, S.; Campos, M.G.; Fratini, F,; Altaye, S.Z.; Li, ]. New insights into the biological and pharmaceutical properties of royal
jelly. Int. J. Mol. Sci. 2020, 21, 382. [CrossRef]

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

Cohen Harvey, J. The Use of Diaminobenzidine for Spectrophotometric and Acrylamide Gel Detection of Sulfide Oxidase and Its
Applicability to Hydrogen Peroxide-Generating Enzymes. Anal. Biochem. 1973, 53, 208-222. [CrossRef]

Sagona, S.; Minieri, S.; Coppola, E; Gatta, D.; Casini, L.; Palego, L.; Betti, L.; Giannaccini, G.; Felicioli, A. Effects of chestnut
hydrolysable tannin enrichment in the artificial diet of forager bees, Apis mellifera. J. Apic. Res. 2021, 1-7. [CrossRef]

Hummel, B.C. A modified spectrophotometric determination of chymotrypsin, trypsin, and thrombin. Can. . Biochem. Physiol.
1959, 37, 1393-1399. [CrossRef]

Wirnt, R. Chymotrypsin, Measurements with n-benzoyl-tyrosin ethyl ester as Substrate. In Methods of Enzymatic Analysis, 2nd ed.;
Ulrich Bergmeyer, H., Ed.; Verlag Chemie: Weinheim, Germany, 1974; pp. 1009-1012.

Bisswanger, H. Pratical Enzymology; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2004.

Coppola, F; Sagona, S.; Betti, L.; Palego, L.; Lucia, C.; Giannaccini, G.; Felicioli, A. Preliminary investigation on enzymatic activity
in saliva of Hystrix cristata L., 1758. . Anim. Physiol. Anim. Nutr. 2021, 106, 387-394. [CrossRef]

Grogan, D.E.; Hunt, ].H. Pollen proteases: Their potential role in insect digestion. Insect Biochem. 1979, 9, 309-313. [CrossRef]
Ali, SK.; Hadwan, M.H. Precise Spectrophotometric Method for measurement of Peroxiredoxin activity in Biological Samples.
Res. J. Pharm. Technol. 2019, 12, 2254-2260. [CrossRef]

Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-transferases the first step in mercapturic acid formation. J. Biol. Chem. 1974,
249, 7130-7139. [CrossRef]

Siddique, Y.H.; Ara, G.; Afzal, M. Estimation of lipid peroxidation induced by hydrogen peroxide in cultured human lymphocytes.
Dose Response 2012, 10, 1-10. [CrossRef] [PubMed]

White, J.W., Jr.; Subers, M.H.; Schepartz, A.I. The identification of inhibine, the antibacterial factor in honey, as hydrogen peroxide
and its origin in a honey glucose-oxidase system. Biochim. Biophys. Acta (BBA)-Spec. Sect. Enzymol. Subj. 1963, 73, 57-70.
[CrossRef]

Sagona, S.; Turchi, B.; Fratini, F.; Giusti, M.; Torracca, B.; Nuvoloni, R.; Cerri, D.; Felicioli, A. Preliminary evaluation of glucose
oxidase and its products in vitro antimicrobial activities on Paenibacillus larvae ATCC9545 vegetative form. Bull Insectolol. 2015,
68, 233-237.

Wilson, R.; Turner, A.P.F. Glucose oxidase: An ideal enzyme. Biosens. Bioelectron. 1992, 7, 165-185. [CrossRef]

Bataglia, L.; Godoy, I.C.; Del Lama, M.A.; Nunes, EM.E. Leucine-aminopeptidase A (LAP-A) Encoding Gene in Apoidea: From
Genomic Identification to Functional Insights Based on Gene Expression. Sociobiology 2018, 65, 654—661. [CrossRef]

Felicioli, A.; Turchi, B.; Fratini, F; Giusti, M.; Nuvoloni, R.; Dani, ER.; Sagona, S. Proteinase pattern of honeybee prepupae from
healthy and American Foulbrood infected bees investigated by zymography. Electrophoresis 2018, 39, 2160-2167. [CrossRef]
Song, Y.Q.; Milne, R.IL; Zhou, H.X.; Ma, X.L.; Fang, ].Y.; Zha, H.G. Floral nectar chitinase is a potential marker for monofloral honey
botanical origin authentication: A case study from loquat (Eriobotrya japonica Lindl.). Food Chem. 2019, 282, 76-83. [CrossRef]
McKenna, O.E.; Posselt, G.; Briza, P.; Lackner, P.; Schmitt, A.O.; Gadermaier, G.; Wessler, S.; Ferreira, F. Multi-approach analysis
for the identification of proteases within birch pollen. Int. . Mol. Sci. 2017, 18, 1433. [CrossRef]

Casas-Terradellas, E.; Garcia-Gonzalo, ER.; Hadjebi, O.; Bartrons, R.; Ventura, E; Rosa, J.L. Simultaneous electrophoretic
analysis of proteins of very high and low molecular weights using low-percentage acrylamide gel and a gradient SDS-PAGE gel.
Electrophoresis 2006, 27, 3935-3938. [CrossRef] [PubMed]

Folk, ].E.; Schirmer, E.W. The porcine pancreatic carboxypeptidase A system I. Three forms of the active enzyme. J. Biol. Chem.
1963, 238, 3884-3894. [CrossRef]

Strange, R.C.; Spiteri, M.A.; Ramachandran, S.; Fryer, A.A. Glutathione-S-transferase family of enzymes. Mutat. Res. Fundam.
Mol. Mech. Mutagen. 2001, 482, 21-26. [CrossRef]


http://doi.org/10.1155/2017/1259510
http://www.ncbi.nlm.nih.gov/pubmed/28814983
http://doi.org/10.3390/ijms21020382
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/0003-2697(73)90423-5
http://doi.org/10.1080/00218839.2021.1960744
http://doi.org/10.1139/y59-157
http://doi.org/10.1111/jpn.13613
http://doi.org/10.1016/0020-1790(79)90011-8
http://doi.org/10.5958/0974-360X.2019.00375.5
http://doi.org/10.1016/S0021-9258(19)42083-8
http://doi.org/10.2203/dose-response.10-002.Siddique
http://www.ncbi.nlm.nih.gov/pubmed/22423225
http://doi.org/10.1016/0926-6569(63)90108-1
http://doi.org/10.1016/0956-5663(92)87013-F
http://doi.org/10.13102/sociobiology.v65i4.3475
http://doi.org/10.1002/elps.201800112
http://doi.org/10.1016/j.foodchem.2018.12.107
http://doi.org/10.3390/ijms18071433
http://doi.org/10.1002/elps.200600141
http://www.ncbi.nlm.nih.gov/pubmed/17054096
http://doi.org/10.1016/S0021-9258(18)51803-2
http://doi.org/10.1016/S0027-5107(01)00206-8

	Introduction 
	Materials and Methods 
	Samples 
	Protein Extraction and Quantification for Enzymatic Investigations 
	Measurement of Glucose Oxidase Activity 
	Measurement of Proteases’ Activity 
	Measurement of Antioxidant Enzymes’ Activity 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

