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Abstract: This work analyzed the antidiabetic activity of peptides from whey proteins after hydrolysis
by Lactobacillus rhamnosus GG and Streptococcus thermophilus SY-102, emphasizing the differences
between the proteolytic systems of both bacteria. Peptide fractions from whey proteins may have
biological functions, such as antidiabetic functions, which inhibit the DPP-IV enzyme, and lactic acid
bacteria could release them. A whey solution of 10% was fermented with selected lactic acid bacteria
in monoculture and coculture, analyzing kinetic parameters and the proteolytic profile, using the
2,4,6-trinitrobenzene sulfonic acid technique for free amino groups’ determination and Tris-tricine
polyacrylamide gel electrophoresis. An in vitro inhibition assay of the DPP-IV enzyme was used. The
kinetic parameters showed a faster duplication rate in the monoculture with L. rhamnosus GG than
in the co-culture, which was related to lactic acid production. Co-culture does not have the highest
production of free amino groups and peptides. Still, peptide fractions with lower molecular weight
(<2 kDa) were found and showed a high DPP-IV inhibitory capacity that was maintained from the
middle of the fermentation to the end (55.4%). In comparison, the monoculture of L. rhamnosus GG
increased from 0 to 63.3%. This demonstrates that the proteolytic capacity and the proteolytic system
of each lactic acid bacteria determine the structure of the released peptides.

Keywords: probiotic; bioactive peptides; proteolytic system; DPP-IV inhibition; whey

1. Introduction

In recent years, inhibition of the enzyme dipeptidyl peptidase IV (DPP-IV) has been
pointed out as a new alternative in the treatment of diabetes mellitus II (DM2) [1]. This
enzyme is found on the surface of various cells and in the bloodstream [2]. DPP-IV hy-
drolyzes incretins important in regulating postprandial blood glucose levels [3]. These
incretins are glucose-dependent insulinotropic peptides (GIP) and glucagon-like polypep-
tides (GLP-1). The production of both incretins takes place in the small intestine [4], and
subsequently, they act on the pancreatic cells, stimulating insulin production in the β cells.
In contrast, α cells inhibited glucagon secretion [5]. However, these incretins lose their
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bioactive properties when DPP-IV degrades them before they act at the pancreatic cell
level. Inhibition of the enzyme DPP-IV turns out to be a target point in regulating glucose
concentrations. [6]. In this sense, using bioactive peptides as adjuvants in treating DM2
has long been a subject of interest [7]. The mechanism of action that gives these peptides
their antidiabetic effect is centered on inhibiting the DPP-IV enzyme. This inhibition in-
creases the half-life of GIP and GLP-1 with their subsequent activity in pancreatic cells [5].
Recently, obtaining DPP-IV inhibitory peptides from various food matrices has been ex-
plored. Thus, whey proteins have been pointed out as a potential source of peptides with
considerable antidiabetic activity [8]. It has been reported that the enzymatic hydrolysis
of α-lactoalbumin and β-lactoglobulin leads to peptides (LDQWLCEKL, IPAVF, IPAVFK)
with high DPP-IV inhibitory activity [7,9]. Similarly, using lactic acid bacteria to hydrolyze
milk whey proteins has been considered a profitable alternative in obtaining peptides with
antihypertensive, antioxidant, and anticholesterolemic activity, among others [8]. How-
ever, the antidiabetic activity of peptides obtained by microbial fermentation has not been
investigated extensively. However, recent studies have reported the release of peptides
with antidiabetic capacity evaluated through DPP-IV inhibition. Solieri et al. [10] have
reported three antidiabetic peptides derived from the fractionation of β-lactoglobulin after
a fermentation process by S. thermophilus spp. which had variable molecular weights. The
chains were sequences of 7, 9, and 11 amino acids. This same genus of lactic acid bacteria
has been used to ferment whey proteins, finding a DPP-IV inhibitory capacity close to
IC50 = 50 µmol/L [11]. However, studies on releasing antidiabetic peptides obtained via
co-culture fermentation with lactic acid bacteria are practically null.

Therefore, the objective of this study was to determine the inhibitory capacity of the
enzyme DPP-IV of peptides generated by the fermentation of milk whey with Streptococcus
thermophilus SY-102, Lacticaseibacillus rhamnosus GG, and both bacteria in co-culture.

2. Materials and Methods
2.1. Chemicals and Reagents

Man Rogosa Sharpe broth was supplied by Becto Dickinson Difco (Maryland, MD,
USA), bacteriological agar was purchased from Bioxon, BD Lab. (Edo. México, México), and
powderer whey was purchased from DairyGold Food Ingredients (UK). β-mercaptoethanol,
ethanol, 2,4,6-103 trinitrobenzenesulfonic acid (TNBS), glycine, Gly-Pro-p-nitroanilide and
DPP-IV (1 U/mL) were supplied by Sigma-Aldrich Co. (St. Louis, MO, USA). Bradford
reagent, acrylamide: bisacrylamide, SDS, ammonium persulfate, TEMED, Comassie Blue
G-250, and all electrophoresis reagents were purchased from Bio-Rad (Hercules, CA, USA).
Methanol, potassium carbonate, NaOH, acetic acid, KH2PO4/K2HPO4, and HCl were
supplied by JT Baker, Thermo Fisher Scientific (CDMX Mexico).

2.2. Culture Preparation

S. thermophilus SY-102 and L. rhamnosus GG were obtained from the Food Biotechnol-
ogy Laboratory of the Universidad Autónoma Metropolitana campus in Iztapalapa. The
microorganisms were previously conditioned in Man Ragosa and Sharpe (MRS) broth and
were incubated for 24 h at 42 ◦C. Subsequently, one milliliter of the inoculated broth was
added to 9 mL of powdered whey solution (10% (w/v) Dairy Gold) previously pasteurized
at 90 ◦C for 10 min. It was incubated for 24 h at 42 ◦C. Then, 1 mL was added to an Erlen-
meyer flask with 100 mL of a 10% (w/v) powdered whey solution previously pasteurized
(90 ◦C for 10 min). Each microorganism was conditioned in the same way independently.
After incubating for 24 h at 42 ◦C, the solution was refrigerated. This solution was used
as a starter culture, performing a viable count before each inoculation to determine the
inoculum concentration in each fermentation.

2.3. Fermentation

Three different whey solutions were prepared to carry out the fermentations. Solutions
were prepared with 10% (w/v) powdered whey previously pasteurized (90 ◦C for 10 min).
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The first solution was inoculated with Lacticaseibacillus rhamnosus GG, the second with
Streptococcus thermophilus SY-102, and the third inoculated with both microorganisms. The
initial concentration of bacteria was approximately 1 × 108 CFU for each fermentation. The
solutions were incubated at 42 ◦C, and sampled every 3 h. Titratable acidity and microbial
viability were determined. Subsequently, the samples were centrifuged at 24,600× g for
10 min at 4 ◦C (Eppendorf) to eliminate biomass and high-molecular-weight proteins. The
supernatants of the centrifuged samples were stored at −4 ◦C for later analysis. All samples
were analyzed in triplicate.

2.4. Kinetic Parameters of the Microbial Growth

Kinetic parameters of the microbial growth were calculated to evaluate the metabolic
differences of lactic acid bacteria. The growth rate (µ) was calculated according to Equation (1).
Equations (2) and (3) were used to determine the generation time (g) and the growth
constant (K). The initial (N0) and final (Nx) concentration of biomass corresponded to the
time interval selected in the logarithmic phase, which was t0 and tx, respectively.

µ = [ln(Nx) − ln(N0)]/(tx − t0) (1)

g = ln(2)/µ (2)

K = 1/g (3)

2.5. Proteolytic Profile Analysis

The characterization of the proteolytic profile was carried out through two different
methods. First, free amino groups were determined using the TNBS technique to analyze
the concentration of peptides produced. Subsequently, Tris-Tricine polyacrylamide gel
electrophoresis (SDS-Tris-Tricine-PAGE) was performed to separate the peptides released
during fermentation, and obtain their molecular weight profile.

2.5.1. Free Amino Groups’ Analysis

The free amino groups derived from whey fermentation were determined using the
2,4,6-trinitrobenzene sulfonic acid (TNBS) technique. In amber test tubes, a 125 µL sample
volume was mixed with 1 mL of 0.21 M phosphate-buffered solution, pH 8.2. Subsequently,
1 mL of 0.10% TNBS (Sigma Aldrich) was added to 0.21 M phosphate buffer, pH 8.2,
followed by vortexing. The tubes were incubated for 1 h at 50 ◦C in the dark. The reaction
was stopped after 60 min, adding 2 mL of 0.1 N hydrochloric acid. Finally, the samples
were read in a spectrophotometer at a wavelength of 340 nm (Abs340) against the control.
The control was prepared with deionized water, and a glycine concentration curve (0.05
to 0.25 mg/mL; R2 = 0.9963) was used to calculate the concentration of peptide fractions
according to Equation (4).

Amino groups concentration (mg/L) = (Abs340 − 0.0139)/0.0046 (4)

2.5.2. Tris-Tricine Polyacrylamide Electrophoresis (Tris-Tricine-SDS-PAGE)

To perform polyacrylamide gel electrophoresis, the method proposed by Schägger and Von
Jagow [12] was used, considering the modifications proposed by González-Olivares et al. [13].
The protein concentration of the samples was standardized to 150 mg/L via analysis
with the Bradford method. Electrophoresis was performed on a separation gel of 16.5%
T (concentration of polymer in a 19:1 acrylamide: bisacrylamide ratio and 5% crosslinker
(Bio-Rad)). The peptide fractions were filtered with a 0.22 um filter, and 40 µL was placed
in an Eppendorf tube with 20 µL of staining buffer (Bio-Rad), 20 µL of deionized water, and
3 µL of β-mercaptoethanol. The vials were incubated at 40 ◦C for 30 min. A molecular
weight standard (Bio-Rad polypeptide standard) was used, which was prepared according
to the supplier’s specifications. The standard was incubated at 90 ◦C for 5 min. The
separation gel was polymerized with Tris-HCl buffer at pH = 8.5, calculating the required
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concentration of acrylamide, 0.5 µL of TEMED (Bio-Rad), and 35 µL of sodium persulfate
(Bio-Rad). The run was conducted at 30 V for one hour, rising to 95 V with a run time of 5
to 6 h. At the end of the run, the gels were fixed with a 7.5 acetic acid solution and stained
with Coomassie blue G-250 (Bio-Rad) for 2 h. The gels were discolored in a 7% acetic
acid solution with 10% ethanol in deionized water. They were placed in an image capture
camera (Bio-Rad) and analyzed through the Gel-Doc software integrated into the camera.

2.6. DPP-IV Inhibitory Activity

The inhibitory effect of DPP-IV (D4943-1VL; Sigma-Aldrich, St. Louis, USA) was
evaluated spectrophotometrically according to the technique of Nongonierma et al. [14]
with some modifications. The substrate (Gly-Pro-p-nitroanilide; Sigma-Aldrich, St. Louis,
USA) was dissolved in Tris-HCl buffer (pH 8) at a substrate concentration of 1.6 mM.
Subsequently, 100 µL of the sample (AbsM) was added to 100 µL of substrate and incubated
at 37 ◦C for 10 min. Following this incubation, 200 µL of DPP-IV (1 U/mL; Sigma-Aldrich,
St. Louis, MO, USA) was added. The reaction was conducted for 60 min at 37 ◦C, and
finished by adding 400 µL of 0.1 M potassium carbonate. The same treatment was followed
for preparing the positive control (AbsB), adding 100 µL of Tris-HCl buffer instead of the
sample volume. The negative control (AbsC) was designed by adding 100 µL of the sample,
300 µL of Tris-HCl buffer (pH 8), and 400 µL of 0.1 M potassium carbonate. Finally, all the
samples and controls were read at 405 nm in a spectrometer (Power Wave XS UV-Biotek;
KC Junior software, Kansas, MO, USA). The DPP-IV inhibitory activity was calculated
using Equation (5) based on the absorbance of each measurement at 405 nm:

Inhibition of DPP-IV (%) = {[(AbsB − (AbsM-AbsC)]/(AbsB)} × 100 (5)

2.7. Statistic Analysis

Results were analyzed using a one-way ANOVA (p = 0.05) and Tukey’s test, using the
NCSS statistical software (NCSS 2007, v.0, Kaysville, UT, USA, 2007). All experiments were
carried out in triplicate.

3. Results and Discussion
3.1. Microbial Growth and Lactic Acid Production

The results obtained from the fermentation demonstrated that the growth of the
microorganisms between the independent cultures and the coculture was different. A
more significant change was observed in the monoculture of L. rhamnosus GG, reaching
its logarithmic phase close to 12 h of fermentation. On the contrary, in the monoculture of
S. thermophilus, a shorter lac phase was observed, reaching its logarithmic phase around
six h of fermentation (Table 1). In this sense, other authors reported that lactobacilli
species in monocultures tend to present higher growth than streptococcus species [15]. A
correlation was observed between growth and the concentration of lactic acid produced.
Thus, lactic acid concentrations were higher in the culture of L. rhamnosus GG compared to
the culture of S. thermophilus SY-102.

The metabolism rate of lactic acid bacteria is determined by the lactic acid production
capacity, especially for homofermentative microorganisms, as is the case of those tested in
this study. Thus, as observed in Table 1, the highest production of lactic acid was found
in the monoculture with L. rhamnosus GG (5.20 ± 0.0), followed by co-culture (3.24 ± 0.0),
and finally, the system of monoculture with S. thermophilus SY-102 (2.61 ± 0.09). These
results are closely related to the growth or duplication rate (µ), which followed the same
trend as lactic acid production and generation time (g). Likewise, the growth constant
was perfectly related to each parameter studied. These kinetic parameters are intended to
somehow explain the metabolic behavior of microorganisms according to the environment
in which they are found. Castañeda-Ovando et al. [16] related the growth of lactic bacteria
in monoculture and co-culture to determine the fundamental differences in the process.
Thus, the two main metabolic identification parameters are proteolytic capacity and lactic
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acid production. In this case, it has been observed that coculture systems are more effective
in duplication, generation time, and lactic acid production.

Table 1. Microbial growth, lactic acid concentration, and kinetic parameters during fermentation
with L. rhamnosus GG, S. thermophilus SY-102, and co-culture.

L. rhamnosus GG S. thermophilus SY-102 Coculture

Time (h) Log CFU Lactic Acid
(g/L) Log CFU Lactic Acid

(g/L) Log CFU Lactic Acid
(g/L)

0 9.3 ± 0.00 1.44 ± 0.00 9.2 ± 0.00 1.25 ± 0.00 9.4 ± 0.00 1.62 ± 0.00

3 8.5 ± 0.00 1.62 ± 0.00 8.6 ± 0.00 1.44 ± 0.00 9.3 ± 0.00 1.98 ± 0.00

6 8.3 ± 0.00 1.62 ± 0.00 9.5 ± 0.00 1.44 ± 0.00 8.8 ± 0.00 2.16 ± 0.00

9 8.5 ± 0.00 2.16 ± 0.00 9.5 ± 0.00 1.44 ± 0.00 8.8 ± 0.00 2.34 ± 0.00

12 8.8 ± 0.10 2.07 ± 0.09 9.5 ± 0.20 1.62 ± 0.00 8.8 ± 0.10 2.52 ± 0.00

15 9.3 ± 0.00 2.34 ± 0.00 9.3 ± 0.00 1.62 ± 0.00 8.9 ± 0.00 2.52 ± 0.00

18 9.9 ± 0.00 2.70 ± 0.00 9.3 ± 0.00 1.62 ± 0.00 9.5 ± 0.00 3.00 ± 0.00

21 10.3± 0.00 3.20 ± 0.00 8.3 ± 0.00 1.98 ± 0.00 10.0± 0.00 3.78 ± 0.00

24 9.3 ± 0.10 3.74 ± 0.04 8.3 ± 0.00 1.98 ± 0.00 10.4± 0.10 2.61 ± 0.09

27 9.5 ± 0.00 4.10 ± 0.00 8.6 ± 0.00 2.34 ± 0.00 10.3± 0.00 2.52 ± 0.00

30 9.9 ± 0.00 4.50 ± 0.00 8.4 ± 0.00 2.34 ± 0.00 10.3± 0.00 2.80 ± 0.00

33 9.9 ± 0.00 4.50 ± 0.00 8.3 ± 0.00 2.52 ± 0.00 9.0 ± 0.00 2.80 ± 0.00

36 9.4 ± 0.10 5.20 ± 0.00 8.3 ± 0.00 2.61 ± 0.09 9.0 ± 0.10 3.24 ± 0.00

kinetic parameters

Growth rate
(µ) 0.322 h−1 0.123 h−1 0.233 h−1

Generation
time (g) 2.14 5.61 2.97

Growth rate
constant (k) 0.467 g/h 0.178 g/h 0.336 g/h

3.2. Free Amino Groups Analysis by TNBS

The concentration of free amino groups after fermentation differed for the three ex-
periments evaluated. In the case of cultures of L. rhamnosus GG and S. thermophilus SY-102
independently, a decrease in the concentration of free amino groups was observed af-
ter 12 h of fermentation, which started from 367.28 ± 0.02 to 209.18 ± 0.02 µg/mL for
L. rhamnosus GG and from 423.31 ± 0.13 to 167.52 ± 005 µg/mL for S. thermophilus SY-102.
Subsequently, around 21 h of fermentation, the concentration of amino groups increased
again due to the proteolytic activity of each strain. The concentration of amino groups for
L. rhamnosus GG was 293.83 ± 0.05, while for S. thermophilus SY-102, it was 323.87 ± 0.04 at
the end of fermentation (Figure 1).

It has been reported that in lactic acid bacteria, proteolytic activity and protein hydrol-
ysis patterns vary considerably between strains [15,16]. These differences could be due
to multiple factors, among which the following have been pointed out: (1) changes and
mutations in the genes involved in the proteinase expression linked to the cell wall, and
(2) the conditions in which the enzymatic activity is carried out [17]. Therefore, the concen-
tration of amino groups and the amino acids released during fermentation will depend on
the auxotrophies of each microorganism. In this sense, various studies have indicated that
S. thermophilus strains require the incorporation of amino acids such as methionine and
glutamine, thus satisfying their auxotrophies while releasing peptides and amino acids to
the medium, which is not metabolically necessary [18,19].
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GG, S. thermophilus SY-102, and both microorganisms in co-culture. The results are the average
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of means between times of the same fermentation system. (A–C) Uppercase letters indicate the
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the same letter did not present a significant difference using Tukey‘s test (p < 0.05).

Similarly, the activity of the proteolytic system of this microorganism varies in the
different stages of fermentation. Thus, it has been observed that during the early stages
of fermentation, the proteolytic activity of S. thermophilus species is higher and decreases
as the fermentation time elapses. Therefore, it can satisfy its glutamine and methion-
ine requirements at the beginning of fermentation. Similarly, it favors the accumulation
in the medium of amino acids such as cysteine and glutamic acid, which are not neces-
sary [15]. On the other hand, L. rhamnosus GG presents auxotrophies that differ from those of
S. thermophilus.

An example of this is the use of amino acids such as cysteine. For L. rhamnosus
GG, cysteine is an essential amino acid for survival, while for S. thermophilus species, it
does not represent a metabolic requirement [15]. In addition, L. rhamnosus GG typically
utilizes a wide range of amino acids, including serine, glutamine, proline, and arginine [20].
However, the behavior and proteolytic activity of these strains in monoculture vary when
they are in co-culture [21].

In the case of coculture fermentation, the final concentration of released amino groups
was higher (453.13 ± 0.06 µg/mL) compared to independent cultures. This trend has been
previously reported from milk fermentation using the same strains [21]. Some studies have
indicated that in a coculture medium, there is a protocooperative relationship between both
microorganisms [22]. This interaction entails a synergistic effect that favors an increase
in the concentrations of free amino groups and the obtainment of a greater diversity of
peptides [21,22]. Thus, the initial proteolysis is related to the increase in amino groups at the
end of fermentation and the type of released peptides. In addition, the biological activity
presented in a released peptide is always correlated to the composition of the peptide
chain [20]. In this type of system, it has been observed that the initial proteolytic activity is
higher in lactobacilli species [22]. The protease associated with its cell wall begins with the
hydrolysis of proteins to satisfy its auxotrophies [23]. Subsequently, it excretes amino acids
(that are not necessary for it) into the medium used by S. thermophilus species [24].

In the case of S. thermophilus species, the initial proteolytic activity is relatively low
when found in coculture. This microorganism will initially use the amino acids excreted by
L. rhamnosus GG, so the protease associated with its cell wall will not be as active as that
associated with L. rhamnosus. Ultimately, protein hydrolysis will continue via its system of
intracellular peptidases and aminopeptidases to cover its specific auxotrophies [20].
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Due to these differences, the concentration of free amino groups varies in such a way
that the nitrogen needs of each microorganism are initially met. For this reason, there is a
decrease, and in the end, an increase due to the hydrolytic activity; eventually, a greater
quantity of free amino groups is released, both via excretion and metabolic activity. Thus,
in coculture, the production of free amino groups is constant due to the same factors, a
constant proteolytic activity, and an accumulation via excretion of peptides from inside
the cell. Likewise, the protocooperation between lactic acid bacteria has been discussed,
allowing for a constant accumulation of free amino groups.

3.3. Analysis of Profile Peptides by Tris-Tricine-SDS-PAGE

The gels obtained via electrophoresis were analyzed using Gel-Doc software (BioRad,
Hercules, CA, USA). This way, the electropherograms corresponding to monocultures and
co-cultures were obtained (Figure 2). Peptides between 10 kDa and 2 kDa were obtained
for the three fermentation systems. However, due to the specific proteolytic activity of
each of the microorganisms, a different profile was presented in each case [25]. Thus, in
monoculture fermentations (Figure 2A,B), a more significant accumulation of peptides was
observed in the L. rhamnosus GG system towards the end of the fermentation (21 h).
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Figure 2. Separation of peptides by SDS-PAGE from whey fermented by L. rhamnosus GG (A),
S. thermophilus SY-102 (B), and coculture (C). Start (0 h), middle (12 h), and end (21 h) of fermentation.

These results coincide with what has been observed in other studies that indicate a
higher rate of hydrolysis from lactobacilli cultures compared to streptococcus cultures [18,19].
The production of peptides between 4 and 36 amino acids by L. rhamnosus is carried out
from the first fractionation of the proteins by the proteinase linked to its cell wall (PrtR) [23].
Peptides generated by the action of PrtR are incorporated through a system of oligopep-
tide (Opp), dipeptide, and tripeptide (DtpT, Dpp) transporters [25]. Subsequently, these
peptides are broken down into amino acids by a series of intracellular peptidases and
aminopeptidases. Once their auxotrophies are satisfied, the unused peptides and amino
acids will be excreted into the medium.

Contrary to L. rhamnosus GG, wherein protein hydrolysis is carried out primarily
by PrtR, in S. thermophilus species, hydrolysis is carried out mainly by the action of the
intracellular peptidase complex (Pep O, Pep X, Pep S, Pep N, Pep C) [19]. For this reason,
both the hydrolysis rate and the excretion of short-chain peptides are lower. Compared to
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lactobacilli species, streptococci have higher amino acid requirements, so initial proteolytic
activity should be higher [19]. Therefore, at the beginning of fermentation, the proteinase
associated with the cell wall of S. thermophilus spp. (PrtS) has a high activity rate to supply
the necessary amino acids from the proteins available in the medium [24]. However, the
activity of this proteinase decreases as the fermentation time elapses.

The concentrations of low-molecular-weight peptides obtained from the coculture
were higher than those observed in monocultures (Figure 2C). These results are related
to the results obtained in the analysis of free amino groups. Coculture systems tend to
show a synergy that increases the concentration, size, and composition of the synthesized
peptides [22]. This represents an essential factor related to the biological activity that
peptides can exert since the bioactivity of specific peptides is related to both the weight
and the amino acid composition of the peptide chain [26]. Due to the particularities of
the proteolytic system of each strain, it is expected that these have a direct impact on
the production of bioactive peptides, which is also closely linked to the structure of the
proteolytic system and its mode of action (Figure S1).

In a coculture system, the L. rhamnosus GG PrtR begins protein hydrolysis to sat-
isfy its auxotrophies. The activity of the proteolytic system of L. rhamnosus GG will
allow the release of amino acids essential for developing S. thermophilus species in the
medium, making evident the protocooperation relationship between both species [27]. In
this sense, L. rhamnosus GG will prefer amino acids such as cysteine, serine, or proline, while
S. thermophilus species cover their auxotrophies with amino acids such as methionine and
glutamine [20,25]. Studies have highlighted that these amino acids are promoters for ac-
tivating oligopeptide transport systems in all lactic acid bacteria. This is why, more than
a system of competition for nutrients, a balance is established by the protocooperation
activated in each fermentation [28]. In the end, the peptides and amino acids that are not
used are excreted through the cell walls of both microorganisms and released into the
medium [29].

Various studies have reported that coculture systems increase the rate of proteolysis,
as well as the concentration and diversity of peptides in the medium [18,19,28]. Similarly,
it has been observed that peptides obtained from cocultures have more excellent biological
activity than those obtained from independent cultures [20]. The peptides obtained from the
coculture in this study weighed ≥2 kDa, similar to results reported by other authors who
point out a relationship between peptides of smaller size and more significant biological
activity [30].

3.4. DPP-IV Inhibitory Activity

DPP-IV inhibition via the action of the peptides generated during the fermentation was
evaluated. At the beginning of fermentation, no enzyme inhibitory activity was presented
in any of the three systems evaluated (Figure 3), even though whey naturally contains
some peptides due to the heat treatment to which it is exposed [31]. However, it could be
observed that this activity increases as the fermentation time elapses. This could be directly
related to the proteolytic activity of the strains, attributing the inhibitory activity of DPP-IV
solely to the peptides generated from microbial metabolism. The results showed a 46.9%
inhibition percentage for the L. rhamnosus GG monoculture after 12 h of fermentation. On
the contrary, for the monoculture of S. thermophilus SY-102, there was no inhibitory activity
of DPP-IV. This same trend was observed towards the end of fermentation (21 h), where
the inhibitory activity of DPP-IV only reached 2.35% inhibition.

This could be related to the results observed in the determination of free amino groups
and the electrophoresis analysis, since the proteolytic capacity of S. thermophilus SY-102
was lower than L. rhamnosus GG. It has been reported that lactobacilli species tend to have
a higher rate of proteolytic activity, producing higher concentrations of peptides with
considerable biological activity [21]. Likewise, it is known that the proteolytic activity of
S. thermophilus spp. favors the accumulation of peptides with aromatic amino acids such
as phenylalanine, tryptophan, or tyrosine [27]. This has been related to other bioactivities,
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such as angiotensin-converting enzyme (ACE) inhibition. However, the results observed in
this study could indicate that the peptides generated from the culture with S. thermophilus
spp. have no DPP-IV inhibitory activity, thus ruling out multiple biological activities.
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On the other hand, in the case of monoculture with L. rhamnosus GG, a progressive
increase in inhibitory activity was observed. After the start of fermentation, an increase
from 46.9% (12 h) to 63.3% (21 h) of DPP-IV inhibition was observed. These results agree
with the proteolytic activity of the strain, which was higher. This is consistent with the
results observed from the analysis of free amino groups and electrophoresis. Different
proteinases linked to the cell wall and their hydrolytic specificities give lactobacilli strains a
great capacity to generate peptides of various molecular weights and sequences [18].

Similarly, a high percentage of DPP-IV inhibition was observed in the coculture. In this
case, an inhibition percentage of 55.49% was obtained at 12 h of fermentation. Subsequently,
at 21 h of fermentation, a slight decrease in activity was observed, reaching a percentage
of 53.69%. These results were consistent with what was observed in the electrophoresis
analysis, where the accumulation of low-molecular-weight peptides was higher compared
to cocultures. The synergistic effect in coculture systems leads to the accumulation a wide
variety of peptides [15]. Thus, it has been observed that the biological activity of peptides
increases in coculture systems [22] due to the release into the medium of those peptides
and amino acids that are unnecessary for microbial development [30].

Additionally, the activity of the specific intracellular peptidase of S. thermophilus spp.
favors the excretion of peptides with phenylalanine in their structure [32,33]. On the other
hand, the proteolytic system of L. rhamnosus GG will favor the accumulation in the medium
of peptides with amino acids such as proline, valine, or isoleucine [18]. In this sense, it has
been reported that DPP-IV inhibitors contain in their structure amino acids such as proline,
alanine, valine, leucine, and phenylalanine [1,22]. These peptides bind to the active site of
DPP-IV competitively. However, some molecular docking studies point to the binding of
inhibitors to DPP-IV outside of its active site through non-competitive actions [3]. Likewise,
it has been reported that the inhibition mechanism associated with these peptides could
be due to preventing the dimeric form of DPP-IV [3,34]. Despite the release of aromatic
amino acids by S. thermophilus spp., it is known that the position of these amino acids in
the peptide chain is one of the limitations for the peptide to present biological activity [35].
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With the results found in this study, the importance of coculture fermentations has
been demonstrated for the release of peptide sequences with a biological activity that
increases the technological value of the inoculums in lactic fermentations, opening a critical
field of study in the processing of functional and nutraceutical food, taking advantage
of the differences in proteolytic systems. Fermented foods could never replace medical
treatment for a condition such as diabetes. However, finding peptides with antidiabetic
characteristics could be the watershed for synthesizing peptide sequences or for the purifi-
cation of fractions. These could be included as supplements or as functional ingredients in
producing functional foods.

4. Conclusions

The use of lactic acid bacteria in the fermentation of whey favors the production of
peptides with antidiabetic activity. The combination of L. rhamnosus GG and S. thermophilus
SY-102 in a coculture system promotes a more significant proteolytic activity of the strains,
increasing the concentration of low-molecular-weight peptide fractions. The inhibitory
activity of DPP-IV by the action of the peptides obtained from the monoculture of L. rham-
nosus GG and coculture increased during the fermentation time. The results obtained
from this study indicate that L. rhamnosus GG in monoculture and a coculture system with
S. thermophilus SY-102 generates peptides with high DPP-IV inhibitory activity (>50%). The
inhibition could be related to the structure and composition of the peptides generated dur-
ing fermentation by the action of the proteolytic system of each strain. Obtaining peptides
with antidiabetic activity from microbial fermentations represents a viable alternative to
assist in treating diabetes mellitus II. The hydrolysis of whey proteins by lactic acid bacteria
fermentation is an area of opportunity in the field of human health. Molecular coupling
studies will be necessary to elucidate the interaction between the generated peptides and
DPP-IV, helping develop new products supplemented with bioactive peptides that will
help to treat various pathologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/dairy4030035/s1, Figure S1: Proteolytic system of S. thermophilus
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