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Abstract: Many studies have reported the benefits of probiotic microorganisms and the production
of angiotensin-converting enzyme (ACE) inhibitors. Determining the proteolytic and ACE inhibition
capacities during whey fermentation was the goal of the study. Lacticaseibacillus rhamnosus GG,
Streptococcus thermophilus SY-102, and both bacteria together were initially inoculated into whey,
reaching an initial concentration of 108 CFU per milliliter in each fermentation system. Through the
use of TNBS, SDS-PAGE, and SEC-HPLC methods, the proteolytic profile was examined. An in vitro
investigation was performed to test the ACE inhibition capacity. With S. thermophilus, the logarithmic
phase of microbial development was shorter than with L. rhamnosus (6 and 12 h, respectively). The
logarithmic phase in the co-culture fermentation, however, was extended to 24 h. There were no
significant differences in pH between the fermentations. However, the co-culture had a greater
concentration of protein hydrolysis (453 & 0.06 ug/mL), as indicated by the amount of free amino
groups. Similarly, this fermentation produced more low molecular weight peptides. The higher
inhibition activity, which increased at the conclusion of the fermentation with the co-culture and
reached 53.42%, was influenced by the higher peptide synthesis. These findings highlighted the
significance of creating useful co-culture products.

Keywords: probiotic; whey fermentation; ACE inhibition; antihypertensive peptides; bioactive peptides

1. Introduction

After casein coagulation, whey, a byproduct of the dairy industry, is removed during
the cheesemaking procedure [1]. It is estimated that more than 160 million tonnes of whey
are wasted annually in the word. Only a small portion, however, is processed to produce
other by-products [2]. Because it poses a severe environmental problem, the elimination of
this waste has become an ongoing challenge for the industry [2,3].

According to numerous studies, whey proteins are frequently a potential source of
bioactive peptides, which have beneficial effects on human health [4,5]. However, these
sequences need to be released following protein hydrolysis to have a biological impact [6].
Due to its effectiveness and profitability, microbial fermentation is one of the traditional
processes used to produce peptides [7-10]. In this way, peptide sequences with various
biological activities have been obtained by using a variety of microbial strains [11]. As
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a result, these microorganisms” proteolytic mechanism encourage the release of peptide
sequences [12].

Often peptides exert their effects through a variety of different mechanisms, one of
which is their antihypertensive activity linked to the inhibition of angiotensin-converting
enzyme (ACE) [13,14]. Angiotensin I is converted into angiotensin II by this enzyme which
is a potent vasoconstrictor and the key regulator of blood pressure [15]. The description
of sequences that inhibit ACE activity and hence produce an antihypertensive impact has
been made possible by research into bioactive peptides [16]. Since whey was fermented
with L. rhamnosus GG and S. thermophilus SY-102 in monoculture and with both bacteria for
co-culture fermentation, the study’s goal was to examine the synthesis of low molecular
weight peptides and the inhibitory potential of ACE.

2. Materials and Methods
2.1. Culture Preparation

Bacteria were collected from Iztapalapa campus of the Universidad Auténoma
Metropolitana’s Food Biotechnology Laboratory. They were cultured in MRS broth and in-
cubated at 42 °C for 24 h. Then, 9 mL of powdered whey solution (10% (w/v) obtained from
Dairy Gold Co-Operative Society Ltd., Cork, Ireland) that had previously been heat-treated
at 90 °C during 10 min were added to one milliliter of the inoculated broth. At 42 °C, it
was incubated for 24 h. An amount of 100 mL of a 10% (w/v) powdered whey solution that
had been pasteurized (90 °C for 10 min) received 1 mL of this solution. In the same way,
each microorganism underwent independent conditioning. The solution was cooled down
after 24 h of incubation at 42 °C. The solution obtained was the starter. A viable count was
carried out to ascertain the initial bacterial concentration before the fermentations.

2.2. Fermentation

Three systems—inoculation with Lacticaseibacillus rhamnosus GG, inoculation with
Streptococcus thermophilus SY-102, and finally inoculation with both microorganisms—were
set up for fermentation. Each microorganism was inoculated into each system to reach
initially about 1 x 108 CFU per milliliter of bacteria calculated from the starter culture. In the
co-culture case, the initial count of bacteria was inoculated equally (to reach 1 x 10* CFU
per milliliter of each microorganism). Whey powder containing 10% (w/v) was used to
make the fermentation solution. Prior to inoculation, this solution was heat-treated at 90 °C
during 10 min. A total of 48 h were spent incubating the samples at 42 °C. Aliquots were
obtained every three hours and seeded on MRS agar plates using the microdrop technique
to test the vitality of the microorganisms [17]. The samples were diluted from 1 x 10~ to
1 x 10~% incubating for 48 h at 42 °C. Using an Eppendorf centrifuge, samples were spun
at 24,600x g at 4 °C for 10 min to separate both coagulated proteins and biomass. The
centrifuged samples’ supernatants were kept in a freezer at —4 °C for further examination.
Each sample was examined three times.

2.3. Proteolytic Profile Analysis

By means of three distinct experiments, the proteolytic profile was characterized. Pep-
tides concentration was determined using the technique of TNBS, and the peptides released
during fermentation were separated using Tris-Tricine polyacrylamide gel electrophoresis
(SDS-Tris-Tricine-PAGE). Finally, an HPLC analysis utilizing a size exclusion column was
performed to detect the presence of peptides, particularly low molecular weight peptides.

2.3.1. Analysis of Free Amino Groups

Using the 2,4,6-trinitrobenzene sulfonic acid (TNBS) method, the free amino groups
produced by whey fermentation were identified. In foil-wrapped test tubes, 125 uL of
material was combined with 1 mL of 0.21 M phosphate buffer, pH 8.2. The tubes were
kept at 50 °C in the dark for one hour. After 60 min, the reaction was finished by adding
2 mL of 0.1 N hydrochloric acid. The samples were then compared to the control in a
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spectrophotometer at a wavelength of 340 nm. Deionized water generated the control,
applying a concentration curve of glycine (0.05 to 0.25 mg/mL).

2.3.2. Peptide Separation by Tris-Tricine-SDS-PAGE

The approach suggested by Schagger and Von Jagow [18] was applied while tak-
ing Gonzalez-Olivares et al. [19]’s adjustments into consideration. Using the Bradford
method, the samples” protein concentration was normalized at 150 ppm, and 20 pL of
the sample were charged. Using a gel (16.5% T) made from a 30% T solution (19:1 acry-
lamide:bisacrylamide ratio and 5% crosslinker, Bio-Rad, Hercules, CA, USA), electrophore-
sis was carried out. Gel-Doc Software (Bio-Rad, Hercules, CA, USA) was used to evaluate
the gels after they had been stained using Coomassie Blue G-250 (Bio-Rad, Hercules,
CA, USA).

2.3.3. Separation of Peptides by SEC-HPLC

A SRT-SEC-150 SEPAX Technologies, Inc (USA) column (300 mm x 7.6 mm X 5 um)
with an exclusion range of 0. 5-150 kDa was used to separate the peptides produced
during whey fermentation. A 60-min isocratic separation using a mobile phase of 0.1 M
KH,PO4/K;HPO, buffer with a pH of 6.8 was performed at 0.5 mL min~! of flow rate.
The target analytes were detected at a wavelength of 220 nm. The analysis was conducted
in an HPLC from Perkin Elmer Series 200 connected to a manual injection system (20 pL)
and a UV-vis detection system (190-380 nm).

2.4. ACE Inhibitory Activity

With some modifications from Cushman et al. [20], the inhibitory effect of ACE-
I (EC 3.4.15.1; Sigma-Aldrich, Saint Louis, USA) was assessed spectrophotometrically.
Hippuric-histidyl-leucine (HHL; Sigma-Aldrich, Saint Louis, MO, USA) was dissolved at a
concentration of 5 mM in sodium borate buffer (0.1 M, pH 8.3 with 0.3 M sodium chloride).
Then, 100 pL of the substrate and 40 pL of the sample (AbsM) were combined with 10 pL
of ACE (EC 3.4,15.1, 5.1U/mg; Sigma-Aldrich). At 37 °C, the reaction was run for 75 min.
Hippuric acid was produced and quantified at 220 nm in a Power Wave XS UV-Biotek
spectrometer (KC Junior software, Kansas, MO, USA) after extraction with ethyl acetate.
Then it was resuspended using deionized water and measured. The same treatment was
performed for a 100% of enzymatic activity sample (AbsC) prepared with 40 uL of borate
buffer instead and a 0% of enzymatic activity sample (AbsB) prepared with 50 uL of borate
buffer and 100 uL of the substrate (HHL). ACE inhibitory activity was calculated using the
formula based on the absorbance obtained from the measurements.

2.5. Statistical Analysis

ACE inhibition% = [(AbsC — AbsM)/(AbsC — AbsB)] x 100

Results were analyzed by one-way ANOVA (p = 0.05) and a post hoc Tukey test by
using the NCSS statistical software (NCSS 2007, v.0, Kaysville, UT, USA, 2007).

3. Results and Discussion
3.1. Growth during Fermentation

The fermentation results revealed their growth differed when microorganisms were
grown in monoculture versus co-culture. It was observed that L. rhamnosus GG had better
growth in monoculture. In contrast, the growth of S. thermophilus SY-102 did not reflect
this behavior since it showed a shorter lag phase, and the logarithmic phase was reached
during the first 6 h of fermentation. In contrast, L. rhamnosus GG showed a longer lag
phase, reaching its logarithmic phase within 12 h of fermentation (Figure 1). These results
are similar to those observed in other studies, where, in general, Lactobacillus species grow
much better in monoculture compared to S. thermophilus SY-102 [21].
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Figure 1. Growth during whey fermentation by Lacticaseibacillus rhamnosus GG e and Streptococcus
thermophilus SY-102 in monoculture M and co-culture A.

There is a synergistic effect in the co-culture, since it is known that in this type of culture
the microorganisms develop a proto-cooperation relationship, releasing and exchanging
metabolites necessary for optimal growth [19]. Specifically, L. rhamnosus GG expresses
its extracellular proteinase PrtR to utilize whey proteins and provide a nitrogen source
for S. thermophilus ssp. and itself. S. thermophilus ssp., on the other hand, could provide
Lactobacillus species with formic acid, folic acid, and carbon dioxide [22,23]. In addition, it
synthesizes some amino acids and expresses its cell-wall-associated proteinase (PrtS) [24].

The synergistic effect between L. rhamnosus GG and S. thermophilus ssp. impacts the
growth of microorganisms and the acidification of the medium [23]. This mutualistic and
proto-cooperative relationship allows for the environmental conditions necessary for the
growth of both strains. However, there is competition for carbon and nitrogen sources [12].

3.2. pH Changes of the Medium during the Time of Fermentation

The pH progressively decreased during the time of fermentation, reaching a pH of
4.5 in the case of L. rhamnosus GG and 4.8 for S. thermophilus SY-102 in monoculture. In the
co-culture, the pH of the medium reached a value of 4.8 (Figure 2).

It is known that the pH decreases due to the production of lactic acid as a product
of the conversion of lactose and the generation of biomass. Additionally, the differences
between each system are attributed to each microorganism’s ability to use the carbon
source. In some studies, it has been observed that the co-culture of these microorganisms
leads to much faster medium acidification, reaching a considerably more acidic pH than a
monoculture [25]. However, in this case, the pH did not decrease as drastically in co-culture.
The reason for this behavior may be due to the amino groups that are released during the
fermentation process, the generation of biomass itself, and the relationship of competition
for the carbon source between the microorganisms.

Additionally, it is well known that the combination of S. thermophilus ssp. with some
species of probiotics, such as L. delbrueckii subsp. bulgaricus, inhibits the rate of lactic acid
production compared to monoculture [26]. Similarly, each of the microorganisms has a
specific proteolytic system. This proteolytic capacity strongly influences the auxotrophies
of each strain [27]. It is known that Lactobacillus species tend to adapt better to more acidic
media since they modulate their intracellular pH [28]. In addition, L. rhamnosus GG is
frequently used as a probiotic microorganism as it has a great capacity for resistance to
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acidic pH, colonizing, and adhering to the epithelial cells of the gastrointestinal tract [29].
On the contrary, S. thermophilus SY-102, despite being a lactic acid bacterium, grows much
better during the first stages of fermentation, when the pH of the medium is not yet so
acidic. Therefore, towards the last hours of fermentation, the culture would be dominated
by L. rhamnosus GG.
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Figure 2. pH changes during whey fermentation by Lacticaseibacillus rhamnosus GG e and Streptococcus
thermophilus SY-102 in monoculture M and co-culture A.

3.3. Proteolysis
3.3.1. Determination of Free Amino Groups by Technique of TNBS

The release of amino groups during fermentation, was different for both monoculture
and co-culture systems (Table 1). The behavior observed in the monoculture of both strains
was using the peptides available in the whey (time 0). Subsequently, starting from this
concentration of amino groups, a decrease was observed towards 12 h of fermentation
(from 367.28 & 0.02 to 209.18 £ 0.02 ug/mL for L. rhamnosus GG and from 423.31 £ 0.13 to
167.52 £ 0.05 pg/mL for S. thermophilus SY-102). At the end of fermentation, this concentra-
tion increases again, due to the proteolytic capacity of the strains to release amino groups
into the medium.

Table 1. Concentration of free amino groups from the fermentation of whey with L. rhamnosus GG,
S. thermophilus SY-102, and both microorganism in co-culture. The mean =+ standard deviation (SD)
expressed the results of three replicates.

Time of Fermentation (h)

Free Amino Groups pug/mL

L. rhamnosus GG +

S. thermophilus SY-102 S. thermophilus SY-102

L. thamnosus GG

0
9
12
15
18
21

366.91 + 0.02 2AB
277.67 £ 0.01 abA
208.97 + 0.02 abeA
239.85 =+ (.02 abcA
277.23 + 0.07 abA
293.54 =+ 0.05 abA

463.43 +0.132A

264.63 £ 0.02 bA

167.34 + 0.05 beA
255.06 =+ 0.00 bA
350.60 + 0.03 abdA
323.54 + 0.04 abAC

226.59 + 0.15 2AB
285.28 + 0.13 24
363.32 & 0.02 2B
253.76 + 0.20 24
268.97 + 0.17 A
452.67 + 0.06 2B

Lowercase letters compare means between times of the same fermentation system. Uppercase letters compare
means between fermentation systems with the same time of fermentation. According to Tukey’s test, the same
letter did not present a significant difference (p < 0.05).
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The concentration of free amino groups depends on each microorganism’s proteolytic
system. It has been observed that S. thermophilus SY-102 in monoculture has a higher prote-
olytic activity in the early stages of fermentation, which decreases in the final stages [25].
However, once this microorganism satisfies its needs for amino acids such as methionine
and glutamine, it releases those unnecessary amino acids and peptides into the medium [21].
In this sense, an accumulation in the medium of peptides with pyroglutamic acid and
cysteine has been observed, which are not preferred by S. thermophilus ssp. [21]. On the
contrary, L. rhamnosus GG requires peptides that contain cysteine, serine, arginine, proline,
and glutamine [29].

In the co-culture case, a greater accumulation of amino groups could be observed
towards the end of the fermentation (21 h) compared to the monocultures. The concen-
trations in the co-culture had a slight variation during the fermentation. However, in the
last period of the logarithmic phase, they reached a maximum of 453.13 % 0.06 pg/mL.
This same behavior has been reported in other studies, where it has been observed that the
concentrations of amino groups are higher in co-culture than in monocultures using the
same strains [25].

Since there is a synergistic effect, the proto-cooperation interaction between the strains
determines a higher concentration of amino groups [25]. Furthermore, the proteolytic
systems of each strain play an important role in the initial proteolysis. In these systems,
the Lactobacillus species have a higher initial proteolytic activity than the Streptococcus
species [23]. This activity is determined by the protease associated with its cell wall, which
injtiates the hydrolysis of proteins to satisfy its auxotrophies and release peptides and free
amino acids that could be used by S. thermophilus ssp. [30].

In contrast, the initial hydrolysis rate in S. thermophilus ssp. is usually very low since
most hydrolysis is carried out by its system of intracellular peptidases and aminopepti-
dases [31]. Thus, it has been documented that the growth of S. thermophilus ssp. depends
on the other microorganism’s metabolism when it is in co-culture. The proteolytic activity
continues until the end of fermentation when the amino acids necessary for its growth have
been obtained [27].

3.3.2. Peptide Separation by Tris-Tricine-SDS-PAGE

Peptide separation analysis by electrophoresis showed an accumulation of peptides
smaller than 10 kDa in the three systems studied (Figure 3). However, in the case of
monocultures, the accumulation was higher in the culture with L. rhamnosus GG compared
to S. thermophilus SY-102. This is associated with the proteolytic system of each species. In
the case of L. rhamnosus GG, protein hydrolysis is mostly carried out through the proteinase
associated with its cell wall (PrtR). Subsequently, hydrolysis continues through its system of
intracellular peptidases and aminopeptidases. By contrast, at the beginning of fermentation
S. thermophilus SY-102 shows higher activity due to its proteinase (PrtS). This activity
decreases as the fermentation time increases since hydrolysis is mostly carried out by its
intracellular peptidase system [25,27].

As has been pointed out, the proto-cooperation relationship between the microorgan-
isms has a synergistic effect, which allows a greater accumulation of low molecular weight
peptides in the co-culture system. In this case, the PrtR of L. rhamnosus GG begins protein
hydrolysis, releasing amino acids necessary for S. thermophilus SY-102. However, the latter
has specific auxotrophies, so they are satisfied through their proteolytic system. Peptides
that are not needed by both species are excreted through their cell wall and released into
the medium. Therefore, the peptides accumulated in the medium will be found in higher
concentrations in the co-culture system.
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Peptides zone

Peptides zone

Peptides zone

Figure 3. Peptide separation by SDS-PAGE in whey fermented by L. rhamnosus GG (A), S. thermophilus
SY-102 (B), and co-culture (C). (STD) peptides standard. Fermentation time (hours) 0-21.
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Increasing the concentration of small peptides is interesting in this study because it
has been reported that peptide size and biological activity are related. Various studies have
reported peptides less than 10 kDa with antihypertensive and antidiabetic activity [7,25,32].

3.3.3. Separation of Peptides by SEC-HPLC

All fractions of peptides (beginning, middle, and end of the fermentation) were ana-
lyzed. In all three systems, a decrease in the concentration of the main globular proteins
(o-lactalbumin (x-LA) and (-lactoglobulin (3-LG)) was observed. Similarly, the accumula-
tion of small peptide fractions towards the end of fermentation (21 h) was determined. In
the case of L. rhamnosus GG (Figure 4A), two protein fractions of 13.63 kDa and 9.43 kDa
were observed at the beginning of fermentation, corresponding to whey proteins (x-LA
and (3-LG) with a retention time of 22 and 25 min, respectively. These fractions remained
constant during the fermentation process. Towards the end of the process (21 h), the
formation of a new peptide fraction of 6.9 kDa with a retention time of 27 min was detected.

In the fermentation with S. thermophilus SY-102 there was a decrease in the concen-
tration of the fractions corresponding to whey proteins (Figure 4B). Likewise, two protein
fractions were observed at the beginning of fermentation. The first fraction observed was
32.08 kDa, which could be the product of the association of proteins that form polymers
under certain conditions of temperature and pH. The second fraction, with a molecular
weight of 13.63 kDa, disappears around 21 h of fermentation. At the end of the fermentation
time (21 h), two fractions of 12.15 kDa and 7.5 kDa were obtained, with a retention time
of 23 and 27 min, respectively. Even though this monoculture produced low molecular
weight peptide fractions, fermentation with L. rhamnosus GG increased their accumulation.
This coincides with the results obtained in the separation by electrophoresis.

The differences in the proteolytic systems of each strain play an important role in the
accumulation of peptide fractions. Intracellular peptidases reduce peptide fractions within
the cell, discarding those with amino acids that are not needed [33]. However, the initial
proteolysis also gives rise to free fractions in the medium. In addition, each of the strains
has different auxotrophies, so the preference for these fractions will differ according to
the amino acids necessary for each strain. In this sense, most of the proteolytic process of
L. rhamnosus GG is carried out by the proteinase linked to its cell wall, PrtR. In contrast, for
S. thermophilus ssp. this process is carried out mainly by intracellular peptidases [34].

In the case of the co-culture (Figure 4C), it was observed that the greatest accumulation
of small peptide fractions appeared at the end of the fermentation process (21 h). At the
beginning of the fermentation, two fractions were observed, one of nine and the other
of 5.11 kDa. However, these fractions could be found naturally in the medium since the
thermal process of whey treatment causes it to be partially hydrolyzed. On the other hand,
a change in the concentration of the peptide fractions can be observed as the fermentation
time increases. In this way, at time 7 (21 h), the accumulation of peptide fractions of 9.9 kDa
was observed, with a retention time of 24.7 min.

These results coincide with evidence reported by Sebastidn-Nicolas et al. [25], which
they observed a greater accumulation of peptide fractions from milk fermented with
L. rhamnosus GG and S. thermophilus SY-102 in co-culture. Similarly, in the co-culture
fermentation, the proteolytic systems of each strain will act specifically to obtain the amino
acids necessary for their metabolism. This microorganism has a series of intracellular
peptidases, among which pepS stands out. This endopeptidase breaks the oligopeptides
and releases them into the medium fractions that frequently contain hydrophobic residues
and aromatic amino acids [27]. The latter has been related to an inhibition of the ACE,
which leads to an antihypertensive effect [23].
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Figure 4. Peptide separation by SEC-HPLC of whey fermented by L. rhamnosus GG (A), S. thermophilus
SY-102 (B), and co-culture (C). Beginning (0 h), middle (12 h), and end (21 h) of fermentation.

3.4. Determination of ACE Inhibition

According to the results obtained from the ACE inhibitory activity, a gradual increase
in ACE inhibition was observed for the case of L. rhamnosus GG in monoculture. At the
initial stage of fermentation (Figure 5), 25.81% of inhibition percentage was observed.
Subsequently, this percentage increased to 28.23% at 12 h of fermentation, reaching an
inhibition percentage of 42.34% at the end of 21 h. It is known that this microorganism needs
aromatic amino acids at the beginning of fermentation to cover its metabolic needs [35].
This could explain the small increase in ACE inhibition towards the end of the first 12 h
fermentation. However, once it has enough aromatic amino acids, it releases unnecessary
ones into the medium, increasing the percentage of inhibition towards 21 h of fermentation.



Foods 2023, 12, 2416

10 0f 13

60
E1 L. rhamnosus GG
50 S. thermophilus SY-102

B4 Co-culture

Inhibition
i =N
o
]

w
o
1

n

% ACF
)
(=]
]

-—
° ¢

1 T |
Beginning (0 h) Middle (12 h) End (21 h)

Stage of fermentation

Figure 5. Inhibitory activity of ACE by peptidic fractions of whey fermented by L. rhamnosus GG,
S. thermophilus SY-102, and co-culture. Lowercase letters compare means between times of the same
fermentation system. Uppercase letters compare means between fermentation systems with the same
time of fermentation.

In the case of S. thermophilus SY-102 in monoculture, a decrease in the percentage of
ACE inhibition from 37.5% to 31.85% was observed. Subsequently, this percentage increases
to 33.87% after 21 h of fermentation, reflecting a slight increase in inhibitory activity. It
is known that S. thermophilus ssp. does not prefer aromatic amino acids, and peptide
accumulation is imminent. However, the fact that it did not reach a higher inhibition
percentage could be related to the results observed in its growth, which was not superior to
L. rhamnosus GG. According to the electrophoresis results, its proteolytic capacity to produce
low molecular weight peptides was lower than that of L. rhamnosus GG monoculture and
co-culture. This could be related to a lower ACE inhibitory activity, as the accumulation of
peptides containing aromatic amino acids was not encouraged during fermentation.

An opposite effect could be observed from the co-culture. The percentage of ACE
inhibition gradually increased from 21.37% to 52.42% by 21 h of fermentation. This result is
consistent with those observed in the proteolytic profile of the co-culture, in which there
was a higher concentration of free amino groups and peptide fractions of low molecular
weight. It has been reported that symbiotic growth in co-culture systems leads to a wide
variety of bioactive peptides and a higher concentration of them. The differences in the
proteolytic systems of the strains favor the accumulation of peptides in the medium and
increase the antihypertensive activity [25,36].

Various studies have pointed out the close relationship between the structure and
bioactivity of peptides [37,38]. In the case of ACE inhibition, it has been pointed out that
inhibitors contain hydrophobic amino acids in their structure [23]. Specifically, antihyper-
tensive activity is strongly associated with the sequence present at the C-terminal site [5].
Thus, peptides with amino acid residues such as tryptophan, proline, phenylalanine, and
isoleucine tend to be more potent in ACE inhibition by interacting with its active site [39].

Using microorganisms in co-culture to ferment certain protein matrices, such as whey,
is an opportunity to produce antihypertensive peptides. This increases the possibility
of generating fermented dairy products with functional potential, especially due to the
advantages of using microorganisms.

4. Conclusions

The combination of both lactic acid bacteria studied in whey fermentation increases
the growth of both microorganisms through a proto-cooperative relationship. Similarly, a
co-culture system favors the strains’ proteolytic activity, increasing the concentration of low
molecular weight peptide fractions. Small peptides and, most likely, aromatic amino acids
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in the structure could explain the antihypertensive activity observed in this study. Likewise,
this activity increases when using a co-culture system compared to a monoculture.

Microbial fermentations involving the proto-cooperation of lactic acid bacteria rep-
resent a promising source of peptides with health-promoting properties. The sequences
derived from the fractionation of whey proteins represent an important field of study to
evaluate their role in various pathologies and diseases.

Author Contributions: Conceptualization, L.G.G.-O., E.P-E. and A E.C.-G.; writing original draft
preparation, L.B.O.-R., L.G.G.-O. and A.C.-C,; funding acquisition and experimental support, E.C.-L.,
PR.-L. and A.C.-C,; review and editing, L.G.G.-O., A.C.-C. and A.C.-O; developing of figures and
tables, A.C.-O. and L.B.O.-R.; project administration, L.G.G.-O. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All research data is available and can be requested directly from the
corresponding author at lgonzales@uaeh.edu.mx.

Acknowledgments: L.G.G.-O, A.C.-O, A[E.C.-G., E.C.-L. and L.B.O.-R. thank Sistema Nacional de
Investigadores (CDMX, Mexico) and CONACYyT for the stipend received.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Mollea, C.; Marmo, L.; Bosco, F. Valorisation of Cheese Whey, a By-Product from the Dairy Industry. In Food Industry; Muzzalupo,
1., Ed.; InTech: London, UK, 2013. ISBN 978-953-51-0911-2.

Kareb, O.; Aider, M. Whey and Its Derivatives for Probiotics, Prebiotics, Synbiotics, and Functional Foods: A Critical Review.
Probiotics Antimicrob. Prot. 2019, 11, 348-369. [CrossRef]

Hannibal, B.; Santilldn, A.; Mercy, A.; Ramos, E.; Paola, V.; Rincon, A. Aprovechamiento Del Suero de Leche Como Bebida
Energizante Para Minimizar El Impacto Ambiental. Eur. Sci. J. 2015, 11, 257-268.

Oriach, C.S.; Robertson, R.C.; Stanton, C.; Cryan, J.E; Dinan, T.G. Food for Thought: The Role of Nutrition in the Microbiota-Gut-
Brain Axis. Clin. Nutr. Exp. 2016, 6, 25-38. [CrossRef]

Olvera-Rosales, L.B.; Cruz-Guerrero, A.E.; Garcia-Garibay, ].M.; Gémez-Ruiz, L.C.; Contreras-Lopez, E.; Guzman-Rodriguez, F;
Gonzélez-Olivares, L.G. Bioactive Peptides of Whey: Obtaining, Activity, Mechanism of Action, and Further Applications. Crit.
Rev. Food Sci. Nutr 2022, 1-31. [CrossRef]

Dullius, A.; Goettert, M.I; de Souza, C.F.V. Whey Protein Hydrolysates as a Source of Bioactive Peptides for Functional Foods—
Biotechnological Facilitation of Industrial Scale-Up. J. Func. Foods 2018, 42, 58-74. [CrossRef]

Daliri, E.B.-M.; Lee, B.H.; Park, B.-].; Kim, S.-H.; Oh, D.-H. Antihypertensive Peptides from Whey Proteins Fermented by Lactic
Acid Bacteria. Food Sci. Biotechnol. 2018, 27, 1781-1789. [CrossRef]

Corréa, A.P.F; Daroit, D.].; Fontoura, R.; Meira, S.M.M.; Segalin, J.; Brandelli, A. Hydrolysates of Sheep Cheese Whey as a Source
of Bioactive Peptides with Antioxidant and Angiotensin-Converting Enzyme Inhibitory Activities. Peptides 2014, 61, 48-55.
[CrossRef]

Fu, Z.; Lin, ]. An Overview of Bioinformatics Tools and Resources in Allergy. In Food Allergens; Lin, J., Alcocer, M., Eds.; Methods
in Molecular Biology; Springer New York: New York, NY, USA, 2017; Volume 1592, pp. 223-245. ISBN 978-1-4939-6923-4.

Xia, Y,; Yu, J.; Xu, W.; Shuang, Q. Purification and Characterization of Angiotensin-I-Converting Enzyme Inhibitory Peptides
Isolated from Whey Proteins of Milk Fermented with Lactobacillus plantarum QS670. . Dairy Sci. 2020, 103, 4919-4928. [CrossRef]
[PubMed]

Raveschot, C.; Cudennec, B.; Coutte, F.; Flahaut, C.; Fremont, M.; Drider, D.; Dhulster, P. Production of Bioactive Peptides by
Lactobacillus Species: From Gene to Application. Front. Microbiol. 2018, 9, 2354. [CrossRef] [PubMed]

Liu, M.; Bayjanov, J.R.; Renckens, B.; Nauta, A.; Siezen, R.J. The Proteolytic System of Lactic Acid Bacteria Revisited: A Genomic
Comparison. BMC Genom. 2010, 11, 36. [CrossRef] [PubMed]

Martin, M.; Hagemann, D.; Henle, T.; Deussen, A. The Angiotensin Converting Enzyme-Inhibitory Effects of the Peptide
Isoleucine-Tryptophan after Oral Intake via Whey Hydrolysate in Men. J. Hypertens. 2018, 36, €220. [CrossRef]

Onuh, J.O.; Aluko, R.E. Metabolomics as a Tool to Study the Mechanism of Action of Bioactive Protein Hydrolysates and Peptides:
A Review of Current Literature. Trends Food Sci. Technol. 2019, 91, 625-633. [CrossRef]


https://doi.org/10.1007/s12602-018-9427-6
https://doi.org/10.1016/j.yclnex.2016.01.003
https://doi.org/10.1080/10408398.2022.2079113
https://doi.org/10.1016/j.jff.2017.12.063
https://doi.org/10.1007/s10068-018-0423-0
https://doi.org/10.1016/j.peptides.2014.09.001
https://doi.org/10.3168/jds.2019-17594
https://www.ncbi.nlm.nih.gov/pubmed/32229119
https://doi.org/10.3389/fmicb.2018.02354
https://www.ncbi.nlm.nih.gov/pubmed/30386307
https://doi.org/10.1186/1471-2164-11-36
https://www.ncbi.nlm.nih.gov/pubmed/20078865
https://doi.org/10.1097/01.hjh.0000539622.35704.22
https://doi.org/10.1016/j.tifs.2019.08.002

Foods 2023, 12, 2416 12 0f 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Madureira, A.R,; Tavares, T.; Gomes, A.M.P,; Pintado, M.E.; Malcata, EX. Invited Review: Physiological Properties of Bioactive
Peptides Obtained from Whey Proteins. J. Dairy Sci. 2010, 93, 437-455. [CrossRef] [PubMed]

Tondo, A.R.; Caputo, L.; Mangiatordi, G.F.; Monaci, L.; Lentini, G.; Logrieco, A.F.; Montaruli, M.; Nicolotti, O.; Quintieri, L.
Structure-Based Identification and Design of Angiotensin Converting Enzyme-Inhibitory Peptides from Whey Proteins. J. Agric.
Food Chem. 2019, 68, 541-548. [CrossRef] [PubMed]

de Oliveira, M.E.G.; Garcia, E.F,; de Oliveira, C.E.V.; Gomes, A.M.P,; Pintado, M.M.E.; Madureira, A.R.M.E,; da Conceigao, M.L.;
do EgyptoQueiroga, R.D.C.R.; de Souza, E.L. Addition of Probiotic Bacteria in a Semi-Hard Goat Cheese (Coalho): Survival
to Simulated Gastrointestinal Conditions and Inhibitory Effect against Pathogenic Bacteria. Food Res. Int. 2014, 64, 241-247.
[CrossRef]

Schégger, H.; Von Jagow, G. Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the separation of proteins in
the range from 1 to 100 kDa. Anal. Biochem. 1987, 166, 368-379. [CrossRef]

Gonzélez-Olivares, L.G.; Afiorve-Morga, J.; Castafieda-Ovando, A.; Contreras-Lopez, E.; Jaimez-Ordaz, J. Peptide Separation of
Commercial Fermented Milk during Refrigerated Storage. Food Sci. Technol. 2014, 34, 674—-679. [CrossRef]

Cushman, D.W.; Wang, EL.; Fung, W.C.; Harvey, C.M.; DeForrest, ]. M. Differentiation of Angiotensin—-Converting Enzyme (ACE)
Inhibitors by Their Selective Inhibition of ACE in Physiologically Important Target Organs. Am. |. Hypertens. 1989, 2, 294-306.
[CrossRef]

Liu, E.; Zheng, H.; Shi, T.; Ye, L.; Konno, T.; Oda, M.; Shen, H.; Ji, Z.-S. Relationship between Lactobacillus bulgaricus and
Streptococcus thermophilus under Whey Conditions: Focus on Amino Acid Formation. Int. Dairy J. 2016, 56, 141-150. [CrossRef]
Crittenden, R.G.; Martinez, N.R.; Playne, M.]. Synthesis and Utilisation of Folate by Yoghurt Starter Cultures and Probiotic
Bacteria. Int. |. Food Microbiol. 2003, 80, 217-222. [CrossRef]

Yu, Y,; Yu, W,; Jin, Y. Peptidomic Analysis of Milk Fermented by Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
thermophilus. FHFH 2021, 1, 100033.

Hols, P; Hancy, F,; Fontaine, L.; Grossiord, B.; Prozzi, D.; Leblondbourget, N.; Decaris, B.; Bolotin, A.; Delorme, C.; Duskoehrlich,
S. New Insights in the Molecular Biology and Physiology of Revealed by Comparative Genomics. FEMS Microbiol. Rev. 2005, 29,
435-463. [CrossRef]

Sebastian-Nicolas, J.L.; Contreras-Lopez, E.; Ramirez-Godinez, J.; Cruz-Guerrero, A.E.; Rodriguez-Serrano, G.M.; Afiorve-Morga,
J.; Jaimez-Ordaz, ].; Castafieda-Ovando, A.; Pérez-Escalante, E.; Ayala-Nifio, A.; et al. Milk Fermentation by Lacticaseibacillus
rhamnosus GG and Streptococcus thermophilus SY-102: Proteolytic Profile and ACE-Inhibitory Activity. Fermentation 2021, 7, 215.
[CrossRef]

Vinderola, C.G.; Mocchiutti, P.; Reinheimer, J.A. Interactions among Lactic Acid Starter and Probiotic Bacteria Used for Fermented
Dairy Products. . Dairy Sci 2002, 85, 721-729. [CrossRef] [PubMed]

Rodriguez-Serrano, G.M.; Garcia-Garibay, ].M.; Cruz-Guerrero, A.E.; del Carmen Gomez-Ruiz, L.; Ayala-Nino, A.; Castaneda-
Ovando, A.; Gonzalez-Olivares, L.G. Proteolytic System of Streptococcus thermophilus. ]. Microbiol. Biotechnol. 2018, 28, 1581-1588.
[CrossRef]

Hekmat, S.; Soltani, H.; Reid, G. Growth and Survival of Lactobacillus reuteri RC-14 and Lactobacillus rhamnosus GR-1 in Yogurt for
Use as a Functional Food. Innov. Food Sci. Emerg. Technol. 2009, 10, 293-296. [CrossRef]

Sun, J.; Chen, H.; Qiao, Y,; Liu, G; Leng, C.; Zhang, Y.; Lv, X.; Feng, Z. The Nutrient Requirements of Lactobacillus rhamnosus GG
and Their Application to Fermented Milk. J. Dairy Sci. 2019, 102, 5971-5978. [CrossRef]

Courtin, P; Monnet, V.; Rul, F. Cell-Wall Proteinases PrtS and PrtB Have a Different Role in Streptococcus thermophilus / Lactobacillus
bulgaricus Mixed Cultures in Milk. Microbiology 2002, 148, 3413-3421. [CrossRef]

Chang, O.K;; Roux, E.; Awussi, A.A.; Miclo, L.; Jardin, J.; Jameh, N.; Dary, A.; Humbert, G.; Perrin, C. Use of a Free Form of the
Streptococcus thermophilus Cell Envelope Protease PrtS as a Tool to Produce Bioactive Peptides. Int. Dairy J. 2014, 38, 104-115.
[CrossRef]

Ali, E.; Nielsen, S.D.; Aal, A.-E.; El-Leboudy, A.; Saleh, E.; LaPointe, G. Use of Mass Spectrometry to Profile Peptides in Whey
Protein Isolate Medium Fermented by Lactobacillus helveticus LH-2 and Lactobacillus acidophilus La-5. Front. Nutr. 2019, 6, 152.
[CrossRef]

Hafeez, Z.; Cakir-Kiefer, C.; Lecomte, X.; Miclo, L.; Dary-Mourot, A. The X-Prolyl Dipeptidyl-Peptidase PepX of Streptococcus
thermophilus Initially Described as Intracellular Is Also Responsible for Peptidase Extracellular Activity. J. Dairy Sci. 2019, 102,
113-123. [CrossRef]

Hu, T; Cui, Y.; Qu, X. Analysis of the Proteolytic System of Streptococcus thermophilus Strains CS5, CS9, CS18 and CS20. Int. Dairy
J. 2021, 118, 105025. [CrossRef]

Innocente, N.; Biasutti, M.; Rita, F.; Brichese, R.; Comi, G.; lacumin, L. Effect of Indigenous Lactobacillus rhamnosus Isolated from
Bovine Milk on Microbiological Characteristics and Aromatic Profile of Traditional Yogurt. LWT 2016, 66, 158-164. [CrossRef]
Quirds, A.; Ramos, M.; Muguerza, B.; Delgado, M.A.; Miguel, M.; Aleixandre, A.; Recio, L. Identification of Novel Antihypertensive
Peptides in Milk Fermented with Enterococcus faecalis. Int. Dairy ]. 2007, 17, 33—41. [CrossRef]

Murray, B.A ; FitzGerald, R.J. Angiotensin Converting Enzyme Inhibitory Peptides Derived from Food Proteins: Biochemistry,
Bioactivity and Production. Curr. Pharm. Des. 2007, 13, 773-791. [CrossRef]


https://doi.org/10.3168/jds.2009-2566
https://www.ncbi.nlm.nih.gov/pubmed/20105516
https://doi.org/10.1021/acs.jafc.9b06237
https://www.ncbi.nlm.nih.gov/pubmed/31860295
https://doi.org/10.1016/j.foodres.2014.06.032
https://doi.org/10.1016/0003-2697(87)90587-2
https://doi.org/10.1590/1678-457X.6415
https://doi.org/10.1093/ajh/2.4.294
https://doi.org/10.1016/j.idairyj.2016.01.019
https://doi.org/10.1016/S0168-1605(02)00170-8
https://doi.org/10.1016/j.femsre.2005.04.008
https://doi.org/10.3390/fermentation7040215
https://doi.org/10.3168/jds.S0022-0302(02)74129-5
https://www.ncbi.nlm.nih.gov/pubmed/12018416
https://doi.org/10.4014/jmb.1807.07017
https://doi.org/10.1016/j.ifset.2008.10.007
https://doi.org/10.3168/jds.2018-15834
https://doi.org/10.1099/00221287-148-11-3413
https://doi.org/10.1016/j.idairyj.2014.01.008
https://doi.org/10.3389/fnut.2019.00152
https://doi.org/10.3168/jds.2018-14823
https://doi.org/10.1016/j.idairyj.2021.105025
https://doi.org/10.1016/j.lwt.2015.10.031
https://doi.org/10.1016/j.idairyj.2005.12.011
https://doi.org/10.2174/138161207780363068

Foods 2023, 12, 2416 13 of 13

38. Yu, Y, Jin, Y;; Wang, F; Yan, J.; Qi, Y.; Ye, M. Protein Digestomic Analysis Reveals the Bioactivity of Deer Antler Velvet in
Simulated Gastrointestinal Digestion. Food Res. Int. 2017, 96, 182-190. [CrossRef] [PubMed]

39. Li, G.-H.; Le, G.-W.; Shi, Y.-H.; Shrestha, S. Angiotensin I-Converting Enzyme Inhibitory Peptides Derived from Food Proteins
and Their Physiological and Pharmacological Effects. Nutr. Res. 2004, 24, 469-486. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodres.2017.04.002
https://www.ncbi.nlm.nih.gov/pubmed/28528097
https://doi.org/10.1016/S0271-5317(04)00058-2

	Introduction 
	Materials and Methods 
	Culture Preparation 
	Fermentation 
	Proteolytic Profile Analysis 
	Analysis of Free Amino Groups 
	Peptide Separation by Tris-Tricine-SDS-PAGE 
	Separation of Peptides by SEC-HPLC 

	ACE Inhibitory Activity 
	Statistical Analysis 

	Results and Discussion 
	Growth during Fermentation 
	pH Changes of the Medium during the Time of Fermentation 
	Proteolysis 
	Determination of Free Amino Groups by Technique of TNBS 
	Peptide Separation by Tris-Tricine-SDS-PAGE 
	Separation of Peptides by SEC-HPLC 

	Determination of ACE Inhibition 

	Conclusions 
	References

