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comparable IC50 values as the positive controls. Alpha-glu-
cosidase inhibition was limited by digestion trials, whereas 
alpha-amylase inhibition was only slight in the digested 
paste (< %6). In silico analyses predicted partial degradation 
of the peptides, whereas the interactions between DPP-IV or 
alpha-glucosidase and hazelnut peptides were predicted to 
be significant (p < 0.05). Consequently hazelnut press cakes 
were regarded as a potential source of antidiabetic peptides 
that can be used in industrial manufacture of functional 
foods, while food processing conditions or gastrointestinal 
digestion could largely affect peptide bioactivity.

Keywords  Hazelnuts · Antidiabetic peptides · DPP-IV 
inhibition · Molecular docking · Functional foods

Abbreviations
AE-IP	� Alkali extraction-isoelectric 

precipitation
DEAE	� Diethylaminoethyl
DNS	� 3,5-Dinitrosalicylic acid
DPP-IV	� Dipeptidyl peptidase-IV
FPLC	� Fast protein liquid chromatography
GLP-1	� Glucagon-like peptide-1
IC50	� Half maximal inhibitory concentration
LC-Q-TOF/MS	� Liquid chromatography quadrupole 

time-of-flight mass spectrometry
pNA	� p-nitroanilide
pNPG	� p-nitrophenyl glucopyranoside
PVDF	� Polyvinylidene
SGF	� Simulated gastric fluid
SIF	� Simulated intestinal fluid
SSF	� Simulated salivary fluid

Abstract  Press cakes are by-products of cold press oil 
manufacture and are characterized by significant protein 
concentrations. Our group has previously demonstrated 
potential bioactive attributes of hazelnut protein hydrolysates 
including their antidiabetic activities. Here, an effort was 
made to utilize DPP-IV (Dipeptidyl peptidase-IV)-inhibitory 
hazelnut peptides in industrial food manufacture. Hazelnut 
protein isolates (approx. 95% protein) were obtained via an 
alkali extraction-isoelectric precipitation method. Papain, 
bromelain and pepsin were used in the enzymatic hydroly-
sis and hydrolysates were fractionated via Fast Protein Liq-
uid Chromatography. As a general observation, although 
fractionation lead to dilution of the samples, fractions were 
observed to be more bioactive than the total hydrolysates. 
In vitro antidiabetic activities of the fractions were tested 
and 3 antidiabetic fractions were added to hazelnut paste. 
Afterwards simulated gastrointestinal digestion and anti-
diabetic activity assays were performed. DPP-IV inhibition 
was the major antidiabetic mechanism in the fractions and 
digested paste, while some fractions were characterized by 
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Introduction

Diabetes is a group of chronic metabolic disorders or dis-
eases characterized by a persistent increase in blood sugar 
level. If not treated properly, diabetes can affect various 
organs and lead to various life-threatening complications. 
The incidence of diabetes is globally increasing, and the 
International Diabetes Federation (IDF) estimated that 
approx. 592 million people could be affected by 2035 
(Guariguata et al. 2014). While there are two major types 
of diabetes, Type 2 diabetes or insulin independent diabetes 
accounts for 90% of diabetic cases that are characterized by 
a prolonged increase in blood sugar level due to a defect in 
insulin secretion (i.e., impaired cellular function) or insulin 
receptors (i.e., insulin resistance) (Li et al. 2019).

Dipeptidyl peptidase-IV (DPP-IV) inactivates two incre-
tin hormones that increase insulin secretion, glucagon-like 
peptide-1 (GLP-1) and glucose-dependent insulinotropic 
peptide. Therefore, inhibition of DPP-IV is a molecular 
target in the treatment of diabetes. DPP-IV inhibitors may 
improve insulin levels, lower blood sugar levels, limit hypo-
glycemia and increases in body weight (Mojica et al. 2016).

Enzymes secreted from various organs such as salivary 
glands, pancreas and small intestine enable the digestion 
of proteins and carbohydrates and affect blood sugar lev-
els. Initially, alpha-amylase secreted by the salivary glands 
and pancreas converts natural substrates such as starch 
and glycogen into glucose and maltose in food, resulting 
in an increase in blood sugar level. Alpha-glucosidase is a 
membrane-bound enzyme found in small intestinal epithe-
lium that catalyzes the separation of glucose from disac-
charides, which breaks down starch granules in the small 
intestine and increases blood glucose levels. Inhibition of 
this enzyme has been recognized as an effective approach 
to lower the serum glucose level (Johnson et al. 2011). The 
guidelines of the American Diabetes Association and the 
European Society for Diabetes Research recommended the 
use of alpha-amylase and alpha-glucosidase inhibitors as a 
potential first-line agent or in combination with other anti-
hyperglycemic drugs.

Bioactive peptides are defined as peptide sequences that 
demonstrate a beneficial effect on body functions and/or 
positively affect human health beyond their known nutri-
tional value. They can be released during gastrointestinal 
digestion, hydrolysis of proteins using proteolytic enzymes, 
chemical (i.e., acidic or alkaline) hydrolysis, and also during 
food processing (i.e., cooking, ripening and fermentation) 
(Abdel-Hamid et al. 2017).

The studies on production and purification of bioac-
tive peptides, and their efficacy in vitro and in vivo have 
been extensively studied. However, studies on the indus-
trial utilization of bioactive peptides are still relatively 

limited. For example, in a recent study examining the bio-
active properties of fish protein hydrolysates, the inclu-
sion of peptides to commercial fish soup and commercial 
apple juice samples was studied in order to examine the 
effect of sterilization and sugar addition treatments on the 
stability of bioactive peptides (Rivero-Pino et al. 2020). 
Antidiabetic peptides added to tomato soup and tomato 
juice samples were found to retain their bioactivity before 
and after simulated digestion, and before and after heating 
treatments (Harnedy-Rothwell et al. 2021).

Hazelnut (Corylus avellena L.) is a plant belonging 
to the Betulaceae family of Fagales. “Tombul” hazelnuts 
grown in Giresun province, Turkey, are accepted among 
the most important commercial varieties worldwide. 
Hazelnut meals or cakes constitute the major by-product 
stream of hazelnut oil production and a low-cost source for 
the manufacture of protein and peptide products. In recent 
studies, bioactive peptides produced from hazelnut pro-
teins via proteolytic treatments were investigated for their 
biological activities. Peptides that demonstrate antidiabetic 
characteristics are an important category among bioac-
tive peptides. We have recently demonstrated the DPP-IV 
inhibitory potential of hazelnut peptides, which was poten-
tially attributed to hydrophobic interactions (Çağlar et al. 
2021a). Furthermore, the influence of industrial hazelnut 
paste manufacture on ACE-inhibitory activity of hazelnut 
peptides were studied (Göksu et al. 2022).

Here, an attempt was made to investigate the influence 
of hazelnut paste manufacture and simulated digestion on 
the antidiabetic attributes of hazelnut peptides. Bioactive 
hazelnut protein hydrolysates with potentially antidiabetic 
activities were industrially utilized in hazelnut paste man-
ufacture and their stability in food proccessing and after 
in vitro simulated digestion was tested.

Materials and methods

The cold press cakes for Giresun tombul hazelnuts (Cory-
lus avellana L.) used in this study were kindly donated by 
Oneva (Neva Foods Ltd., İstanbul, Turkey). Unless other-
wise stated, the reagents used in the study were purchased 
from Sigma-Aldrich (Schnelldorf, Germany) including the 
proteolytic enzymes such as papain (P4762, 10 U.mg−1 
protein), bromelain (B4882, 3 U.mg−1 protein), pepsin 
(P6887, 3200 U.mg−1 protein), alpha-amylase (A0521), 
DPP-IV (Dipeptidyl Peptidase IV human, D4943), alpha-
glucosidase (Type I, Saccharomyces cerevisiae, G5003). 
Pancreatin from porcine pancreas with a trypsin activity 
of 625 U·mg−1 was acquired from Bio Basic (PB0681).
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Manufacture of protein isolates

The manufacture of hazelnut protein isolates was based on 
an alkali extraction-isoelectric precipitation (AE-IP) method 
(Göksu et al. 2022). Afterwards, precipitated proteins were 
collected and freeze-dried (TRS 2–2 V, Teknosem, İstanbul, 
Turkey) to generate powdered protein isolates, which were 
stored at − 20 °C until further use. The protein, moisture 
and ash contents of the samples were determined according 
to AOAC Official Methods 920.87 (%N × 6.25), 925.10 and 
923.03, respectively (AOAC 2003). In this configuration, 
while the detection limit was approximately 0.5% for nitro-
gen determination, this could translate to a detection limit 
of up to 3.125% in total protein determination.

Enzymatic proteolysis

The enzymatic hydrolysis of the protein isolates was car-
ried out using a thermomixer (MTC-100, MIULAB, China) 
under agitated conditions (100 rpm). Papain, bromelain and 
pepsin were used in the hydrolysis of hazelnut protein iso-
lates (Çağlar et al. 2021a). In all cases, enzyme: substrate 
ratio was 1:100 (w/w). In papain treatments, the mixture 
was prepared in 20 mM sodium phosphate buffer (pH 7.0) 
and the treatment was continued for 150 min at 50 °C. In 
the case of bromelain, the buffer used was 30 mM sodium 
acetate buffer (pH 4.5) and the treatment was continued for 
150 min at 45 °C. Pepsin was was prepared in distilled water, 
where pH was set to 2 using 1 N HCl solutions. The enzy-
matic process was continued for 18 h at 37 °C. In all cases, 
the microcentrifuge tubes containing the reaction mixture 
was transferred to a 95 °C water bath for 10 min and then 
to an ice-bath until the samples cooled down to the ambient 
temperature. The sample tubes were centrifuged at 5000xg 
for 30 min to remove the insoluble matter. Finally, the super-
natant was filtered through polyvinylidene (PVDF) syringe 
filters (0.45 μm) (Millex-HV, Merck-Millipore, Germany). 
The filtered hydrolysates were stored at − 80 °C until further 
use. Degree of hydrolysis (%DH) in the hydrolysates was 
determined based on Adler-Nissen (1979).

Fractionation of hydrolysates

Using an FPLC system (ÄKTA pure 25 L, GE Healthcare 
Life Sciences, Sweden), proteolytic hydrolysates were frac-
tionated. Due to a favorable signal intensity in the fractions, 
weakly anionic HiTrap Capto DEAE (Diethylaminoethyl) 
(5 ml) columns were used in this procedure. Sample and 
elution buffers were 20 mM Tris–HCl (pH 8) and 20 mM 
Tris–HCl + 0.8 M NaCl (pH 8), respectively. The fractions 
were collected during a 25 CV flow, where a 0–100% linear 
gradient was administered and absorbance (280 nm) was 
measured by means of a UV detector. In addition, medium 

pH, conductivity, column and system pressure values were 
also monitored. For each hydrolysate sample, the “out” 
fraction containing the materials that were not bound to the 
column and 9 fractions consecutively numbered between 2 
and 10 were collected. PAF, BRF and PEF refer to fractions 
of papain, bromelain and pepsin hydrolysates, respectively.

Antidiabetic activity tests

The potential antidiabetic properties of the hazelnut peptide 
fractions were investigated using several antidiabetic activity 
tests based on in vitro enzyme inhibition (DPP-IV, alpha-
glucosidase and alpha-amylase). In addition, these tests 
were administered for hazelnut protein isolates and blanks 
containing no peptides or proteins. Similarly, antidiabetic 
activity of digested samples was also measured based on this 
method. For the digestion experiments, antidiabetic activity 
in digested hazelnut paste with no hydrolysates was evalu-
ated as an additional control and the sample mean for anti-
diabetic activity in the digested paste was subtracted from 
the activity data for peptide bearing samples to ensure that 
only hydrolysate components accounted for the measured 
activity. Finally, an enzymatic blank was administered in 
order to subtract any contributions from digestive enzymes.

DPP‑IV inhibitory activity tests

To determine the DPP-IV inhibitory activities of the pep-
tide fractions, the method of Nongonierma et al. (2018) 
was used. Fifty μl of fraction samples and 50 μl of 0.8 mM 
substrate (Gly-Pro- p-nitroanilide (pNA) hydrochloride, 
G0513, Sigma-Aldrich) were mixed and this mixture was 
pre-incubated at 37 °C in a thermomixer set to 1000 rpm 
(10 min). At the end of this period, 100 μl of DPP-IV (0.01 
U·ml−1) was added to the mixture and the enzymatic reaction 
was initiated. Two hundred µl of 1 M sodium acetate (pH 
4.0) was added to stop the reaction after 1 h. The amount 
of pNA released from the substrate was measured based on 
absorbance measurements (405 nm). Diprotin A (Ile-Pro-
Ile, I9759, Sigma-Aldrich) was used as a reference inhibitor. 
All reagents including the negative controls were prepared 
in 100 mM Tris–HCl pH 8.0 buffer solution. The % inhibi-
tion values of the samples were calculated by comparing the 
treatments with the negative controls in all enzyme inhibi-
tion tests.

Alpha‑glucosidase inhibitory activity tests

The inhibitory activity of the fractions on alpha-glucosidase 
was performed according to the protocol proposed by Kim 
et al. (2005). Minor changes were carried out regarding 
enzyme activity (1 U.ml−1) and substrate solution concentra-
tion (35 mM p-nitrophenyl glucopyranoside, pNPG, N1377, 
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Sigma-Aldrich) in methanol. Ten µl enzyme (1 U·ml−1), 
10 µl sample, 20 µl substrate and 500 µl phosphate buffer 
were mixed and incubated at 37 °C for 20 min. After the 
incubation period, 2 ml of 0.1 M Na2CO3 was added to the 
reaction mixture to terminate the reaction. The absorbance 
of the mixtures was measured at 405 nm.

Alpha‑amylase inhibitory activity tests

The method by Johnson et al. (2011) was applied with modi-
fications. Fraction samples (50 μL) were pre-incubated with 
100 μl alpha-amylase (2 U·ml−1) for 5 min (20 °C). After 
incubation, 100 μl of 1% starch dispersion (S2004, Sigma-
Aldrich) prepared in 0.02 M sodium phosphate buffer (pH 
6.9) was added and the mixture was incubated for 15 min. 
One hundred μl of 1% DNS (3,5-dinitrosalicylic acid, 
D0550, Sigma-Aldrich) was also added and the mixture was 
placed in a boiling water bath for 15 min. Finally, after the 
addition of 350 μl distilled water, absorbance measurements 
were performed at 540 nm.

Liquid chromatography quadrupole time‑of‑flight mass 
spectrometry (LC‑Q‑TOF/MS) analysis of antidiabetic 
fractions

All MS analysis was performed on a Xevo G2-XS QTof 
(Waters) equipment using the default parameters of Labmed, 
Acıbadem University, İstanbul, Turkey. The experimental 
details were summarized in Çağlar et al. (2021a).

In silico analyses and molecular docking

Upon the acquisition of MS-data, the determined peptide 
sequences were analyzed in silico for the prediction of their 
bioactive characteristics. For example, BIOPEP A parameter 
was used as an indicator of % frequency of active residues 
in a given sequence (Minkiewicz et al. 2019). This param-
eter represents the relative frequency of potentially bioactive 
(i.e., antidiabetic) residues compared to the total number of 
residues in each sequence. This information wass calculated 
based on comparison to the existing data listed in BIOPEP 
(Minkiewicz et  al. 2019). The interactions between the 
respective peptides and the enzyme they inhibit (i.e., DPP-
IV or alpha-glucosidase from human) were analyzed based 
on a molecular docking approach (Zhou et al., 2018), which 
generated docking scores and 3D protein-peptide interaction 
images. When necessary, peptide-DPP-IV interactions were 
further elucidated using PepSite2 software (Petsalaki et al., 
2009). Hydrophobicity and charge characteristics of the pep-
tides were predicted using ToxinPred (Gupta et al. 2013).

Industrial hazelnut paste production and product 
analysis

The recipe for bioactive peptide fraction bearing hazelnut 
paste consisted simply of 70% hazelnuts and 30% sugar. 
Hazelnuts were roasted and automatically selected for suit-
ability to hazelnut paste manufacture. Peptide fractions were 
added to the products at a level of 1% in order to preserve 
the textural attributes and optimize both the cost and effec-
tiveness, since industrial manufacture requires a significant 
amount of samples. Roasted hazelnuts and granulated crys-
tal sugar were ground in a meat grinder and a powdered 
sugar mill, respectively. Both sets of ground materials were 
mixed in the filling chamber, and filled in and kept at 300 g 
glass jars until further use. No further additives or preserva-
tives were used in hazelnut paste production. Experimental 
controls included hazelnut protein isolate bearing control 
samples and no peptide or protein added control (blank) 
samples.

One DPP-IV inhibitory fraction (PAF4, BRF10, and 
PEF6) produced by each and every protease was used in 
product trials due to their significant DPP-IV inhibitory 
activities and high lyophilization efficiency. Due to rela-
tively large sample requirements, this combined parameter 
was adopted as a primary criterion. Industrial manufacture 
of bioactive peptide bearing hazelnut paste was carried out 
at FİSKOBİRLİK, Giresun, Turkey, where manufacture and 
product analyses were carried out in accordance with inter-
nal company procedures.

Simulated in vitro gastrointestinal digestion assays

Simulated in vitro gastrointestinal digestion tests were per-
formed to evaluate the residual DPP-IV-inhibitory activity 
in the digested hazelnut paste products based on the recom-
mendations of INFOGEST (Minekus et al. 2014).

For the oral stage, 5 g of sample and 3.5 ml of simu-
lated salivary fluid (SSF) were mixed and the mixture was 
homogenized with a lab blender (EB 8011, Waring, USA). 
Alpha-amylase solution prepared in SSF was added to the 
mixture (0.5 ml, 290 U·ml−1). Finally, 25 µl of 0.3 M CaCl2 
and 975 µl of distilled water were added to this mixture and 
all reagents were kept stirred for 10 min.

For the gastric stage, 20 ml of oral bolus was mixed with 
15 ml of simulated gastric fluid (SGF). Pepsin stock solution 
(3.2 ml, 25,000 U·mg−1), 10 µl 0.3 M CaCl2, 0.4 ml 1 M 
HCl and 1.39 ml distilled water were added to this mixture. 
Medium pH was adjusted to 3.0 and the samples were kept 
stirred for 2 h.

For the intestinal phase, 11 ml of simulated intestinal 
fluid (SIF) (68,856, Fluka Analytical) was added to 20 ml of 
gastric mixture. Pancreatin was prepared in SIF solution at 
a trypsin activity level of 800 U·ml−1 and was also added to 
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the previous mixture. In addition, 2.5 ml of 160 mM freshly 
prepared bile, 40 µl of 0.3 M CaCl2 and 0.15 ml of 1 M 
NaOH and 1.31 ml of distilled water were added to this mix-
ture and medium pH was adjusted to pH 7. The mixture was 
kept stirred for 2 h. Immediately afterwards, the enzymatic 
reaction was stopped by transferring the samples to a boiling 
water-bath (approx. 100 °C) for 15 min. Digested samples 
were filtered through coarse filter paper and centrifuged at 
4000xg (4 °C, 30 min).

Finally, the supernatants were passed through a CA 
syringe filter (0.22 µm) and stored at − 20 °C until further 
analyses (i.e., antidiabetic activity tests).

Statistical analysis

The results of the current analyses were presented as sam-
ple means ± standard deviation based on at least 3 replicates 
each with two sub-samples. Statistical significance was 
tested using ANOVA at 95% confidence interval and Tukey’s 
post-hoc test as necessary and appropriate. Sample mean 
values labelled with the same letter indicate no significant 
differences between the groups and/or treatments.

Results and discussion

Compositional analysis

The protein, moisture and ash contents of the cold press 
hazelnut cake and hazelnut protein isolate were reported on 
Table 1. While the protein concentration for the cake was 
approx. 50%, the protein isolate was as high as 94.8% in 
protein content. Moisture and ash contents of the isolates 
were minimal.

Fractionation of hazelnut peptides

The degree of hydrolysis (% DH) for the hydrolysates pre-
pared by papain, bromelain, or pepsin treatments were deter-
mined using the TNBS assay. % DH values were found to 
be approx. 61 ± 0.2 for papain, 46.2 ± 0.1 for bromelain, and 
74.3 ± 0.4% for pepsin hydrolysates, respectively. Conse-
quently, pepsin treatment was found to yield the most intense 

degradation. These values indicated significantly higher deg-
radation than the enzymatic treatments used in our previous 
studies (Çağlar et al. 2021b), which in part can be attributed 
to different proteolytic enyzmes utilized, their specific sites 
of hydrolysis, variations in enzyme and substrate combina-
tions, and chosen proteolysis.

Papain, bromelain or pepsin hydrolysates of hazelnut pro-
tein isolates were fractionated using an FPLC system and 10 
fractions were collected in each case. The chromatograms 
were distinctly different in all cases indicating large differ-
ences in composition and concentration of peptides per each 
fraction and hydrolysate (Göksu et al. 2022). In all cases, the 
peptide concentration in the fractions demonstrated roughly 
a normal distribution, whereas the peptide concentrations 
ranged between 0 and 0.2 mg.ml−1 (Table S1, Supplemen-
tary Material section). Antidiabetic activity tests were per-
formed in order to establish the effects of these differences 
in chromatograms on different activity categories.

Antidiabetic activity tests and LC‑Q‑TOF/MS analysis 
of the antidiabetic fractions

Following fractionation, antidiabetic activity tests were car-
ried out in order to determine DPP-IV, alpha-glucosidase, or 
alpha-amylase inhibitory activities of the fractions.

After antidiabetic activity tests were carried out, anti-
diabetic fractions were collected and sequence analysis was 
carried out based on LC-Q-TOF/MS. In the current protein 
databases, for example, in UniProt, more than 400 proteins 
related to hazelnuts have been listed. Following enzymatic 
proteolysis, it is reasonable to assume thousands of different 
peptides were present in each hydrolysate at varying concen-
tratios and bioactivity potentials. In the current MS analy-
sis, the sequence information was derived as exhaustively 
as possible for the ionizable peptides in all bioactive frac-
tions. The corresponding sequences were listed on Table S2 
(Supplementary Material section). The sequence data will 
be utilized in the comparison of in silico versus in vitro data 
in the following sections.

DPP‑IV inhibitory activity assay

Average % DPP-IV inhibitory activity values of 3 differ-
ent enzymatic hydrolysates and their corresponding FPLC 
fractions were measured (Table 2). In most cases, the 
hydrolysate samples and their fractions were characterized 
with measurable % DPP-IV inhibitory activity, although 
their corresponding peptide concentrations were relatively 
low (Table S1). Increasing elution volume decreased pep-
tide concentration in the fractions, while bioactive poten-
tial and concentration of peptides simultaneously affected 
the overall activity. We would like to emphasize that the 
bioactive attributes were observed throughout various 

Table 1   Moisture, ash, protein contents (%) of hazelnut press cake 
and hazelnut protein isolate

Component Hazelnut press cake Hazelnut 
protein 
isolate

Moisture (%) 8.94 ± 0.1 3.44 ± 0.3
Ash (%) 6.42 ± 1.4 1.18 ± 2.4
Protein (%) 50.02 ± 0.4 94.81 ± 2.9
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fractions, which might be more advantageous in cost com-
pared to further purified counterparts.

In the case of papain treatments, the total (i.e., unfrac-
tionated) hydrolysate demonstrated no significant activ-
ity, whereas the out fraction was characterized by rela-
tively low activity. Similar observations were made for 
bromelain and pepsin total hydrolysates, which were also 
characterized with low activity. While papain fractions 
demonstrated varying percentages of DPP-IV inhibitory 
activity, PAF2, PAF9 and PAF10 showed the highest 
activities. In the case of bromelain fractions, relatively 
later (i.e., strongly anionic) BRF9, BRF10 and BRF8 frac-
tions were characterized by the highest DPP-IV inhibitory 
activities. In the case of pepsin, all samples including the 
total hydrolysate and its fractions were characterized with 
DPP-IV inhibitory activities. Once again, mostly later 
fractions (i.e., PEF10, PEF9 and PEF6) demonstrated the 
highest extent of inhibitory activity. As a general observa-
tion, although fractionation lead to dilution of the samples, 
fractions were observed to be more bioactive than the total 
hydrolysates.

In order to determine the relative effectiveness of the 
samples, their IC50 values were compared to the positive 
control Diprotin A (i.e., IPI). The IC50 value for Dipro-
tin A was found to be approx. 9.76 μg.ml−1 (28.59 μM). 
Here, IC50 values for the most influential fractions included 
5.58 µg.ml−1 for PAF2 fraction, and 0.07 µg.ml−1 for the 
BRF9 fraction, respectively. In the previous studies, pep-
tides from rapeseed napin were characterized by IC50 val-
ues of approx. 135.7 (PAGPF), 52.2 (IPQVS), and 78.5 μM 
(ELHQEEPL), respectively (Xu et al. 2019). Consequently 
the current hydrolysates performed favorably compared to 

the positive controls and well-characterized plant peptides 
in the literature.

Structure-bioactivity relationship studies have revealed 
that the presence and location of certain amino acids might 
affect DPP-IV inhibitory action. The presence of Ala, Gly, 
Ile, Leu, Pro, Met, Glu, and Val, especially at the N-terminal 
position, contributes significantly to their DPP-IV inhibi-
tory activity (Nong and Hsu 2021). For example, the two 
well-known competitive inhibitors of DPP-IV, IPI and VPV, 
feature a Pro residue in their sequences (Nongonierma et al. 
2019). Many DPP-IV inhibitory peptides contain hydro-
philic amino acids such threonine, histidine, glutamine, 
serine, lysine, and arginine (Nongonierma and FitzGerald 
2019). While the exact function of these hydrophilic amino 
acids remains unknown, the existence of hydrophobic pock-
ets in the active site of DPP-IV have been thought to play a 
key role in enzyme inhibition. Hydrophobic residues at the 
C-terminal sequences have also been detected in a number of 
DPP-IV inhibitory peptides, while their DPP-IV inhibitory 
activity is much smaller than the N-terminal counterparts 
(Nong et al. 2020). The relative importance of interaction 
mechanisms for the current hydrolysate fractions remain to 
be further investigated in the following sections, while the 
majority of the peptides (61 in 80) listed in Table S1 were 
slightly hydrophobic as predicted by their negative GRAVY 
values (0 to − 0.78) (Gupta et al. 2013).

Alpha‑glucosidase inhibitory activity assay

Firstly, papain, bromelain and pepsin hydrolysates 
were shown to generate inhibitory activities of approx. 
20.4 ± 0.1, 15 ± 0.1, and 11.7 ± 0.1%, respectively. The 
relatively less anionic out fractions were characterized by 
17.6 ± 0.1, 12.3 ± 0.1, and 9.7 ± 0.1% inhibitory activities 
for papain, bromelain and pepsin hydrolysates, respec-
tively. Average % alpha-glucosidase inhibitory activity 
values of hydrolysate fractions (F2-F10) were summarized 
on Fig. 1. All fractions were found to demonstrate vary-
ing degrees of alpha-glucosidase inhibitory activity (5.9 
to 34.6%). BRF10, PAF10 and PAF9 showed the highest 
activity among all fractions. PAF9 and PAF10 were char-
acterized by IC50 values 0.657 and 0.001 µg.ml−1, respec-
tively. In the previous literature, three novel alpha-glucosi-
dase inhibitory peptides from soy, namely LLPLPVLK, 
SWLRL, and WLRL, were characterized by IC50 values 
of approx. 212, 123, and 95 μg.ml−1, respectively (Wang 
et al. 2019). The presence of hydroxyl or basic amino 
acids at the N-terminal of 43 alpha-glucosidase inhibitory 
peptides was reported to be responsible for their efficacy 
(Ibrahim et al. 2018). The presence of proline, alanine and 
methionine at the C-terminal potentially enhanced their 
inhibitory activities. Alternatively, shorter peptides from 
almonds (namely Trp-His and Trp-Ser), demonstrated IC50 

Table 2   Average % DPP-IV -inhibitory activity values of total hazel-
nut protein hydrolysate and its corresponding fractions obtained by 
enzymatic proteolysis treatments

PA, BR, and PE represent papain, bromelain and pepsin treated 
hydrolysates, respectively. F: Fraction

Sample % DPP-IV Inhibitory Activity

PAF BRF PEF

Total hydrolysate – 3.37 ± 4.1 8.19 ± 3.6
Out 3.37 ± 0.4 5.30 ± 2.3 3.37 ± 0.4
F2 16.05 ± 1.6 10.91 ± 9.3 2.89 ± 2.5
F3 10.27 ± 5.2 – 6.90 ± 5.0
F4 2.89 ± 4.8 4.50 ± 1.1 3.53 ± 0.2
F5 2.73 ± 1.4 4.33 ± 0.9 4.65 ± 3.2
F6 5.78 ± 1.1 5.14 ± 3.9 7.38 ± 7.9
F7 9.47 ± 0.4 9.95 ± 1.6 5.30 ± 0.9
F8 12.84 ± 0.2 11.56 ± 0.7 6.10 ± 2.1
F9 14.61 ± 3.6 17.01 ± 10.7 13.64 ± 4.1
F10 13.80 ± 1.6 16.21 ± 0.9 16.37 ± 2.9
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values were < 45 μmol.L−1 in all cases, while simulated 
gastrointestinal digestion elevated the IC50 value of Trp-
Ser (Gu et al. 2020). The majority of the peptides listed in 
Table 3 were slightly hydrophobic (10 in 11) and charged 
(8 in 11) as predicted by their negative GRAVY values 
(− 0.04 to − 0.54) and overall charge (− 1 to − 3), respec-
tively. The relative importance of various compositional 
elements are further discussed in the following sections, 
while the IC50 values of the current fractions compared 
favorably with the previous findings.

Alpha‑amylase inhibitory activity assay

No measurable alpha-amylase inhibitory activity was 
observed for papain hydrolysates. Similarly, none of the 
pepsin hydrolysates or fractions demonstrated significant 
inhibitory activity. However, bromelain hydrolysate and 
BRF2 fraction were characterized with low inhibitory activi-
ties (1.73 ± 0.1% and 4.6 ± 0.1%, respectively).

In the previous literature, Garza et al. (2017) reported 
that Phe, Leu, Pro and Gly residues were required for alpha-
amylase inhibition. Similarly, Arise et al. (2016) suggested 

Fig. 1   % Alpha-glucosidase 
inhibitory activities of hydro-
lysate fractions obtained from 
(a) papain, (b) bromelain, (c) 
pepsin treated hazelnut protein 
isolate
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Table 3   Alpha-glucosidase inhibitory activities of hazelnut peptides and their corresponding BIOPEP parameters

Peptide No Fraction Sequence Activity A

1 BRF2 LEPTNRIEA alpha-glucosidase inhibitor 0.1111
2 PA-OUT ADIYTEQVGR alpha-glucosidase inhibitor 0.1000
3 BR-OUT NAFQISREEA alpha-glucosidase inhibitor 0.1000
4 BR-OUT MAISDMPESTG alpha-glucosidase inhibitor 0.0909
5 BR-OUT NVEVQAPSSVK alpha-glucosidase inhibitor 0.0909
6 PAF6 DTDILAAFRVTPQPGVPPEEAGAA​

VAAESSTGT​WTT​VWTDGLTSLDR
alpha-glucosidase inhibitor 0.0851

7 PAF2 ESFNVEHGDIIR alpha-glucosidase inhibitor 0.0833
8 BR-OUT FQISREEARRLK alpha-glucosidase inhibitor 0.0833
9 BR-OUT LSVPNLYVWLCMFY alpha-glucosidase inhibitor 0.0714
10 BRF5 CPETFEDPQQQSQQG alpha-glucosidase inhibitor 0.0667
11 PAF4 & PAF5 AISDMPESTGT​TAT​TATMPHGGSDLR alpha-glucosidase inhibitor 0.0385
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that alpha-amylase bound to peptides containing cationic 
residues such as Lys (K) or branched chain residues such 
as Phe (F), Tyr (Y), and Trp (W). In addition, aromatic-
aromatic interactions in the catalytic region appeared to 
be critical for alpha-amylase inhibition (Ngoh et al. 2017). 
Although some cationic fractions were present in the cur-
rent hydrolysates, no significant alpha-amylase inhibitors 
were observed. The above mentioned 4 amino acids formed 
only about 10.5% of all amino acids in the sequences eluci-
dated in this study as listed on Table S2. Consequently the 
current peptides were assumed to be relatively deficient in 
these amino acids, which was coherent with the previous 
literature.

In silico analysis of the identified sequences

The antidiabetic potential (i.e., DPP-IV, alpha-glucosidase 
and alpha-amylase inhibitory) of the hazelnut peptides was 
predicted based on BIOPEP analyses (Minkiewicz et al. 
2019) and the corresponding data were listed on Table S2 
and Table 3. A total of 80 and 11 different peptide spectra 
were elucidated in DPP-IV (Table S2) and alpha-glucosi-
dase-inhibitory (Table 3) fractions, respectively. The major-
ity of the identified peptides originated solely from the “out” 
fractions (56 peptides), 50 of which were potentially DPP-IV 
inhibitory. Current sequences were not predicted to gener-
ate any alpha-amylase inhibitory activity, which in turn was 
coherent with in vitro findings.

Among DPP-IV inhibitory peptides, 4 sequences gener-
ated a BIOPEP A value of ≥ 0.9 (Table S2) and were utilized 
in molecular docking studies. BIOPEP A value for alpha-
glucosidase inhibitor peptides were significantly lower. Con-
sequently, only the peptide with the highest score was con-
sidered for molecular docking and it was safely assumed that 
DPP-IV inhibition was the dominant antidiabetic mecha-
nism. This assumption was coherent with the current in vitro 
data (Table 2).

The docking scores for DPP-IV inhibitory peptides were 
listed on Table 4. All 4 DPP-IV inhibitory peptides generated 
higher docking scores than the positive control (i.e., Dipro-
tin-A), while the highest score was attained by VSLLHTN-
NYA (− 231.391). The highest BIOPEP A Parameter pep-
tide among alpha-glucosidase inhibitory peptides (namely, 
LEPTNRIEA) attained a docking score of − 162.882. Both 
peptides were further analyzed for their interactions with the 
corresponding enzymes (Table S3, Supplementary Material 
section). Based on GRAVY values, intereacting residues of 
the VSLLHTNNYA peptide was found to be slightly polar 
(0.92), whereas the same value for LEPTNRIEA represented 
moderately apolar residues (− 1.67) possibly indicating dif-
ferent mehanisms in enzyme inhibition (DPP-IV vs alpha-
glucosidase). Note that as detailed in the corresponding 
section, overall hydrophobicity of all Table S2 peptides 

were less pronounced than that of the interacting residues. 
Consequently, partial digestive degradation of the peptides 
could significantly alter antidiabetic characteristics, which, 
in turn, was further studied.

Simulated gastrointestinal digestion of antidiabetic 
fraction bearing hazelnut paste and determination 
of residual activities

Functional hazelnut products bearing bioactive peptide frac-
tions were generated under industrial settings. Previous data 
demonstrated that inclusion of bioactive peptide fractions 
in hazelnut paste was a safe practice in the microbiological 
sense (Göksu et al. 2022). Here, their antidiabetic attributes 
were determined after simulated in vitro gastrointestinal 
digestion. Firstly, fractions demonstrating significant DPP-
IV and alpha-glucosidase inhibitory activities and high lyo-
philization efficiency were prepared at relatively large quan-
tities for industrial trials (data not shown). Consequently, 
the lyophilizates were added to hazelnut paste based on the 
procedures of the supporting company.

Simulated in vitro gastrointestinal digestion assays were 
conducted to examine the residual antidiabetic attributes of 
the digested hazelnut paste. The results of DPP-IV, alpha-
amylase, and alpha-glucosidase inhibitory activity tests 
were summarized on Table 5. PAF4, BFR10, and PEF6 
fractions demonstrated varying extents of bioactivity in the 
functional hazelnut paste samples. For example, PAF4 frac-
tion was characterized with an increase of 15% in DPP-IV 
inhibitory activity. BRF10 fraction caused a 21% increase 
in DPP-IV inhibitory activity, while PEF6 fraction lead to 
a 10% increase. While in isolation PAF4 fraction generated 
negligible alpha-amylase inhibitory activities, its influence 
after being incorparated into the food matrix was slightly 
more pronounced. These findings can be attributed in 
part to processing induced changes in peptide structures. 
PAF4, BRF10 or PEF6 demonstrated no significant inhibi-
tion towards alpha-glucosidase activity. Possibly due to the 
influence of manufacturing, digestive processes, and extent 
of dilution, alpha-glucosidase inhibitory potential was not 

Table 4   Docking scores of the predicted protein-peptide interactions 
between DPP-IV from human and listed hazelnut peptides with a 
BIOPEP A score of ≥ 0.9. IPI was the positive control

Peptide No Sequence Docking 
Parameter (Best 
match)

Positive control IPI (Diprotin A) − 114.062
1 QVLTIPQNFAVA − 228.503
2 SPQTETKASVG − 164.985
3 QVLTIPQNFA − 211.339
4 VSLLHTNNYA − 231.391
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preserved in the digested paste. This result was independ-
ent of the fraction number (i.e., anionic characteristics). 
In a similar fashion, protein isolates were also character-
ized by significant antidaibetic (mostly, DPP-IV inhibitory) 
activity. Consequently, DPP-IV-inhibitory activity was the 
dominant antidiabetic activity in the digested formulations. 
In our previous work, digestion of functional hazelnut paste 
bearing similar hydrolysate fractions were found to enhance 
ACE-inhibitory (i.e., antihypertensive) activity (Göksu et al. 
2022). In vitro findings were coherent with in silico prote-
olysis data, which predicted partial degradation of peptides 
and appearance of highly bioactive moeities upon digestion. 
Here, the results were highly dependent on the bioactivity 
type which might require preservation of original sequences 
throughout manufacture, storage and digestion. While hydro-
phobicity and electrostatic characteristics could potentially 
be influential for DPP-IV and alpha-glucosidase inhibitory 
potential of the peptides, respectively, digestive and/or pro-
cess induced alteration could affect antidiabetic attributes.

Conclusion

A growing body of evidence supports the use of functional 
foods and bioactive peptides for the management and treat-
ment of diabetes. Although bioactive peptide literature is 
rapidly expanding in food science, the utilization of bioac-
tive peptides in industrial food processing remains limited. 
Our previous investigations predicted that ACE-inhibitory 
characteristics of hazelnut peptides could be positively 
affected by simulated digestion, while in this study; the 
results were highly specific for each antidiabetic activity 
category.

The most effective mechanism among the antidiabetic 
mode of action was DPP-IV inhibitory activity prior to pro-
cessing and digestion. Similarly, after simulated gastroin-
testinal digestion, various fractions demonstrated DPP-IV 
inhibitory activity, while some fractions were characterized 
by comparable IC50 values as the positive controls. Alpha-
glucosidase inhibition was limited by processing and diges-
tion treatments, whereas slight alpha-amylase inhibition was 
observed in the digested paste. Consequently, DPP-IV inhib-
itory activity was still the dominant antidiabetic mechanism 

after digestion and the findings demonstrated that food pro-
cessing conditions and/or gastrointestinal digestion could 
largely affect peptide bioactivity.
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