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Abstract
The objective of this study was to determine the bioactive potential of hazelnut meal protein hydrolysates. Hazelnut meal 
protein isolate was hydrolyzed using Alcalase and Trypsin + Chymotrypsin to 23.5% and 13.7% degrees of hydrolysis, 
respectively. The peptide fractions (< 5 kDa and > 5 kDa) were screened for the in vitro inhibition of angiotensin I-converting 
enzyme (ACE), dipeptidyl peptidase-IV (DPP-IV), and α-glucosidase activities. Peptide fractions > 5 kDa showed a higher 
potency to inhibit ACE  (IC50 = 0.10–0.13 mg/mL), whereas peptide fractions < 5 kDa were more effective in inhibiting DPP-
IV  (IC50 = 0.37–0.45 mg/mL) and α-glucosidase  (IC50 = 3.62–3.89 mg/mL), with no significant difference in treatment with 
Alcalase and Trypsin + Chymotrypsin. The results of the study showed that hazelnut meal protein is a potential source of 
bioactive peptide delivery and that the hydrolysates obtained could be used as an alternative ingredient for the development 
of new functional foods.
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Introduction

Bioactive peptides, which are hidden in food proteins, can 
be released through hydrolysis via gastrointestinal digestion, 
fermentation, or in vitro enzymatic hydrolysis. They have 
been identified as potential therapeutic agents because of 
their wide range of preventive effects against chronic dis-
eases. Some of these beneficial health effects include ACE-
inhibitory, antioxidative, antimicrobial, immunomodulatory, 
antithrombotic, and antidiabetic effects [1].

Angiotensin I-converting enzyme is related to the renin 
angiotensin system. This enzyme regulates peripheral blood 
pressure by facilitating the conversion of angiotensin from 
an inactive decapeptide (angiotensin-I) to a powerful vaso-
constrictor octapeptide (angiotensin-II), and it also inacti-
vates the antihypertensive vasodilator bradykinin [2]. As the 
inhibition of ACE is considered an alternative approach to 

preventing and treating hypertension, some synthetic ACE 
inhibitors are widely used as antihypertensive drugs. Due 
to certain adverse effects reported, much attention has been 
focused recently on food-derived bioactive peptides as a 
natural alternative or complement to the synthetic drugs [3].

Diabetes mellitus (DM) is a major health problem world-
wide, and it is expected to be acquired by 550 million people 
by 2030. Among all cases, 90% have been reported as Type 
II DM (T2DM). Dipeptidyl peptidase-IV is a metabolic ser-
ine protease that causes the degradation and inactivation of 
incretin hormones and is responsible for stimulating insu-
lin secretion [4]. Alpha-amylase and α-glucosidase are key 
enzymes involved in starch digestion, and the rate and extent 
of starch digestion are important parameters for healthy and 
diabetic patients. Therefore, inhibiting both DPP-IV and 
digestion-related enzymes has become a major therapeutic 
target for the control of T2DM by contributing to a signifi-
cant reduction in blood glucose levels [5, 6].

Studies have been conducted on animal and plant-derived 
proteins. Nevertheless, especially oil meals, have become 
popular in recent years as a sustainable protein source. 
Hazelnuts (Corylus avellana L.) are a major product of Tur-
key, which produced 515,000 and 776,000 tons of hazelnuts 

 * Sebnem Simsek 
 sebnem.simsek@ege.edu.tr

1 Department of Food Engineering, Faculty of Engineering, 
Ege University, Izmir, Turkey

http://orcid.org/0000-0002-8964-8721
http://crossmark.crossref.org/dialog/?doi=10.1007/s11694-021-00994-8&domain=pdf


4491Angiotensin I‑converting enzyme, dipeptidyl peptidase‑IV, and α‑glucosidase inhibitory…

1 3

in 2018 and 2019, respectively. With approximately 70% of 
total global production, Turkey is the largest hazelnut pro-
ducer in the world [7]. It is well known that 90% of hazelnuts 
are used in food industries as shelled nuts [8], and during 
hazelnut industrial production some by-products are pro-
duced (shell, green leafy cover, and skin). Hazelnuts are an 
effective source of health-promoting compounds and have 
a high protein content (10.86–16.30 g/100 g), with nine 
essential amino acids (except tryptophan in some studies) 
[9]. Hazelnut meal (oil cake), obtained after the extraction 
of hazelnuts for oil production, is generally used as a feed 
ingredient because of its high protein content of approxi-
mately 55% [3], making the hazelnut meal a potential low-
cost source of bioactive peptides.

Amino acid sequences and the extent of hydrolysis are 
key parameters in the bioactive peptide potential of proteins. 
To date, hazelnut protein (intact) and protein hydrolysates 
have mainly been studied for their functional and rheologi-
cal properties [10–12], in vitro ACE-inhibitory activity [3, 
12–16], and antioxidant activity [17]. An in silico study 
showed a high probability of the release of bioactive pep-
tides with DPP-IV and ACE-inhibitory activities following 
hydrolysis of the ribosomal hazelnut proteins with papain, 
thermolysin, and bromelain [18]. No reports have been made 
on the in vitro antidiabetic potential of hazelnut meal protein 
hydrolysates.

In this study, hazelnut meal protein isolate was hydro-
lyzed using Alcalase, Protamex, and Trypsin + Chymot-
rypsin enzymatic processes. The objectives of the study 
were (i) to generate hazelnut meal protein hydrolysates and 
fractionate the hydrolysates into peptides of various molecu-
lar weights, (ii) to investigate the potential ACE inhibitory 
activity, and (iii) to investigate the potential DPP-IV and 
α-glucosidase inhibitory activities.

Materials and methods

Materials

Altaş Gıda (Ordu, Turkey) kindly provided hazelnut meal. 
Alcalase 2.5L and Protamex 2.5L were kindly provided by 
Novozymes (Bagsvaerd, Denmark). Trypsin from porcine 
pancreas (T0303), α-Chymotrypsin from bovine pancreas 
(C7762), ACE from rabbit lung (A6778), N-[3-(2-Furyl)
acryloyl]-Phe-Gly-Gly (FAPGG) (F7131), intestinal ace-
tone powders from rat (I1630), and 4-Nitrophenyl α-d-
glucopyranoside (N1377) (PNPG) were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Vivaspin 20 ultrafil-
tration membrane (5kDa) was procured from Sartorius Ste-
dim Biotech (Goettingen, Germany), and the DPP-IV drug 
discovery kit (BML-AK499) was obtained from Enzo Life 
Sciences (Lausen, Switzerland). Pierce BCA protein assay 

kit was purchased from Thermo Fisher Scientific (Rockford, 
USA). Mini  Protean®  TGXTM gel (12%) was obtained from 
Bio-Rad Laboratories (Hercules, CA, USA). Other reagents 
used were of analytical grade.

Protein isolation from hazelnut meal

The hazelnut meal was first defatted by mixing with hexane 
(1:3 w/w) for 1 h and for three times. After filtration and 
following evaporation at room temperature overnight, the 
almost defatted meal was processed to acetone powder using 
a method previously described by Arcan and Yemenicioǧlu 
[19] with slight modification. The meal was mixed with 
cold acetone (70%, − 18 °C), and the mixture (1:6 w/w) 
was homogenized for 3 min in a Waring blender (8011Eb, 
USA). The slurry obtained was centrifuged (8000×g), and 
the solid residue was collected. This step was repeated twice. 
Finally, the collected residue was left overnight to evaporate 
the solvent and then stored at − 18 °C until the analysis was 
carried out.

For protein isolation, acetone washed meal was sus-
pended in water (1:12.5 w/w, 0.15%  Na2SO3), and then the 
pH of the slurry was adjusted to 9.5 with 2 M NaOH. This 
slurry was mixed using magnetic stirring for 30 min, and 
pH was readjusted if necessary. The slurry was then centri-
fuged at 10,000×g for 15 min. The protein in the supernatant 
was collected, and the residue was extracted once more. The 
combined supernatants were then precipitated at isoelectric 
point (pH 4.5) for 30 min. Precipitated proteins were col-
lected by centrifugation, and suspended in water by adjust-
ing pH to 7.0, lyophilized (Armfield, FT 33 Vacuum Freeze 
Drier, England), and stored at − 18 °C for analysis.

Preparation of hazelnut meal protein hydrolysates

Hazelnut meal protein isolate was hydrolyzed separately 
using different enzymes (Alcalase 2.5 L, Protamex 2.5 L, 
Trypsin + Chymotrypsin). Briefly, hazelnut protein was dis-
persed in water (1%), and the pH of the mixture was adjusted 
to 8.0 with 2 M NaOH for about 10 min. Hydrolysis was 
initiated by adding each enzyme at an enzyme/substrate ratio 
(10% w/w). Hydrolysis was carried out for 2.5 h, adjusting 
the pH 8.0 using 0.1 N NaOH solution by a pH–stat device 
(Kyoto Kem AT 510, Japan) at 50 ℃ for Alcalase, Protamex 
and 40 ℃ for Trypsin + Chymotrypsin. After the hydrolysis, 
the reaction was terminated by immersing the hydrolysate in 
boiling water for 10 min, cooled to room temperature, and 
then centrifuged at 10,000×g for 15 min. The hydrolysis 
degree (DH) of samples was determined using the amount 
of NaOH used according to the following equation given by 
Adler-Nissen [20]:
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where B is the base consumption in liters;  Nb is the normal-
ity of the base; α is the average degree of dissociation of 
α-NH2 groups; MP refers to a mass of protein (N × 6.25) 
in kg;  htot is a total number of peptide bonds in the protein 
substrate (meqv/g protein)  (htot = 8 meqv/g for proteins other 
than soybean, 1/α = 1.13 for pH 8.0, 50 °C).

Hydrolysates were then ultrafiltered (Vivaspin 20, Ger-
many), wherein fractions with higher and lower than 5 kDa 
were collected and lyophilized for further analysis.

Protein content

The protein content of hazelnut meal and hazelnut meal pro-
tein isolate was determined using a LECO FP-528 instru-
ment (Leco Instruments, UK) in accordance with the AOAC 
992.23 method [21]. The results were obtained as N (%), and 
the protein content (%) calculated by using conversion fac-
tor of 6.25. The soluble protein content of hydrolysates was 
determined by the BCA protein assay kit (Thermo Pierce, 
Rockford, USA) according to the kit instructions using 
bovine serum albumin as standard.

Sodium dodecyl sulphate–polyacrylamide gel 
electrophoresis (SDS‑PAGE)

The electrophoretic profile of hazelnut meal protein iso-
late and protein hydrolysates was determined using Bio-
Rad Mini Protean TGX gel (12%). Samples were prepared 
with 1:5 sample buffer containing SDS, bromophenol blue, 
glycerol, Tris–HCl, and β-mercaptoethanol. Following 
incubation at 95 °C for 5 min, 15 µL samples were loaded 
onto the gel, and electrophoresis was applied at 100 V with 
Mini-Protean® Tetra Cell apparatus (Bio-Rad, China). The 
resolved protein bands were stained with Coomassie blue 
and then destained for clear visualization.

Antihypertensive activity of protein hydrolysates

The antihypertensive activity of protein hydrolysates was 
determined in vitro by measuring their inhibitory effects 
on the ACE with a modification of the method given by 
Shalaby et al. [22]. Briefly, 10 µL of ACE (0.125 units/
mL) was mixed with 10 µL of sample at different concen-
trations. The enzyme-sample mixture was incubated for 
10 min at 37 °C, and the enzymatic reaction was initi-
ated by adding 150 µL 1 mM FAPGG substrate solution 

DH (%) = B × N
b
× (1∕�) × (1∕MP) ×

(

1∕h
tot

)

× 100 (prepared in 0.05  M Tris-HCl  with 0.3  M NaCl, pH 
7.5) pre-incubated at 37 °C. The assay was performed 
in 96 well microtiter plates (UV flat bottom) using the 
Thermo Scientific Varioskan Flash spectrophotometer 
(USA). The absorbance of the reaction mixture was 
monitored at 340 nm for 30 min at 37 °C, whereas the 
ACE inhibitory activity was determined from the slope 
of the initial linear portion of absorbance versus the time 
curve. The ACE inhibition (%) was expressed as the  IC50 
value, or peptide concentration needed to inhibit by 50% 
of the original ACE activity.

Antidiabetic activity of protein hydrolysates

DPP‑IV inhibitory activity

The DPP-IV inhibitory activity of the samples was deter-
mined in vitro using the DPP-IV drug discovery analysis kit, 
and according to the kit instructions. Briefly, the DPP-IV 
enzyme was diluted to 17.3 µU/µL with buffer, and 15 µL 
enzyme was transferred into the microplate. Then 35 µL 
buffer (blank) or sample at different concentrations were 
added and incubated for 10 min at 37 °C. Following the addi-
tion of 50 µL chromogenic substrate of H-Gly-Pro-pNA, the 
absorbance of the reaction mixture was monitored at 405 nm 
for 20 min at 37 °C. The inhibitory activity of the samples 
was determined from the slope of the absorbance versus time 
curve and expressed as the  IC50 value, or peptide concentra-
tion needed to inhibit by 50% of the original DPP-IV activity.

α‑glucosidase inhibitory activity

The α-glucosidase inhibitory activity of protein hydrolysates 
was determined in vitro using the method described by Koh 
et al. [5] with some modifications. Briefly, 70 µL sample 
at different concentrations were added to 10 µL enzyme 
(15 mg/mL), and the mixture was incubated at 37 °C for 
10  min. After the pre-incubation period, 20 µL PNPG 
(30 mM) was added as a substrate, and further 10 min incu-
bation was applied. The reaction was terminated by the addi-
tion of 100 µL 1 M  Na2CO3, and the absorbance was read at 
400 nm using the Thermo Scientific Varioskan Flash spec-
trophotometer (USA). All analysis was performed by sub-
stituting the active enzyme with the inactive one denatured 
at 100 °C for 10 min. The inhibitory activity of the enzyme 
was calculated using the following formula:

Inhibition (%) =

(

Acontrol − Acontrolblank

)

−
(

Asample − Asampleblank

)

(

Acontrol − Acontrolblank

) × 100
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where Acontrol, Acontrol blank, Asample, and Asample blank refer to the 
absorbance value of reaction vial containing active enzyme 
and buffer; inactive enzyme and buffer; active enzyme and 
sample; inactive enzyme and sample, respectively. The sub-
strate was present in all of these vials.

Statistical analysis

All analysis was performed as two replicates and two paral-
lels.  IC50 values were calculated using the Graphpad 8.0 
program. All of the data were subjected to IBM SPSS 25.0 
to evaluate the differences in mean values using one-way 
analysis of variance (ANOVA) and Tukey test. Values of p 
less than 0.05 were considered statistically significant.

Results and discussion

Isolation of proteins

In this study, the protein content of hazelnut meal was 
47.9%. The total protein content of the meal was lower than 
the 54.4% determined by Aydemir et al. [12] and similar to 
the 46.8% determined by Emre et al. [23]. Aydemir et al. 
[12] showed that hazelnut meal is a promising source of 
protein extraction, as it has a similar protein content to soy-
bean meal and a higher protein content than sunflower and 
rapeseed meals (32–35%). Before the protein was extracted, 
the meal was treated with hexane for defatting, and acetone 
powder was prepared to remove the residual oxidized lipids 
and soluble phenolics. During alkaline extraction, a solution 
containing sodium sulfite was used to prevent the oxidation 
of the remaining polyphenols. Following alkaline extraction, 
isoelectric precipitation, and lyophilization, a light brown 
protein isolate was obtained. The protein content of the iso-
late was 94.2%, consistent with the 93.3% found for acetone 
washed and extracted meal in Aydemir et al.’s study [12].

Degree of hydrolysis (DH)

The hydrolysis profile was used to follow the extent to which 
peptide bonds were broken down to release shorter peptides. 
Figure 1 shows the kinetics of the hydrolysis of hazelnut 
meal protein by Alcalase, Protamex, and Trypsin + Chy-
motrypsin under different experimental conditions. For 
the first 20 min, the progress of hydrolysis was character-
ized by a high rate of all enzymatic treatments, and then 
the rate subsequently decreased. This initial high-rate 
period was related to the maximum cleavage of peptide 
bonds [24]. Hydrolysis was continued at a slower rate for 
Alcalase and Protamex after 20 min and almost stopped 

for Trypsin + Chymotrypsin after 20 min. At the end of 
the hydrolysis reaction (150 min), the maximum degree 
of hydrolysis obtained was 23.5%, 18.8%, and 13.7% for 
the Alcalase, Protamex, and Trypsin + Chymotrypsin treat-
ments, respectively. No progressive increase was observed 
after 150 min (data not shown).

Alcalase, a serine endopeptidase, is usually limited to a 
maximum of 25% in hydrolysis due to its specificity [25]. 
Trypsin and Chymotrypsin are serine proteases. Chymot-
rypsin selectively hydrolyzes peptide bonds with aromatic 
or large hydrophobic side chains (Tyr, Trp, Phe, Met, Leu) 
at the carboxyl end of the bond, and Trypsin is selective 
for peptides on the C-terminal side of lysine and arginine 
residues. The lower hydrolysis degree of the combination 
of Trypsin + Chymotrypsin could be related to this specific 
selectivity. The results of the present analysis are consistent 
with those reports. The results obtained in the present study 
are lower than those obtained in the study of Cucu et al. [26], 
in which the hydrolysis of hazelnut proteins by pepsin for 
3 h yielded hydrolysates with 35% DH.

SDS‑PAGE

Hazelnut proteins can be classified as cupin superfamily 
(salt-soluble globulins), prolamin superfamily (water-soluble 
albumins), pollen-related proteins (part of the defense mech-
anism of the plant), and regulatory proteins (accumulated 
in seed plants in response to high-temperature stress) [27].

SDS-PAGE analysis under reduced conditions was per-
formed to identify the protein composition of native hazelnut 
meal protein isolates and their enzyme-treated hydrolysates 
to investigate the effect of hydrolysis and the formation of 
smaller peptides. Figure 2 shows the SDS-PAGE profiles 
of hazelnut meal protein isolate and its hydrolysates. The 
molecular weight distributions of hazelnut meal protein 
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Fig. 1  Degree of hydrolysis (DH%) of hazelnut meal protein hydro-
lysed with Alcalase, Protamex, and Trypsin + Chymotrypsin
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were similarly observed by Prieto et al. [28] and Saricaoglu 
et al. [29] for hazelnut protein. In the hazelnut meal protein, 
all enzymatic processes hydrolyzed the protein into smaller 
peptides at varying levels and intensified low molecular 
fragments (lower than 10 kDa). For both the Alcalase and 
Trypsin + Chymotrypsin treatments, all the hydrolyzed frac-
tions were lower than 20 kDa, whereas a band higher than 20 
kDa remained in the Protamex hydrolysate. Thus, Alcalase- 
and Trypsin + Chymotrypsin-treated samples were selected 
for further analysis.

ACE inhibitory activity

The possible antihypertensive activities of protein hydro-
lysates were determined based on ACE inhibitory capacities. 
Fractions obtained by ultrafiltration have been analyzed for 
their ability to inhibit ACE. The fractions of hydrolysates 
produced from the two enzymes exhibited different levels of 
inhibition (Table 1). No significant difference (p > 0.05) was 
observed for Trypsin + Chymotrypsin  (IC50 = 0.10 ± 0.01 
mg/mL) and Alcalase  (IC50 = 0.13 ± 0.01 mg/mL) treatments 
for fractions > 5 kDa, and the lowest activity (highest  IC50) 
was reported for the < 5 kDa fraction treated with Alcal-
ase  (IC50 = 0.18 ± 0.05 mg/mL). The lowest ACE inhibitory 

activity for the Alcalase-treated hydrolysate of the < 5 
kDa fraction could be related to the further hydrolysis of 
ACE  inhibitory peptides into less potent forms. Such a 
decrease in ACE inhibitory activity with an increase in the 
degree of hydrolysis was also reported for whey protein 
using a crude protease from Lactobacillus helveticus LB13 
[30], Jatropha curcas protein using Alcalase [25], and 
sunflower protein using Alcalase and Flavourzyme [31]. 
Segura-Campos et al. [25] reported the highest ACE inhibi-
tory activity for 5–10 kDa fractions of the Alcalase-treated 
hydrolysate of Jatropha curcas protein. The higher number 
of hydrophobic and aromatic amino acids in the C-terminal 
content in the > 5 kDa fractions could be responsible for the 
higher ACE inhibitory activity [32].

Several ACE inhibitory activities for hazelnut proteins 
and their hydrolysates have been reported in the literature. 
Aydemir et al. [12] reported the ACE inhibitory activities 
of hazelnut meal protein obtained under different extraction 
conditions and an  IC50 value of 0.57–1.0 mg/mL. The lower 
 IC50 values in the present study could be attributed to enzy-
matic hydrolysis, which led to the production of bioactive 
peptides. Liu et al. [3] reported three peptides (AVKVL, 
YLVR, and TLVGR) from Alcalase-treated hazelnut protein, 
with an  IC50 value of 73.06, 15.42, and 249.3 µM, respec-
tively, without any information related to the total hydro-
lysate. Gülseren et al. [13] reported that Trypsin-hydrolyzed 
hazelnut meal protein showed approximately 40% ACE 
inhibition after 240 min hydrolysis. Eroğlu and Aksay [33] 
examined the hydrolysis of hazelnut protein with pepsin and 
obtained ACE inhibition with an  IC50 value of 0.22 mg/
mL after 60 min of hydrolysis. Çağlar et al. [15] reported 
ACE inhibitory activity with  IC50 values ranging between 
0.13 and 4.83 mg protein/mL for Fast protein liquid chroma-
tography (FPLC) fractions of thermolysin, trypsin, or chy-
motrypsin hydrolysates of hazelnut cake protein. Liu et al. 
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Fig. 2  SDS-PAGE profile of 1: Hazelnut meal protein isolate, 2: Alcalase 
hydrolysate, 3: Protamex hydrolysate, 4: Trypsin + Chymotrypsin hydro-
lysate

Table 1  Inhibitory activity of hazelnut meal protein hydrolysate frac-
tions against ACE, DPP-IV, and α-glucosidase

*Data are expressed as  means ± standard deviation. Different lower-
case letters indicate significant differences among samples (p < 0.05, 
Tukey test)
**Not detected

Enzyme inhibitory activity  (IC50, mg/
mL)*

ACE DPP-IV α-Glucosidase

 < 5 kDa
 Alcalase 0.18 ± 0.05b 0.37 ± 0.00c 3.62 ± 0.72f

 Trypsin + Chymotrypsin 0.12 ± 0.01a 0.45 ± 0.11c 3.89 ± 0.12f

 > 5 kDa
 Alcalase 0.13 ± 0.01a 1.06 ± 0.14d 4.76 ± 0.12 g
 Trypsin + Chymotrypsin 0.10 ± 0.01a 1.28 ± 0.01e Nd**
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[14] reported the highest ACE inhibitory activity as 72.31% 
for an Alcalase-treated hazelnut peptide fraction following 
gel filtration chromatography and RP-HPLC. Using an in 
silico approach, Gülseren [18] reported potential bioactive 
peptides with ACE inhibitory activity in ribosomal hazelnut 
proteins hydrolyzed with gastrointestinal and non-gastroin-
testinal enzymes. Write et al. [34] and Li et al. [35] reported 
higher  IC50 values for peanut (0.295 mg/mL) and pistachio 
(0.87 mg/mL), respectively.

DPP‑IV inhibitory activity

The control of DPP-IV activity is an important strategy for 
regulating insulin metabolism in the treatment of T2DM. All 
hazelnut meal protein hydrolysates inhibited DPP-IV activ-
ity in a dose-dependent manner (data not shown). In gen-
eral, for each enzymatic process, DPP-IV inhibitory activ-
ity was significantly higher (p < 0.05) for < 5 kDa fractions, 
which were almost 2.9-fold lower  IC50 on average, than that 
for > 5 kDa fractions (Table 1). This result is consistent with 
previous studies that reported peptide fractions of a rela-
tively small size, showing better DPP-IV inhibitory activity 
[36]. No significant difference (p > 0.05) was found between 
Alcalase  (IC50 = 0.37 ± 0.00 mg/mL) and Trypsin + Chymo-
trypsin (0.45 ± 0.11 mg/mL) hydrolysates for < 5 kDa frac-
tions. Conversely, for > 5 kDa fractions, Alcalase-treated 
hydrolysates had a significantly higher (p < 0.05) inhibitory 
activity  (IC50 = 1.06 ± 0.14 mg/mL) than Trypsin + Chymo-
trypsin-treated hydrolysates  (IC50 = 1.28 ± 0.01 mg/mL). 
Several studies have examined in vitro DPP-IV inhibitory 
activity, especially for milk proteins, but the number of 
studies on plant protein hydrolysates is limited. The highest 
DPP-IV inhibitory activity  (IC50 = 0.37 mg/mL) reported in 
the present study was higher than those reported by Non-
gonierma and Fitzgerald [6] (0.73–3.54 mg/mL) for hemp, 
pea, rice, and soy hydrolysates and by Nongonierma et al. 
[37] (0.88 mg/mL) for quinoa protein hydrolysate prepared 
with papain hydrolysis for 3 h and lower than that for navy 
bean hydrolysates (0.093 mg/mL) following digestion with 
pepsin/pancreatin [38]. To date, this is the first time that 
the in vitro DPP-IV inhibitory activity of hazelnut protein 
hydrolysates has been reported. The results showed that 
both ultrafiltration fractions, especially the < 5 kDa frac-
tions, had potential DPP-IV inhibitory activity. This result 
is also supported by Gülseren [18], who reported in an in 
silico analysis that ribosomal hazelnut proteins had a higher 
frequency of DPP-IV inhibitory peptides than egg, soy, and 
milk proteins.

α‑glucosidase inhibitory activity

One of the strategies for diabetic patients is to inhibit 
carbohydrate-hydrolyzing enzymes to control glucose 

homeostasis. Alpha-glucosidase inhibitors are commonly 
used as oral hypoglycemic drugs that help maintain nor-
mal blood sugar levels and prevent hyperglycemia. These 
peptides generally have 3–6 amino acid residues, particu-
larly OH-containing amino acid residues or basic amino 
acid residues at the N-terminal. Methionine and Alanine 
at the C-terminal and Proline close to the C-terminal have 
been reported to be involved in the inhibitory activity of 
α-glucosidase [39].

The fractions obtained by ultrafiltration were analyzed for 
their ability to inhibit α-glucosidase. Fractions of < 5 kDa 
were found to have α-glucosidase inhibitory activity with 
 IC50 value of 3.62 ± 0.72 mg/mL and 3.89 ± 0.12 mg/mL 
for Alcalase and Trypsin + Chymotrypsin hydrolysates, 
respectively (Table 1). However, > 5 kDa fractions had a 
significantly lower (p < 0.05) inhibitory potential for Alca-
lase hydrolysate  (IC50 = 4.76 ± 0.12 mg/mL), and a lower 
than 50% inhibition was observed for Trypsin + Chymot-
rypsin hydrolysate within the studied concentrations. The 
results obtained in the present study are lower than those 
obtained by Vilcacundo et al. [40]  (IC50 = 1.64 mg/mL) after 
the intestinal digestion of quinoa for < 5 kDa fractions. Simi-
larly, > 5 kDa fractions did not show any α-glucosidase inhi-
bition. Gu et al. [41] reported that almond oil manufacture 
residue protein hydrolyzed with ProteAx and Protease M 
showed glucosidase inhibition with  IC50 value of 2.08 mg/
mL for < 5 kDa fractions. The results obtained in the present 
study are comparable with those in the study of González-
Montoya et al. [42], in which digested germinated soybean 
by pepsin and pancreatin yielded hydrolysates with an  IC50 
value of 3.73 mg/mL. The hazelnut meal protein hydro-
lysate was found to be more potent than that determined by 
Alcalase-treated hemp seed hydrolysate with  IC50 value of 
5 mg/mL [43] and soybean protein hydrolyzed with alka-
line protease with  IC50 of 4.94 mg/mL [44]. As the hydro-
lysates obtained by Alcalase and Trypsin + Chymotrypsin 
were crude peptide mixtures, the possible purified fractions 
could have the potential for a higher α-glucosidase inhibi-
tory activity.

Conclusion

The bioactive potential of hazelnut meal protein hydro-
lysates was demonstrated in this study. Commercially avail-
able proteases were used to hydrolyze hazelnut meal protein 
isolates. The high hydrolysate yields and gel electrophoretic 
profiles of the hydrolysates indicated the efficient hydrolysis 
of hazelnut meal protein into low molecular weight pep-
tides. Hydrolysates prepared from hazelnut meal protein 
exhibited significant in vitro inhibitory activities against 
ACE, DPP-IV, and α-glucosidase. The inhibitory activities 
did not differ significantly between the types of enzymes 
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used for hydrolysis. However, peptides > 5 kDa showed a 
higher potency to inhibit ACE, whereas peptides < 5 kDa 
were more effective in inhibiting DPP-IV and α-glucosidase. 
This study is the first to report the production of hazelnut 
meal protein hydrolysates with strong in vitro antidiabetic 
potential. The results obtained for ACE inhibitory activ-
ity were also promising with the action of Alcalase and 
Trypsin + Chymotrypsin hydrolysis. Hazelnut meal protein 
hydrolysates could be a potential food ingredient in formula-
tions, especially for people with diabetes and hypertension. 
The study also showed the valorization of an agro-industrial 
byproduct into a value-added food ingredient for sustainable 
production. Future research are required to purify and iden-
tify the sequence of peptides responsible for antidiabetic and 
antihypertensive activities and determine their resistance to 
gastrointestinal digestion conditions.
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