
Food &
Function

PAPER

Cite this: Food Funct., 2024, 15, 3778

Received 21st September 2023,
Accepted 1st March 2024

DOI: 10.1039/d3fo04040b

rsc.li/food-function

Anti-diabetic properties of brewer’s spent yeast
peptides. In vitro, in silico and ex vivo study after
simulated gastrointestinal digestion
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Brewer’s spent yeast (BSY) hydrolysates are a source of antidiabetic peptides. Nevertheless, the impact of

in vitro gastrointestinal digestion of BSY derived peptides on diabetes has not been assessed. In this study,

two BSY hydrolysates were obtained (H1 and H2) using β-glucanase and alkaline protease, with either 1 h

or 2 h hydrolysis time for H1 and H2, respectively. These hydrolysates were then subjected to simulated

gastrointestinal digestion (SGID), obtaining dialysates D1 and D2, respectively. BSY hydrolysates inhibited

the activity of α-glucosidase and dipeptidyl peptidase IV (DPP-IV) enzymes. Moreover, although D2 was

inactive against these enzymes, D1 IC50 value was lower than those found for the hydrolysates.

Interestingly, after electrophoretic separation, D1 mannose-linked peptides showed the highest

α-glucosidase inhibitory activity, while non-glycosylated peptides had the highest DPP-IV inhibitory

activity. Kinetic analyses showed a non-competitive mechanism in both cases. After peptide identification,

GILFVGSGVSGGEEGAR and IINEPTAAAIAYGLDK showed the highest in silico anti-diabetic activities

among mannose-linked and non-glycosylated peptides, respectively (AntiDMPpred score: 0.70 and 0.77).

Molecular docking also indicated that these peptides act as non-competitive inhibitors. Finally, an ex vivo

model of mouse jejunum organoids was used to study the effect of D1 on the expression of intestinal epi-

thelial genes related to diabetes. The reduction of the expression of genes that codify lactase, sucrase-

isomaltase and glucose transporter 2 was observed, as well as an increase in the expression of Gip

(glucose-dependent insulinotropic peptide) and Glp1 (glucagon-like peptide 1). This is the first report to

evaluate the anti-diabetic effect of BSY peptides in mouse jejunum organoids.

1. Introduction

Brewer’s spent yeast (BSY) is the second largest by-product of the
brewing industry, representing around 15% of the total by-pro-
ducts.1 BSY is generally recognized as a safe raw material and is
essentially constituted by yeast cells.2,3 Yeast cells are predomi-
nantly composed of carbohydrates and proteins such as
β-glucans (35–45% dry basis) and mannoproteins (35–60% dry
basis), respectively.4 These proteins are bound to mannose resi-
dues (glycoproteins) and are found mainly in the yeast cell wall.5

Different bioactive peptides such as antioxidant, anti-hyperten-
sive and antimicrobial peptides have been obtained from BSY.2

Nevertheless, there are few works focused on studying the anti-
diabetic properties of BSY peptides. In this sense, Marson et al.6

reported that low molecular weight peptides obtained from BSY
with Brauzyn®, Protamex® and Alcalase® had in vitro α-amylase
and α-glucosidase inhibitory properties. However, there are very
few studies on the inhibition of dipeptidyl peptidase IV (DPP-IV)
by BSY peptides. This enzyme acts to inactivate the incretin hor-
mones glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP) that enhance insulin secretion.
Therefore, DPP-IV is a molecular target in diabetes treatment.7 In
this regard, DPP-IV inhibitors have been used as drugs to control
postprandial glycemia in type 2 diabetes mellitus.8 The epithelial
intestine is responsible for the absorption of glucose and pro-
duces incretin hormones that regulate glucose metabolism.9

Their main effects include the induction of insulin secretion by
the pancreas and the decrease of blood glucose levels.10

Physiological effects of bioactive peptides largely depend on
their structural stability in the gastrointestinal environment.
Many bioactive peptides can lose their bioactivity after gastro-
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intestinal digestion due to proteolysis, or they can increase it
due to the generation of more active peptides.11 In this regard,
simulation of physiological digestion is a useful tool to evalu-
ate in vitro bioactive peptide stability against digestive enzymes
and weigh the remaining bioactivity.12 However, there is no
research about in vitro α-glucosidase and DPP-IV inhibitory
properties of BSY peptides after simulated gastrointestinal
digestion, nor on the effect of these peptides on the intestinal
epithelium, a key component of the glucose absorption and
incretin hormone production. In general, intestinal cell lines
have been used to assess effects of food components on intes-
tinal epithelium, nevertheless these models present several
limitations; in general they are 2D cultures of immortalized
cell lines containing only one cell type and no stem cells. In
our study we have used intestinal organoids that constitute a
powerful research tool that overcomes these limitations,
including stem cells and their niche, as well as several intesti-
nal epithelial cell types, partially recapitulating the heterogen-
eity and cell behaviour of the original tissue.13 The aims of
this work were: (i) to obtain bioactive peptides from BSY using
β-glucanase and alkaline protease; (ii) to evaluate the
α-glucosidase and DPP-IV inhibitory activity of BSY peptides
before and after simulated gastrointestinal digestion; (iii) to
identify the peptides responsible of α-glucosidase and DPP-IV
inhibitory activity using tandem mass spectrometry and
in silico analysis; and (iv) to evaluate the anti-diabetic effect of
BSY peptides after simulated gastrointestinal digestion on
mouse jejunum organoids.

2. Material and methods
2.1 Raw materials and reagents

BSY was supplied by Okcidenta (Santa Fe, Santa Fe,
Argentina). LAMINEX® MaxFlow 4G (β-glucanase) and alkaline
protease-Protex 6L® were provided by Danisco Argentina S.A
(Buenos Aires, Argentina) and DuPont (Buenos Aires, Argentina),
respectively. DPP-IV (D4943), α-glucosidase enzyme (G5003),
α-amylase enzyme (A3306), 4-nitrophenyl α-D-glucopyranoside
(N1377), Gly-Pro-p-nitroanilide (G0513), 3,5-dinitrosalicylic acid
(D0550), pepsin from porcine gastric mucosa (P-7000), pancreatin
from porcine pancreas (P-1750), peptide N glycosidase F (PNGase
F) (P7367), and o-phthaldialdehyde (P1378) were obtained from
Sigma Chemical Co. (St Louis, MO, USA). Molecular weight stan-
dards conalbumin, carbonic anhydrase, cytochrome C, aprotinin,
bacitracin, cytidine, and glycine were obtained from Pharmacia
Fine Chemicals (Piscataway, NJ, USA). Trifluoroacetic acid (TFA)
and acetonitrile HPLC grade were obtained from Merk (Buenos
Aires, Argentina). Soluble starch, sodium hydroxide, hydrochloric
acid, sulfuric acid, and other reagents were of analytical grade
and obtained from Cicarelli Laboratorios (San Lorenzo, Santa Fe,
Argentina).

2.2 Brewers’ spent yeast hydrolysates

In order to obtain bioactive peptides, BSY was dispersed in
phosphate buffer (50 mmol L−1, pH 5.0) during 4 h at 90 °C

according to Li and Karboune.14 The dispersion was then cen-
trifuged at 3000g for 30 min at 4 °C and the residue was used
as substrate for β-glucanase hydrolysis. For hydrolysis with
β-glucanase, two enzymatic conditions were used: (a) tempera-
ture 70 °C, pH 5.0, enzyme/substrate ratio 5 g per 100 g, time:
1 h; and (b) temperature 70 °C, pH 5.0, enzyme/substrate (E/S)
ratio 5 g per 100 g, time: 2 h. The hydrolysates were then cen-
trifuged at 3000g for 30 min at 4 °C and the residues were
used as substrate for alkaline protease. The residues obtained
after 1 h and 2 h of hydrolysis with β-glucanase were named
R1 and R2, respectively.

Glucose and mannose content of β-glucanase hydrolysates
and residues were measured using Megazyme kit (MANGL 04/
20) after acid hydrolysis.15 Protein content of β-glucanase
hydrolysates and residues was measured according to Lowry
et al.16 Also, the mannose/protein ratio content was calculated.
The degree of hydrolysis (DH) of β-glucans was calculated as:

DH-β-glucanase ¼ ½ðG� G0Þ=Gt� � 100

where Gt is the total glucose content of BSY residue; G is the
total glucose content released during β-glucanase hydrolysis,
and G0 is the total glucose content before β-glucanase addition
(time = 0 h).

The residues obtained from β-glucanase hydrolysis (R1 and
R2) were hydrolyzed with alkaline protease-Protex 6L® during 2 h
at 55 °C and pH 9.5. The enzyme/substrate (E/S) ratio was 5 g per
100 g. The hydrolysates were then centrifuged at 3000g for
30 min at 4 °C and the supernatants were named H1 and H2.

2.3 Simulated gastrointestinal digestion

Simulated gastrointestinal digestion of BSY hydrolysates (H1
and H2) with gastric and intestinal phases was performed
according to Van de Velde et al.17 Moreover, the intestinal
phase of the digestive process was simulated using dialysis
bags. After this process, bag contents corresponding to dialy-
sates of the in vitro intestinal phase were transferred to flasks,
weighted and frozen at −20 °C until analysis. H1 and H2 dialy-
sates from the gastrointestinal digestion process were named
D1 and D2, respectively.

2.4 Characterization of hydrolysates and dialysates

Free amino groups of H1, H2, D1 and D2 were measured using
o-phthaldialdehyde, according to Nielsen et al.18 and the
degree of hydrolysis (DH) was calculated as:

DH ¼ ½ðh� h0Þ=htot� � 100

where htot is the total number of peptide bonds in the protein
substrate (8.10 mEq per g proteins); h is the number of peptide
bonds cleaved during hydrolysis, and h0 is the content of free
amino groups of substrate.

Protein and mannose content of H1, H2, D1 and D2 were
measured as mentioned above. The proportion of mannose-
linked peptides in dialysates was estimated by affinity chrom-
atography (Glycoprotein Isolation Kit-ConA 89804, Thermo
Scientific). Peptide analysis of H1, H2, D1 and D2 was per-
formed by RP-HPLC according to Garzón et al.19 A Shimadzu
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LC-20AT pump, with an SPD-M20A diode detector, and a
Phenomenex column (Gemini 110A C18, 250 mm × 4.6 mm,
5 µm particle size), were used. Fractions with absorbance
peaks at 280 and 220 nm were analyzed. The retention times
and the areas of peptides in samples were registered.
Moreover, the ratio between peaks area and total area of chro-
matogram was performed.

Fast protein liquid chromatography (FPLC) of H1, H2, D1
and D2 was performed according to Cian et al.20 using an
AKTA Prime system equipped with a Superdex 75 (GE Life
Sciences, Piscataway, NJ, USA). Molecular mass of proteins
fractions was estimated using molecular weight standards
(Pharmacia Fine Chemicals, Piscataway, NJ, USA). Moreover,
the ratio between peaks area and total area of chromatogram
was performed.

2.5 In vitro α-glucosidase and DPP-IV inhibitory activity

The evaluation of α-glucosidase inhibitory activity of H1, H2,
D1 and D2 was performed according to Donkor et al.21 The
DPP-IV inhibition assay was made according to Wang et al.22

The inhibition rate of α-glucosidase and DPP-IV enzymes
was calculated as follows:

Enzyme inhibition : E � RBð Þ � S� BSð Þ � RBð Þ½ � � 100= E � RBð Þ
ð1Þ

where: E: is the absorbance of the enzyme, RB: is the absor-
bance of the reagent blank, S: is the absorbance of the sample,
and BS: is the absorbance of the blank sample.

The concentration of sample needed to inhibit 50% of
enzyme activity was defined as IC50 value. To determine the
IC50 value of α-glucosidase and DPP-IV enzymes, serial
dilutions of samples from 0 to 10 mg mL−1 of protein were pre-
pared. Moreover, the IC50 value was calculated according to
Cian et al.8 All determinations were performed by triplicate.

2.6 Fractionation and characterization of dialysate peptides

The most bioactive sample was selected to characterize and
evaluate the peptide fraction responsible of in vitro
α-glucosidase and DPP-IV inhibitory activity. For this, D1 was
fractionated using affinity chromatography (Glycoprotein
Isolation Kit-ConA 89804, Thermo Scientific). The fractions
obtained from D1 by affinity chromatography were named as
D1–F1 and D1–F2, corresponding to peptides without glycosy-
lation or mannose-linked peptides respectively. These fractions
were subjected to the α-glucosidase and DPP-IV inhibition
assays as mentioned before. Also, the IC50 value was deter-
mined and serial dilutions of samples from 0 to 10 mg mL−1

of protein were prepared. Moreover, the kinetic analysis of
enzymes was performed using Michaelis–Menten equation.
For α-glucosidase, different substrate concentrations
(0.5–10 mmol L−1 p-nitrophenyl α-D-glucopyranoside) were
incubated with enzyme solution with and without D1–F2
peptide fraction at their IC50 concentration (0.26 mg protein
per mL). For DPP-IV, different substrate concentrations
(0.8–10 mmol L−1 Gly-Pro-p-nitroanilide) were incubated with

enzyme solution with and without D1–F1 peptide fraction at
their IC50 concentration (1.45 mg protein per mL). Then, the
experimental data were fitted with GraphPad Prism software
version 6.07 (GraphPad Software, La Jolla, San Diego, CA, USA)
using the Michaelis–Menten equation. Vmax and Km para-
meters were provided by the same software taking into account
all the experimental plots. All determinations were performed
by triplicate.

To determine the presence of O-glycosidic bonds in D1–F2,
a reductive β-elimination assay of peptide fraction was per-
formed according to Cavallero et al.23 For N-glycosidic bonds
study, D1–F2 was subjected to PGNase F digestion.23 The ana-
lysis of the sugar composition from β-elimination assay or
PGNase F digestion of D1–F2 was performed by high perform-
ance anion exchange chromatography according to Cavallero
et al.23 Sugar analysis was performed in a DX-3000 Dionex
BioLC system (Dionex Corp.) with a pulse amperometric detec-
tor. The β-elimination products were separated using a
Carbopack P-20 column equipped with a P-20 pre-column
(Dionex), while the PGNase F products were separated using a
Carbopack P-100 microbore column equipped with a P-100
pre-column (Dionex).

Peptide identification from H1, D1–F1, and D1–F2 was per-
formed by a nanoLC 1000 coupled to an EASY-SPRAY Q
Exactive Mass Spectrometer (Thermo Scientific) with a high
collision dissociation and an Orbitrap analyzer. An Easy Spray
PepMap RSLC C18 column (50 μm × 150 mm, particle size
2.0 μm, pore size: 100 Å) at 40 °C was used for separation.
Separation was performed according to Cavallero et al.23 Data
were manually evaluated. Automatic search of peptides was
assisted by Sequest HT on Proteome Discoverer 1.4 (Thermo
Fisher Sc.). The mass accuracy tolerance was set to 10 ppm for
precursor ions. The static modification was carbamidomethyl-
ation in the Cys residues. Deconvolution was assisted by Xtract
on Thermo Xcalibur 3.0.63. Peptide identifications were
accepted if they were statistically significant (p < 0.05).

2.7 In silico analysis of identified peptides from dialysate
fractions

Studies in silico of the peptide obtained were conducted. The
potential anti-diabetic property of the identified peptides was
predicted using AntiDMPpred tool (https://i.uestc.edu.cn/
AntiDMPpred/cgi-bin/AntiDMPpred.pl). Peptides are scored
from 0 to 1. A score higher than 0.5 indicate high probability
to be anti-diabetic.24 Moreover, peptide hydrophobicity was
predicted by PepDraw tool, and the glycosylation site of pep-
tides was obtained from Saccharomyces genome database.

2.8 Molecular docking

The identified peptides from D1–F1 and D1–F2 with the
highest anti-diabetic score were used for molecular docking
assays. HPEPDOCK server (https://huanglab.phys.hust.edu.cn/
hpepdock/) was used to perform flexible protein-peptide
docking. The α-glucosidase and DPP-IV structure were selected
from https://www.rcsb.org/in PDB format (PDB entry code: 3
l4y and 5J3J, for α-glucosidase and DPP-IV respectively). The
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best model of each protein–peptide interaction was selected
according to the most negative docking score. The structures
obtained were used for the second stage of refinement to find
high-resolution modeling of protein–peptide interactions
using the FlexPepDock server (https://flexpepdock.furmanlab.
cs.huji.ac.il/). The enzyme–peptide interactions were analyzed
with FlexPepDock server.25 Visual analyses to obtain the inter-
action points were performed using the PyMol 4.60 software.

2.9 Anti-diabetic effect of dialysate on mouse jejunum
organoids

Organoid culture was performed according to Arredondo-
Amador et al.26 Briefly, jejunum crypts were cultured in a 1 : 1
dome of Matrigel® Growth Factor Reduced Basement
Membrane Matrix, Phenol Red-Free (Corning, New York, USA)
and IntestiCult™ Organoid Growth Medium (Mouse)
(Stemcell, Vancouver, Canada) following the manufacturer’s
instructions. When Matrigel® was set, 500 μL of IntestiCult™
were added to each well. Experiments were conducted after
two to three organoid passages.

To evaluate the regulation of gene expression, organoids
were treated with D1 (0.1 g protein per L) in basal and in TNF
(10 ng mL−1) (eBioscience, Inc., San Diego, California, USA)
plus fetal bovine serum (FBS) 5% (v/v) stimulated conditions.
After 24 h of incubation, organoids underwent RNA extraction.

Total RNA from tissue was isolated with the RNeasy minikit
(Qiagen, CA, USA), whereas organoid RNA was obtained with
QIAzol Lysis Reagent (Qiagen, California, USA), 1 μg of RNA per
sample was retrotranscribed using iScript Select cDNA Synthesis
kit (Biorad Laboratories, California, USA). Specific DNA
sequences were amplified with a Biorad CFX connect real-time
PCR device (Alcobendas, Madrid, Spain). Primers used are shown
in Table 1. Results are expressed as 2−ddCt using Ppib, Hprt and
18S as reference genes. Please note that GLP-1 is generated by
postranslational processing of proglucagon; for clarity we refer to
Glp1 to the PCR amplification product.

2.10 Statistical analysis

Results were expressed as the mean ± standard deviation and
were analyzed by one-way analysis of variance. The statistical
differences among samples were determined using the least
significant difference test with a level of signification α: 0.05,
using the STATGRAPHICS Centurion XV 15.2.06 (StatPoint
Technologies, Inc., Warrenton, Virginia, USA).

GraphPad Prism 6 software was used to analyze the RT-
qPCR data. RT-qPCR data are given as relative expression (fold
change) versus the control, which is assigned a mean value of
1. Differences among means were tested for statistical signifi-
cance by one-way analysis of variance and Fisher’s least signifi-
cant difference tests to determine differences between samples
(p < 0.05).

3. Results and discussion
3.1 Characterization and in vitro anti-diabetic activity of
hydrolysates and dialysates

As shown in Fig. 1A, the degree of hydrolysis of β-glucans
increased with the reaction time. Moreover, the mannose/
protein ratio of supernatant obtained after 2 h of hydrolysis
with β-glucanase was higher than that found for 1 h (4.0 ± 0.2
vs. 2.5 ± 0.1 mg mannose per 100 g protein, respectively).
Similar results were found by Li et al.27 for β-glucanase hydro-
lysis of brewer’s yeast. These authors reported that mannose/
protein ratio obtained during 20 h of hydrolysis with
Zymolyase® was higher than that found for 4 h (16.4 vs.
13.1%, respectively). As it is known, the β-glucanase enzyme
hydrolyzes β-glucans at β-1,3-linkages, which promotes cell
wall rupture and the release of covalently bound
mannoproteins.28

The DH of protein hydrolysates was 17.8 ± 1.2 and 25.4 ±
1.3% for H1 and H2, respectively. The protein profile of hydro-
lysates shows that the proportion of 10–0.05 kDa peak area in
H2 was significantly higher than that obtained for H1
(Fig. 1B), confirming the lower proteolysis of the latter.
Moreover, H2 showed lower proportion of intermediate mole-
cular weight species (83–10 kDa) than that found for H1
(Fig. 1B). Furthermore, the mannose/protein ratio of H2 was
lower than that obtained for H1 (42.3 ± 0.9 vs. 143.1 ± 4.3 mg
mannose g per protein, respectively). These results suggest
that the protease produces different kinds of peptides depend-
ing on the starting substrate (R1 or R2). Thus, the hydrolysis
with β-glucanase for 2 h promoted the release of mannopro-
teins, decreasing their content in R2, which was evidenced as
a lower mannose/protein ratio in H2.

On the other hand, the degree of hydrolysis of dialysates
(42.8 ± 1.3 and 35.7 ± 2.1 for D1 and D2, respectively) was
higher than that obtained for hydrolysates. Therefore, the

Table 1 Primers used in the RT-qPCR analysis

Gene Forward 5′–3′ Reverse 3′–5′

18s TGGTGGAGCGATTTGTCTGG ACGCTGAGCCAGTCAGTGTACG
Gip CATCAGTGATTACAGCATCG TTTCCAGTCACTCTTCTTCC
Glp-1 ACCTTTACCAGTGATGTGAG GTGGCAAGATTATCCAGAATG
Hprt AGGGATTTGAATCACGTTTG TTTACTGGCAACATCAACAG
Lct TTCCTATCAGGTTGAAGGTG GTCATTCCCAATCTTCAGTG
Ppib CAAATCCTTTCTCTCCTGTAG TGGAGATGAATCTGTAGGAC
Slc2a2 TTGTGCTGCTGGATAAATTC AAATTCAGCAACCATGAACC
Sis GAAGATAACTCTGGCAAGTC GTCCAATGAGCTCTTGATATTG

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 3778–3790 | 3781

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

0:
09

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://flexpepdock.furmanlab.cs.huji.ac.il/
https://flexpepdock.furmanlab.cs.huji.ac.il/
https://flexpepdock.furmanlab.cs.huji.ac.il/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04040b


simulated gastrointestinal digestion (SGID) promoted the
generation of new peptides. In agreement with these results,
Cian et al.20 reported that the DH of brewers’ spent grain
hydrolysate increased 5 times after SGID due to pepsin and
pancreatin enzymes activity. Moreover, the degree of hydrolysis
of D1 was higher than that found for D2 (p < 0.05), indicating
that gastrointestinal enzymes were more effective on the pro-
teins and peptides of H1. Besides, D1 showed a higher pro-
portion of intermediate and low molecular weight peptides
(2.6–0.6 kDa and 643–57 Da) than those found for D2
(Fig. 1C). Also, the mannose/protein ratio of D1 was higher
than that obtained for D2 (49.9 ± 1.5 vs. 16.1 ± 0.6 mg
mannose g per protein, respectively). In agreement with these
results, D1 showed higher proportion of mannose-linked pep-
tides than that obtained for D2 (74.7 ± 1.9 vs. 30.1 ± 1.4%,
respectively).

Fig. 1D shows the hydrolysates and dialysates’ peptide
profile obtained by RP-HPLC. At low retention times
(0–20 min), the peak area of dialysates was higher than that
obtained for the hydrolysates. In contrast, the dialysates
showed the lowest peak area at high retention times
(36–52 min). Garzón et al.19 reported that the most hydrophilic
peptides elute at low retention times during RP-HPLC, while
the hydrophobic ones elute at high retention times. Thus, the
dialysates had higher content of hydrophilic peptides than the
hydrolysates, probably due to production of low molecular
weight peptides during digestive hydrolysis. Note that the
SGID promotes the release of highly hydrophilic small pep-
tides.29 In agreement with this result, D1 showed higher

content of hydrophilic peptides than that found for D2
(Fig. 1D), which is consistent with the content of mannose-
linked peptides of the dialysates.

As shown in Table 2, both BSY hydrolysates inhibited the
α-glucosidase enzyme. The IC50 value obtained by D1 was
lower than that found for hydrolysates. However, D2 did not
show α-glucosidase inhibitory activity. Similar results were
obtained for the DPP-IV enzyme, where D1 showed the lowest
IC50 value and therefore the highest potency (Table 2). These
results suggest that pepsin and pancreatin digestion promoted
the generation of new more active peptides from H1. However,
the digestives enzymes degraded the α-glucosidase and DPP-IV
inhibitory peptides present in H2. As mentioned above, the
SGID can increase, maintain or reduce peptide bioactivity.11

Fig. 1 Degree of hydrolysis (DH) of β-glucans at 1 and 2 h of reaction with β-glucanase (A), proportion of molecular weight species respect to total
area obtained from FPLC gel filtration of brewers’ spent yeast hydrolysates (B), proportion of molecular weight species respect to total area obtained
from FPLC gel filtration of dialysates (C), and proportion of peptide area respect to total area obtained from RT-HPLC profile of brewers’ spent yeast
hydrolysates and dialysates (D). Different letters in bars mean significant differences between samples (p < 0.05).

Table 2 α-Glucosidase and DPP-IV-IC50 values of brewers’ spent yeast
hydrolysates and dialysates from hydrolysates

IC50-α-glucosidase
(mg protein per mL)

IC50-DPP-V
(mg protein per mL)

H1 4.78 ± 0.34c 4.81 ± 0.17c

H2 6.95 ± 0.28d 5.83 ± 0.21d

D1 3.04 ± 0.13b 2.99 ± 0.19b

D2 — —
D1–F1 — 1.55 ± 0.14a

D1–F2 0.26 ± 0.07a 3.12 ± 0.11b

Results are expressed as mean value ± standard deviation. Different
letters in the same column mean significant differences between
samples (p < 0.05) according to least significant difference (LSD) test.
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Changes in bioactive properties may be due to new molecular
characteristics of peptides generated after SGID, such as mole-
cular weight, hydrophobicity, net charge, and sequence.30

Zhang et al.31 reported that the α-glucosidase inhibitory
activity of peptides is molecular weight dependent. Moreover,
it was reported that α-glucosidase inhibitory peptides have
molecular weights lower than 2000 Da.32 Instead, Wang et al.22

found that most DPP-IV inhibitory peptides had low molecular
weight. Thus, the high inhibitory activity of D1 against
α-glucosidase and DPP-IV enzymes could be partly due to the
high content of low molecular weight peptides (Fig. 1B).
Moreover, D1 had higher content of mannose-linked peptides
than D2. It was reported that low molecular weight glycopep-
tides generated after SGID from glycosylated α-lactalbumin
showed stronger α-glucosidase inhibitory activity.33 In this
sense, D1–F2 fraction showed a lower IC50 value than that
obtained for D1 (Table 2), indicating that mannose-linked pep-
tides were responsible for inhibiting the α-glucosidase
enzyme. Note that D1–F1 fraction did not inhibit this enzyme.
Glycosylation analysis of the D1–F2 fraction showed that
mannose is linked to the peptide sequence through both O-
and N-glycosidic bonds (retention time ≈18.6 min) (Fig. 2A
and B), which is evidenced by the release of mannose after
β-elimination assay and PGNase F digestion (retention time
≈18.6 min).23 In addition, the mannose-linked peptides had
other carbohydrates in their structure, such as glucose, whose
retention time was 20 min. Note that glucose was only present
in PGNase F products (Fig. 2B), indicating that this carbo-
hydrate is linked to the peptide sequence by N-glycosidic
bonds.

Regarding DPP-IV inhibition, the D1–F1 fraction showed a
lower IC50 value than D1 and D1–F2 fractions (Table 2). Thus,
the non-glycosylated peptides were the main responsible
species for inhibiting this enzyme.

3.2 Enzyme kinetic analysis, peptide identification and
in silico study

The enzyme kinetic analysis of DPP-IV was performed using
the Michaelis–Menten model (Fig. 3A). As shown in Table 3,
there was no significant difference in Kapp

m without inhibitor or
in the presence of D1–F1 (p > 0.05). However, the Vapp

max value
for DPP-IV activity was lower in the presence of peptides (p <
0.05), indicating that the type of inhibition of DPP-IV by D1–F1
is non-competitive. Non-competitive inhibitors bind to a site
different from the active center of the enzyme (allosteric site),
which induces conformational changes in the DPP-IV, redu-
cing its activity.34 Similar inhibition mode on DPP-IV enzyme
was found for peptide fractions obtained from silver carp swim
bladder hydrolysates.35

Regarding the kinetic analysis of α-glucosidase inhibition,
it was observed that mannose-linked peptides inhibited the
enzyme by non-competitive mode (Fig. 3B). As shown in
Table 3, there was no significant difference in Kapp

m without
inhibitor or in the presence of D1–F2, while the Vapp

max value for
α-glucosidase activity was reduced with the addition of the gly-
copeptides (p < 0.05). Similar results were reported by Hu
et al.,32 who isolated the non-competitive peptide GLLGY from
fermented rice bran. As mentioned before, non-competitive
inhibitors bind to an essential group of the enzyme which
differ from the active site.31 Thus, the mannose-linked pep-

Fig. 2 Carbohydrate profile of dialysate fraction obtained by affinity chromatography after β-elimination process (A), and carbohydrate profile of
dialysate fraction obtained by affinity chromatography after PGNase F digestion (B). Different letters in bars mean significant differences between
samples (p < 0.05).
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tides would bind to functional groups of the α-glucosidase
(allosteric site), causing its inhibition.

In order to characterize the molecular mass and amino acid
sequence of D1–F1 and D1–F2 peptide fractions, analysis by
tandem mass spectrometry was performed. A search for MS/
MS fragments allowed identifying the peptides shown in
Table 4. The peptides identified were statistically significant (p
< 0.05), thereby confirming their identity with 95%
confidence.

As mentioned above, the fraction with the highest DPP-IV
inhibitory activity was D1–F1. Fourteen peptides were identi-
fied in this fraction with molecular weight ranging from 799.5
to 1658.9 Da. Prados et al.36 reported that the DPP-IV inhibi-
tory peptides had a size ranging from 700 to 1500 Da.
Moreover, Garzón et al.25 identified eleven peptides from the
most active fraction against the DPP-IV enzyme, whose mole-
cular weight ranged from 516.2 to 2012 Da. Thus, the identi-
fied peptides had a molecular weight within the range
expected. All the identified peptides had positively charged

residues, such as Arg, His and Lys. In this regard, different
identified peptides with DPP-IV inhibitory activity have basic
amino acid residues in their sequences.37 Moreover, eight pep-
tides identified from D1–F1 showed Pro or Ala in their struc-
ture. In this sense, it was reported that peptides containing
hydrophobic residues such as Pro or Ala could act as potent
DPP-IV inhibitors.38,39 The in silico hydrophobicity of the
identified peptides ranged from +5.6 to +28.3 kcal mol−1

(Table 4). Similar hydrophobicity results were reported by
Garzón et al.25 for different DPP-IV inhibitory peptides
obtained from sorghum spent hydrolysate. Moreover, the most
active anti-diabetic peptide identified from D1–F1 was
IINEPTAAAIAYGLDK (AntiDMPpred score: 0.70), which has
62.5% hydrophobic residues in their sequence. This peptide
had four alanine residues and lysine at C-terminal position,
which could influence inhibitory activity against DPP-IV.

For D1–F2, seven peptides were identified with molecular
weight ranging from 1044.5 to 1798.9 Da (Table 4). As men-
tioned above, α-glucosidase inhibitory peptides have a mole-

Fig. 3 Michaelis–Menten plots of DPP-IV in absence (●) or presence of dialysate fraction obtained by affinity chromatography (▲) (A), Michaelis–
Menten plots of α-glucosidase in absence (●) or presence of dialysate fraction obtained by affinity chromatography (▲) (B), interaction between
IINEPTAAAIAYGLDK peptide and DPP-IV enzyme (C), and interaction between GILFVGSGVSGGEEGAR peptide and α-glucosidase enzyme (D).

Table 3 Enzyme kinetic analysis of DPP-IV and α-glucosidase enzymes inhibited by D1-F1 and D1-F2 peptide fractions, respectively

Peptide concentration (mg protein mL−1) Kapp
m (mmol L−1) Vappmax (µmol min−1 L−1)

DPP-IV 0 1.102 ± 0.091a 1.304 ± 0.028b

DPP-IV + D1–F1 fraction 1.4536 1.125 ± 0.102a 0.877 ± 0.02a

α-Glucosidase 0 5.254 ± 0.278a 3.486 ± 0.156b

α-Glucosidase + D1–F2 fraction 0.2598 5.352 ± 0.229a 2.165 ± 0.115a

Kapp
m : Michaelis constant. Vappmax: maximum reaction velocity. Results are expressed as mean value ± standard deviation. Different letters in the

same column for each enzyme mean significant differences between samples (p < 0.05) according to least significant difference (LSD) test.
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cular weight <2000 Da.32 Thus, the identified peptides had a
molecular weight within the expected range. All D1–F2 pep-
tides had amino acids with a hydroxyl or basic group near to
N-terminal position. In this regard, it was reported that Ser,
Thr, Tyr, Lys, Arg and Asn at the N-terminal position of
peptide sequence increase the α-glucosidase inhibitory
activity.40 Moreover, it was observed that the presence of Glu,
Gly and Leu in the peptide sequence is crucial to have good
α-glucosidase inhibitory activity.41 Except for VVNETIQDK, all
the identified peptides had one of these amino acids in their
sequence. Moreover, hydrophobic residues such as Pro, Gly
and Leu play a key role in α-glucosidase inhibition.40,42

According to Saccharomyces genome database, six of the seven
peptides identified from D1–F2 present O-glycosylation sites
(Table 4). Kröger et al.43 reported that O-glycosylated amino
acids act as inhibitors of galactosidases. In this regard, the
most active anti-diabetic peptide identified from D1–F2 was
GILFVGSGVSGGEEGAR (AntiDMPpred score: 0.77), which has
two O-glycosylation sites in the peptide sequence (Ser7 and
Ser10). Besides the glycosylation type, the inhibitory activity of
glycopeptides against α-glucosidase enzyme depends on the
peptide sequence.44 Thus, the presence of Ala, Leu, and Gly in
the peptide sequence of GILFVGSGVSGGEEGAR could influ-
ence their inhibitory activity against α-glucosidase.

In order to evaluate the effect of simulated gastrointestinal
digestion on H1 peptides and to estimate the bioaccessibility
of D1 peptides, the molecular mass and amino acid sequence
analysis of H1 peptides by tandem mass spectrometry was per-
formed. A search for MS/MS fragments allowed the identifi-
cation of 223 peptides. As shown in Table 5, the main peptides
identified were 49. Peptide identification was significant at p <

0.05. Sixteen identified peptides have encrypted peptide
sequences (peptide number: 1, 4, 6, 14, 17, 22, 30, 31, 33, 35,
38, 40, 41, 42, 44, and 46) which were found in D1. These
results indicate that digestive proteases cleave some peptides
present in H1, allowing the release of new peptides, which
dialyze across the membrane and are present in D1. Moreover,
some of these peptides were glycosylated. Thus, the peptide
bioaccessibility was not affected by glycosylation. The presence
of some peptides in D1 which do not have a precursor in H1
may be due to the proteolytic action of digestive enzymes on
other peptide precursors with high MW present in the
hydrolysate.

3.3 Molecular docking

According to the AntiDMPpred tool, the most active anti-dia-
betic peptides identified from D1–F1 and D1–F2 were
IINEPTAAAIAYGLDK and GILFVGSGVSGGEEGAR, respectively.
Moreover, D1–F1 showed the highest DPP-IV inhibitory
activity, while D1–F2 peptides had the highest α-glucosidase
inhibitory activity. Thus, the probable mode of interaction of
the IINEPTAAAIAYGLDK peptide with DPP-IV and
GILFVGSGVSGGEEGAR peptide with α-glucosidase was studied
using the HPEPDOCK server.

Diprotin A (IPI) has been reported as the most potent
DPP-IV inhibitory peptide,45 having a docking score of −101.9.
Thus, this tripeptide can be used as control. In this regard, the
docking score obtained for IINEPTAAAIAYGLDK peptide was
−231.5, indicating a favorable interaction between
IINEPTAAAIAYGLDK and DPP-IV. Similar docking scores were
reported by Garzón et al.25 for peptides obtained from
sorghum spent grain hydrolysate (docking score range from

Table 4 Identified peptides from D1–F1 and D1–F2 by LC-MS/MS after HPLC fractionation and in silico analysis

Fractions Peptide sequencea Mass (MH+, Da) Hydrophobicity (kcal mol−1)b Glycosidic bonda ADPc

D1–F1 IINEPTAAAIAYGLDK 1658.9 +17.04 — 0.70
VEVEEKDGK 1031.5 +28.26 — 0.68
DAGTIAGLNVLR 1198.7 +13.67 — 0.66
HLTGEFEK 959.5 +18.73 — 0.56
FAGDDAPR 847.4 +17.57 — 0.52
KVEKPLS 799.5 +16.02 — 0.5
TTPSYVAFTDTER 1486.7 +16.20 — 0.49
HFSVEGQLEFR 1347.7 +16.55 — 0.48
EVRNSNLD 945.5 +17.43 — 0.43
IWHHTFYNELR 1514.7 +12.22 — 0.30
LLIKKIS 813.6 +9.22 — 0.26
ISFSTWNAFR 1227.6 +5.60 — 0.18
NVPNWHR 921.5 +11.33 — 0.18
YLRIRRPLK 1213.8 +11.94 — 0.09

D1–F2 GILFVGSGVSGGEEGAR 1590.8 +20.29 O-Glycosidic 0.77
NMSVIAHVDHGKS 1393.7 +19.71 O-Glycosidic 0.69
SYELPDGQVITIGNER 1789.9 +20.72 O-Glycosidic 0.64
VPTVDVSVVDLTVK 1469.8 +15.07 O-Glycosidic 0.52
AYLPVNESFGFTGELR 1798.9 +14.38 O-Glycosidic 0.49
VVNETIQDK 1044.5 +17.80 N-Glycosidic 0.47
PTVGNQRIPS 1067.6 +11.89 O-Glycosidic 0.40

a Bold letters indicate glycosylation site according to Saccharomyces genome database (SGD). bOtained with PepDraw program. cObtained with
AntiDMPpred tool. The potential anti-diabetic property was estimated with a score higher than 0.5.
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−154.837 to −235.975). Moreover, Rosetta score and interface
energies of IINEPTAAAIAYGLDK were −939.8 and −19.745 kcal
mol−1, respectively. These results confirm that the interaction
between IINEPTAAAIAYGLDK and DPP-IV was possible and
favorable. As shown in Fig. 3C, the peptide
IINEPTAAAIAYGLDK is within the pocket of DPP-IV. However,
there were no interactions lower than 3.0 Å with the active site
of enzyme. This result is consistent with non-competitive inhi-
bition mode found for D1–F1 and DPP-IV.

Acarbose is a competitive inhibitor of α-glucosidase enzyme
and is used as a positive control in molecular docking.31 The
docking binding energy of acarbose is – 7.4 kcal mol−1.32 In
this regard, the interface energy obtained for
GILFVGSGVSGGEEGAR was −38.038 kcal mol−1, indicating
that the interaction between GILFVGSGVSGGEEGAR and
α-glucosidase was possible and favorable. Moreover, the
docking and Rosetta score were −169.4 and −1606.8, respect-
ively. However, the peptide GILFVGSGVSGGEEGAR was not
within the active site of the enzyme. Moreover, the binding site
of peptide to the α-glucosidase was very distant from the cata-
lytic center (Fig. 3D). This result agrees with the non-competi-
tive inhibition mechanism found for D1–F2.

3.4 Anti-diabetic effect on mouse jejunum organoids

As mentioned before, D1 showed the highest α-glucosidase
and DPP-IV inhibitory activity. Thus, it was selected to evaluate
the anti-diabetic effect on mouse jejunum organoids.

The intestinal epithelium contains different cell types that
are present in intestinal organoids.13 Therefore, when com-
pared to cultured intestinal cell lines, the organoid system is
more complex and valuable to study the effects of nutrients on
the intestinal epithelium. Note that intestinal organoids also
contain pluripotent crypt cells.13 Given that the intestinal epi-
thelium is in charge of carbohydrate absorption and produces
hormones such as incretins involved in carbohydrate metab-
olism, organoids are a suitable in vitro model to study the
regulation of gene expression of the intestinal epithelium
related to carbohydrate metabolism. Therefore, we decided
used mouse jejunum organoids to study how the peptides
derived from the in vitro digestion of BSY hydrolysates affect
the expression of enzymes that digest carbohydrates (sucrase-
isomaltase and lactase), the glucose transporter GLUT2
(encoded by Slc2a2), and the expression of incretins (GLP-1
and GIP). As shown in Fig. 4A and B, D1 reduced the gene
expression of lactase and sucrase-isomaltase enzymes, which
are encoded by the Lct and Sis genes, respectively. These disac-
charidases found along the brush border of the small intestine
break down sugars into monosaccharides, allowing their
absorption.46 Moreover, sucrase-isomaltase belongs to the
α-glucosidase family.47 In this regard, the down-regulation
exerted by D1 on the Lct and Sis genes was biologically consist-
ent with the in vitro α-glucosidase inhibitory activity. Moreover,
D1 increased the expression of the Glp1 and Gip incretin genes
in basal conditions (Fig. 4C and D). The stimulation with TNF
inhibited the expression of these genes and D1 partially coun-
teracted the effect on Glp1. As mentioned before, the DPP-IV
enzyme degrades the incretin hormones (GLP-1 and GIP),
reducing insulin secretion.7 Thus, D1 could exert an anti-dia-
betic effect not only through the inhibition of the DPP-IV
enzyme, but also increasing the expression of incretin hor-
mones. Additionally, D1 inhibited the gene expression of
Slc2a2 in basal and stimulated conditions (TNF) (Fig. 4E). This
gene codes for the glucose transporter 2 (GLUT2), which is the
main glucose transporter in the apical membrane of the intes-
tinal epithelium.48 Therefore, D1 not only regulated the gene

Table 5 Identified peptides from H1 by LC-MS/MS after HPLC
fractionation

Peptide
number Peptide sequencea

Mass
(MH+, Da)

1 ADREVRNSNLDYTIL 1777.9
2 CK 249.1
3 DCDIITVHSLHGPKVNTEGQPLVIINHR 3104.6
4 DDMEKIWHHTFYNELR 2132.9
5 DPLLK 584.4
6 DTDTIISLLIKKISYDCRYYNY 2699.3
7 DVHQMNK 870.4
8 EISSPGTR 845.4
9 FK 293.2
10 FPVTKILVFDK 1305.8
11 GEK 332.2
12 GKPELRK 826.5
13 GLKGALLR 826.5
14 GMCKAGFAGDDAPRA 1465.6
15 GSGSRLNR 845.4
16 HQYPSSK 845.4
17 IINEPTAAAIAYGLDKKS 1874.0
18 ILVFDK 733.4
19 ITADTQAVTHAAFLSMGSAWAKIK 2517.3
20 KGEHDFTTTLTLSSDGSLTTTTSTHTTHK 3104.5
21 KHK 411.3
22 KKKGILFVGSGVSGGEEGARY 2138.1
23 KNFLDK 763.4
24 KNSSANNK 861.4
25 LAAKSFK 763.5
26 LLLQRR 797.5
27 MPPGIPR 766.4
28 NIESKQK 845.6
29 NSAIHITYRISLR 1542.9
30 NVARVVNETIQDKSSAGA 1857.9
31 VPTVDVSVVDLTVKLEKEATY 2304.2
32 QCLSLPSKVEFYPEPPSSSVPAR 2517.3
33 QRQATKDAGTIAGLNVLR 1911.1
34 RHASQK 725.4
35 RITYKNVPNWHRDLVR 2066.1
36 SK 233.1
37 SPQAVDFLSQRVTTSMTPLSKPK 2517.3
38 SYELPDGQVITIGNERFRAPEAL 2574.3
39 TSPANTSSIFEDHHITPCKPGGQLKFHR 3104.5
40 VARISFSTWNAFRRCDIN 2155.1
41 VEIIANDQGNRTTPSYVAFTDTERL 2809.4
42 VEVEEKDGKTQTKLTQHRF 2272.1
43 VFNILK 732.5
44 VGDGGTGKTTFVKRHLTGEFEKKY 2654.4
45 VMPFEK 749.4
46 VRNMSVIAHVDHGKS 1648.8
47 VYPESR 749.4
48 WK 332.2
49 YINAFKGLLFHVCLHFCSIHR 2517.3

a Bold letters indicate encrypted peptides that are released after simu-
lated gastrointestinal digestion and were identified in D1 LC-MS/MS
spectrum.
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expression of intestinal enzymes involved in the carbohydrate
digestion, but could also modulate glucose uptake on mouse
jejunum organoids. Similar results were reported by Mojica
et al.49 for peptides isolated from black bean protein hydroly-
sates. These authors found that peptides AKSPLF, ATNPLF,
FEELN, and LSVSVL effectively inhibited the GLUT2 and
sodium-dependent glucose transporter 1 (SGLT1) in hypergly-
cemic rat model, which was evidenced by the reduction of the
blood glucose level.

4. Conclusions

Peptides with in vitro α-glucosidase and DPP-IV inhibitory
activities from BSY were obtained. The simulated gastrointesti-
nal digestion significantly modified the anti-diabetic activity of
these peptides since only one hydrolysate dialysate maintained
this activity, which even presented lower α-glucosidase and
DPP-IV inhibitory IC50 values than before digestion, indicating
a higher anti-diabetic potential. This dialysate presented a
high content of peptides linked to mannose through O- and
N-glycosidic bonds. The mannose-linked peptides were respon-
sible for inhibiting the α-glucosidase enzyme, while the non-
glycosylated fraction strongly inhibited the DPP-IV enzyme.
This is the first report where the role of glycosylated BSY
peptides in anti-diabetic properties was studied. On the
other hand, the inhibition of these enzymes by mannose-
linked peptides and the non-glycosylated fraction was non-
competitive. This was confirmed by tandem mass spec-

trometry and molecular docking analysis. In addition, dialy-
sate peptides downregulated the expression of genes related
to carbohydrate catabolism and glucose uptake in a mouse
jejunal organoid model. Thus, our data indicate BSY may be
a good source of anti-diabetic peptides that regulate the
intestinal epithelium glucose metabolism after simulated
gastrointestinal digestion. However, in vivo studies are
needed for confirm these effects.

Abbreviations

BSY Brewer’s spent yeast
D1 Dialysate obtained from H1 after SGID
D2 Dialysate obtained from H2 after SGID
D1–F1 Non-glycosylated peptides obtained from D1 by

affinity chromatography
D1–F2 Mannose-linked peptides obtained from D1 by

affinity chromatography
DH Degree of hydrolysis
DPP-IV Dipeptidyl peptidase IV enzyme
FBS Fetal bovine serum
GLUT2 Glucose transporter 2
H1 Hydrolysate obtained from R1
H2 Hydrolysate obtained from R2
GIP Glucose-dependent insulinotropic peptide
GLP-1 Glucagon-like peptide 1
R1 Residue obtained after hydrolysis with β-glucanase

for 1 h

Fig. 4 Expression of enterocyte genes in mouse jejunum organoids treated with the most active dialysate measured by qRT-PCR. Lct (A), Sis (B),
Gip (C), Glp1 (D), and Scl2a2 (E) gene expression in absence or presence of stimulus (TNF + FBS). Different letters in bars mean significant differences
between samples (p < 0.05). Data are representative of two different experiments n = 4.
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R2 Residue obtained after hydrolysis with β-glucanase
for 2 h

SGID Simulated gastrointestinal digestion
SGLT1 Sodium-dependent glucose transporter 1.
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