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Abstract: The objective of this study was to determine the proteolytic activity of bacterial strains from
the genus Lactobacillus and their capability in producing peptide inhibitors of angiotensin-converting
enzyme (ACE) in cheese models prepared with their addition. After 5 weeks of ripening, all cheese
models studied were characterized by a high ability of angiotensin convertase inhibition which
exceeded 80%. The use of the adjunct bacterial cultures from the genus Lactobacillus contributed to
lower ICsq values compared with the value determined for the control cheese model. The proteolytic
activity of model cheeses varied in their increase through the period of ripening, with changes in
values dependent on the adjunct lactic acid bacteria (LAB) strain used for cheesemaking. Starting
from the first week of ripening, the lowest proteolytic activity was demonstrated for the control
cheese models, whereas the highest activity throughout the ripening period was shown for the cheese
models with the addition of Lb. rhamnosus 489.
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1. Introduction

Fermented dairy products are often referred to as functional products even though they are not
classified in legal regulation under this name as a separate category of food products. Functional
products are those which, apart from providing nutrients, contribute to an improvement in a health
condition or minimize the risk of incidence of certain diseases, such as circulatory diseases, neoplasms,
or osteoporosis, and also offer specified dietetic values for persons with metabolic disorders [1].

Protein fragments, which remain inactive in sequences of precursor proteins, are released upon
enzymatic hydrolysis with proteolytic enzymes, and are likely to interact with respective body receptors.
The proteins regulating physiological functions are called biologically and functionally active peptides
or bioactive peptides, and are produced during the proteolysis of milk proteins, which provide nitrogen
compounds to lactic acid bacteria (LABs) and exhibit various activities [2].

The best known currently characterized group of food-derived bioactive peptides is the group of
peptides with antihypertensive properties. Most of the representatives of this group are inhibitors
of the angiotensin I-converting enzyme—peptidyldipeptide hydrolase (EC.3.4.15.1), also called
angiotensin-converting enzyme (ACE). ACE hydrolyzes angiotensin I to angiotensin II, which interacts
with two receptors and thereby induces the contraction of blood vessels and, consequently, contributes
toblood pressure increase. Hence, food products that may block the reaction of angiotensin I conversion
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to angiotensin II, such as ripening rennet cheeses, may be natural equivalents of hypotensive drugs.
Most peptides derived from milk protein possess multi-functional properties [2—4].

The literature reports on 420 peptides with ACE-inhibitory activity (expressed as IC5y < 1000 mM)
that are derived from eight species and nine proteins of milk, of which 327 are claimed to be unique
peptide sequences [5]. Casein is a predominating protein, which represents 77% of all described
ACE-inhibiting peptides. This results from the fact that most of the studies addressing this subject
are conducted with cheeses, which are composed mainly of casein. Ripening cheeses represents an
important source of bioactive peptides, obtained by multiple proteases of LABs, and of other adjunct
microflora [5].

The presence of active peptides in cheeses, which are produced with natural methods, depends on
the equilibrium between their synthesis and their degradation by the proteolytic system throughout
the ripening process of cheeses. Peptidolytic activity is strictly related to the aging of cheese (ripening)
and to the type and culture conditions of adjunct starters, as reported by different authors [6-8]. Intense
proteolytic processes occurring during cheese ripening have been reported to enhance the activity of
ACE inhibitors, but only to a certain level over which ACE inhibition will diminish. This may suggest
that the bioactive peptides released during cheese ripening upon the activity of proteolytic enzymes of
LABs are successively degraded to inactive fragments as a result of further proteolysis [9,10].

Some dairy products (Calpis and Evolus) with documented clinical effects on arterial blood
pressure reduction are currently available on the market. Invivo studies are in the process of
confirming the functionality of food products containing bioactive peptides in patients [2,11,12].

Some of the literature describes dairy starter cultures used for the manufacture of fermented
dairy products (e.g., L. helveticus, L. delbrueckii ssp. bulgaricus, L. plantarum, L. rhamnosus, L. acidophilus,
Lc. lactis, or S. thermophilus) which are capable of synthesizing bioactive peptides [13,14].

Considering the aforementioned information, a study was undertaken to determine the possibility
of synthesis of bioactive peptides with hypotensive properties by selected strains of Lactobacillus spp.
in cheese models prepared with their addition.

2. Material and Methods

The experimental material included five model cheeses produced with CHN-19 culture (Lc. lactis
ssp. cremoris, L. mesenteroides ssp. cremoris, and Lc. lactis ssp. lactis biovar diacetylactis) used as the basic
starter and with Lb. casei 2639, Lb. acidophilus 2499, Lb. rhamnosus 489, and Lb. delbrueckii 490 applied as
additional cultures.

2.1. Determination of Proteolytic Activity of Lactobacillus Strains

Both the initial and the overall proteolytic activity of all cultures were determined using the
method of Church et al. [15]. The proteolytic activity of each Lactobacillus strain was determined
in reconstituted skim milk (RSM) after 6 and 24 h of fermentation at a temperature of 37 °C for
determination of the initial and the overall proteolytic activity, respectively. All the organisms were
activated from their frozen forms by one transfer into MRS broth (Lactobacillus Broth acc. to DE MAN,
ROGOSA and SHARPE, Merck, Poland). The obtained cultures were passaged twice by a transfer 1 mL
of inoculum into 100 mL of sterile supplemented (with glucose and yeast extract) reconstituted skim
milk (SRSM). Then, 1 mL of the inoculum from the SRSM was transferred into 100 mL of RSM and
after 24 h of incubation at 37 °C, and 1 mL of culture was transferred to 100 mL of RSM and incubated
for either 6 or 24 h.

For determinations of the proteolytic activity of the analyzed strains, trichloroacetic acid (TCA)
filtrates of the samples were prepared by mixing 5 mL of the sample with 1 mL of distilled water and
10 mL of 0.75 N TCA (Avantor Performance Materials, Poland), followed by centrifugation (MPW-352R
centrifuge, Poland) at 4000 g and 4 °C for 30 min. The supernatants were filtered through a 0.45 pm
syringe membrane filter (MILLEX HV, Milipore, Poland). The proteolytic activity of all cultures was
determined by the reaction of 150 uL of the TCA filtrate with 3 mL of o-phthaldialdehyde reagent
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(OPA, Sigma-Aldrich, Poland). Absorbance was measured after vortexing and 2 min incubation at
room temperature at 340 nm (Genesis UV-VIS Spectrophotometer, Thermo Scientific).

2.2. Preparation of Cheese Models

Cheese models were prepared in 500 mL sterile centrifuge bottles (Nalgene centrifuge ware, Thermo
Scientific) [16]. 400 mL of commercial, industrially-pasteurized, and microfiltrated (74 + 1 °C/15 s) milk
(3.2% protein and 2% fat) were poured into the bottles (which were autoclaved prior to use) that were
then placed in a water bath at a temperature of 35 °C. After this, the basic commercial CHN-19 starter
(at a concentration 8.94 log CFU/mL) and, depending on cheese model variant, the adjunct culture (at a
concentration 9.14 log CFU/mL), as well as 0.2 mL (4%) of a solution of coagulating enzymes (Fromase
2200 TL Granulate, DSM Food Specielities BV, The Netherlands) were added to the bottles. The bottles
were closed and their content was mixed. The bottles were placed in a water bath with a temperature
of 35 °C. After coagulation (for ca. 20-30 min), they were kept in a water bath for 20 min in order to
achieve the desired consistency of the curd, and then the curd was cut using a narrow knife made of
stainless steel. The curd-whey mixture was shaken for 20 min. 160 mL + 3 mL of whey was discarded
and the same volume of water with a temperature of 35 °C was added. Curd washing ended after
10 min of mixing, and afterwards the bottles were centrifuged for 10 min (320 g) at room temperature
in order to remove what was likely the greatest amount of the water phase. Once the water had been
removed, the bottles were centrifuged again (1400 g) at 30 °C for 1 h. The whey was then decanted
and the curd was centrifuged (1400 g) for 30 min. After centrifugation, miniature cheese models were
kept in bottles in a water bath (35 °C) until a pH of 5.20 was reached. Next, the cheeses were salted
by pouring them in with 35 mL of saturated brine (270 g NaCl/L, Avantor Performance Materials,
Poland) with a temperature of 11 °C, in the same vessel. After 5 min, the brine was removed and
cheeses were transferred into sterile boxes with a grid, which facilitated whey draining, and were then
placed in a cold store at 11 °C for 24 h. The weight of the cheese models were 70 + 5 g. The prepared
experimental models of cheeses (described below) were then taken out from the boxes, vacuum-packed
in polyethylene foil (Cryovac packaging), and stored at 11 + 0.5 °C for 5 weeks.

Five variants of cheese models were prepared in the study and determined as:

e  C—a control cheese model consisting of milk, 2% of basic CHN-19 starter, and a coagulant;

e Lba 2499—a cheese model consisting of milk, 2% of CHN-19 starter, 1.5% of Lb. acidophilus 2499
culture, and a coagulant;

e  Lbr 489—a cheese model consisting of milk, 2% of CHN-19 starter, 1.5% of Lb. rhammnosus 489
culture, and a coagulant;

e Lbd 490—a cheese model consisting of milk, 2% of CHN-19 starter, 1.5% of Lb. delbrueckii 490
culture, and a coagulant;

e  Lbc2639—a cheese model consisting of milk, 2% of CHN-19 starter, 1.5% of Lb. casei 2639 culture,
and a coagulant.

Cheese model variants (C, Lba 2499, Lbr 489, Lbd 490, and Lbc 2639) were obtained in replicates
performed three times.

2.3. Measurement of the ACE-Inhibitory Activity of Dutch-Type Cheese Models

The ACE-inhibitory activity of the TCA filtrates of the cheese models was assayed by the methods
of Cushman and Cheung [17] and Ramchandran and Shah [18]. The assay mixture contained an
hippuryl-L-histidyl-L-leucine (HHL, Sigma—-Aldrich, Poland) solution (5 mM HHL in 0.1 M borate
buffer containing 0.3 M NaCl, pH 8.3) used as a substrate and an ACE solution (from rabbit lung,
0.1 UmL"}, Sigma Aldrich, Poland). The residue containing hippuric acid was dissolved in deionized
water and the absorbance was measured (Genesis UV-VIS spectrophotometer, Thermo Scientific) at
228 nm against deionized water as a blank.



Appl. Sci. 2019, 9, 1674 40f10

The percentage of inhibition (ACE) was calculated using the following formula:

ACE[%]:(l (}_D)x100%

~A-B
where:

A is the absorbance in the presence of ACE and without the sample, B is the absorbance without
ACE and the sample, C is the absorbance with ACE and the sample, and D is the absorbance with the
sample but without ACE.

The ACE inhibition was also expressed in terms of ICs(, defined as the concentration of protein
in a sample (mg mL~!) required to inhibit 50% of the ACE activity. The ICsq value was predicted by
determining protein concentration in a water soluble extract (WSE) of cheese models, followed by the
determination of protein concentration which ensured 50% inhibition of ACE activity. The protein
concentration in the TCA filtrates was determined with the method of Lowry et al. [19].

2.4. Determination of Proteolysis of Dutch-Type Cheese Models

The reaction mixture used for determinations of the proteolytic activity in WSE of cheese models
contained 3 mL of an OPA reagent (o-phthaldialdehyde, Sigma-Aldich, Poland) and 0.15 mL of WSE.
The mixture was stirred, left for 2 min at a room temperature, and subjected to absorbance measurement
at a wavelength of A = 340 nm.

2.5. Statistical Analysis

All determinations were performed 2 times. Results obtained were subjected to a statistical
analysis using StatGraphics 4.1 software. One-way (ANOVA) analysis of variance was conducted.
Tukey’s test was applied to compare the significance of differences between mean values (as honestly
significance difference (HSD)) at a significance level of « = 0.05.

3. Results and Discussion

3.1. Proteolytic Activity of Lactobacillus Strains

Results of determinations of the initial and overall proteolytic activity of the tested LAB strains
are presented in Figure 1. The initial proteolytic activity of all tested LAB strains was similar and
did not differ significantly from that determined in the control sample. A balance was maintained at
the early stage of fermentation between the consumption of free fatty acids and the degradation of
peptides and milk proteins by LABs. In contrast, differences were observed in the overall proteolytic
activity measured after 24 h. Among all analyzed LAB strains, the lowest activity was exhibited
by Lb. delbrueckii 490, while the highest activity was exhibited by the Lb. casei 2639; the values of
absorbance—being an indicator of the ongoing proteolysis—accounted for 0.262 and 0.512, respectively
(Figure 1). The proteolytic activity of the Lb. casei 2639 strain was ca. twofold higher than that of
Lb. delbrueckii 490. Proteolytic activity of the strains used as adjunct by active cultures in cheesemaking
that is too high is undesirable, as it may lead to rapid proteolytic transformations during ripening
and, consequently, to changes in the organoleptic traits of cheeses (such as a bitter taste and an
untypical aroma).
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Figure 1. Initial and overall proteolytic activity of examined Lactobacillus strains (mean values and
standard deviations). A: homogenous group initial proteolysis, n = 6; a-d: homogenous groups overall
proteolysis, n = 6).

Donkor et al. [20] determined the initial and overall proteolytic activity (after 24 h incubation)
of the following probiotic strains: Lb. acidophilus LAFTI L10 and Lb. casei LAFTI 126, as well as
Lb. acidophilus 4962 and Lb. casei 279. Likewise, in our study we found no differences in the initial
proteolytic activity between the tested strains. The lowest overall proteolytic activity was determined
for the strain Lb. casei Lc 279 (0.290). In turn, very high activities accounting for 0.460, 0.670, and 1.90
were found for Lb. acidophilus LAFTI L10, Lb. acidophilus La 4962, and Lb. casei LAFTI L26, respectively.
The proteolytic activity of Lb. acidophilus 2499 determined in our study at 0.400 is similar to that
reported by Donkor et al. [20] for Lb. acidophilus LAFTI L10 (0.460). In turn, the activity of Lb. casei 2639
determined in our study at 0.512 is considerably higher from the activity assayed by Donkor et al. [20]
for Lb. casei Lc 279 (0.290) and over threefold lower from that determined for Lb. casei LAFTI L26 (1.90).

It was concluded that the analyzed bacterial strains from the genus Lactobacillus exhibited various
overall proteolytic activities. Thus, large differences in proteolytic activity may result from the various
activities of their proteolytic systems, and resultantly, from the various number of amine groups
released in RSM during incubation, as well as from their various nutritional needs.

3.2. Proteolytic and ACE-Inhibitory Activity (%) During Ripening of Dutch-Type Cheese Models

Results of determinations of the proteolytic and ACE-inhibitory activities in the studied cheese
models during their ripening are presented in Figure 2. After one week of ripening, the highest
ACE-inhibitory activity was found in the cheese models with the addition of Lb. acidophilus 2499
(Figure 2). In other cases of cheese models, the ACE-inhibitory activity was slightly higher than in
the control cheeses (69%), and ACE inhibition ranged from 74 to 79%. The control cheeses were
also characterized by the lowest proteolytic activity (0.270). This slightly higher value, reaching ca.
0.305, was determined for the cheese models containing adjunct cultures Lb. acidophilus 2499 and
Lb. delbrueckii 490. In turn, the highest proteolytic activity was determined for the cheese models
manufactured with the addition of Lb. rhamnosus 489 and Lb. casei 2639. Similar dependencies, but with
higher values, were observed in cheese models after 3 weeks of ripening, with the highest proteolytic
activity being demonstrated in the cheese models with adjunct cultures Lb. rhamnosus 489.
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Figure 2. Angiotensin-converting enzyme (ACE) inhibitory activity (%) and proteolysis of water soluble
extract (WSE) from Dutch-type cheese models during ripening (mean values and standard deviations).
a—c: homogenous groups ACE, n = 6; A-D: homogenous groups proteolysis, n = 6.

One of the main factors affecting the proteolytic activity in cheeses is the water content. Water
content of the analyzed cheese models (48-49%, data not shown) was higher than the typical water
content of Dutch-type cheeses (42—45%). This was due to two reasons: firstly, the analyzed cheese
models were not subjected to pressing and their brining was relatively short, and secondly, the higher
water content of the produced models contributed to greater enhancement of proteolysis under

model conditions.

After 3 and 5 week storage, a similar ACE-inhibitory activity was observed in the cheeses with
adjunct cultures, despite the presence of different homogeneous groups in the Tukey tests (HSD).
Cheese models with the addition of Lb. acidophilus 2499 were characterized by the best ACE-inhibitory
capability among all cheese variants both after 1 week and 3 weeks of ripening.
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After 5 weeks of storage, all analyzed cheese models were characterized by a high capability
for ACE inhibition, exceeding beyond 90%. Similar ACE inhibition was noted in the cheese models
with adjunct cultures of Lb. acidophilus 2499, Lb. rhamnosus 489, and Lb. casei 2639, however it
was considerably higher than in the control cheese models. The addition of strains from the genus
Lactobacillus to cheese models influenced the effectiveness of ACE inhibition because the tested strains
contributed to a higher ACE inhibition compared to that achieved in the control cheeses at the
end of ripening. The adjunct LAB strains also determined the proteolytic activity of the analyzed
cheese models after 5 weeks of their ripening. The lowest proteolytic activity was determined in the
cheese models with Lb. delbrueckii 490 and in the control models (Figure 2). A significantly higher
activity compared to control cheeses was assayed in the cheese models containing adjunct cultures
Lb. acidophilus 2499 and Lb. casei 2639 (ca. 0.460). In turn, the highest activity was determined in the
cheese models with the addition of Lb. rhamnosus 489, and it was 1.5-fold higher than that determined
in the control cheeses. Ong et al. [21] showed an increase in the content of inhibitors within the first
24 weeks of ripening of probiotic and control Cheddar cheeses, which remained at a similar level
within the 12 subsequent weeks.

The study results indicate that the proteolytic transformations occurring during cheese model
ripening are significantly influenced by the adjunct cultures which intensify casein hydrolysis by
releasing peptides responsible for ACE inhibition from its chains. Considering the proteolytic activity
of the analyzed LAB strains established in the cheese models by determining the number of free amine
groups, being a measure of the degree of proteolysis during ripening, its values were observed to
vary and increase throughout the ripening of cheese models depending on the adjunct LAB strain
used in cheesemaking. There were no statistically significant differences in the cheese models with the
addition of Lb. acidophilus 2499, Lb. rhamnosus 489, and Lb. casei 2639 cultures.

The IC5; values of the studied cheese models determined throughout the ripening period are
presented in Table 1. Immediately after cheesemaking, the lowest ICsy value (0.7 mg mL~!) was
determined in the cheese models with the addition of Lb. acidophilus 2499 and Lb. rhamnosus 489.
The addition of these two adjunct strains during cheesemaking had a significant effect on the produce
of ACE inhibitors. An inconsiderably higher ICsg value was determined in the cheese models with the
addition of Lb. delbrueckii 490 and Lb. casei 2639. In turn, the highest concentration of peptides needed
to obtain 50% inhibition of ACE activity was determined in the control cheese models (0.84 mg mL™!).
The lowest ICsg values were noted in the cheese models containing lactobacilli after 5 weeks of ripening.
The results above indicate that the lactobacilli produced ACE inhibitors from the beginning of the
ripening process. After 5 weeks of ripening, the lowest ICsy value among all cheese models with the
addition of LABs from the genus Lactobacillus was determined in those containing Lb. delbrueckii 490
(0.39 mg mL™!), and the highest value was determined in those with Lb. casei 2639 (0.47 mg mL™!)
(Table 1). ICs5p values were not significantly different between the control cheese model and the other
three models with the addition of Lb. acidophilus 2499, Lb. rhamnosus 489, and Lb. casei 2639. Therefore,
the low value of ICsg in the control cheese model may indicate a crucial role of the starter cultures in
the formation of peptides with antihypertensive properties during the ripening of the examined cheese
models. An increase in the ACE-inhibitory activity in cheeses containing various adjunct strains of
LAB was reported by Ong and Shah [22]. A comparative analysis of the ACE-inhibitory activity of the
same cheese models in our study revealed the ICs5y parameter to be a better indicator when comparing
enzyme inhibition effectiveness because it takes account of the concentration of peptides and dissolved
proteins in a sample.
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Table 1. IC5 values of ACE-inhibitory activity from control cheese models and with adjunct culture
(mg mL™1).

Cheese Model
C Lba 2499 Lbr 489 Lbd 490 Lbc 2639

1day 0.84+0.01d,D 0.71 +0.02ab, D 0.69 £0.03a, D 0.75+0.06 bc, D 0.75+0.02bc, D
1 week 0.69 +£0.05bc, C  0.67 £0.03 abc, C  0.65+0.02 ab, C 0.63 +0.06a,C 0.67 + 0.05 abc, C
3 weeks 0.59 + 0.06 ab, B 0.57 +0.03 ab, B 0.55+0.03a,B 0.55+0.06 a, B 0.57 £0.03a,B
5 weeks 0.49+0.05b, A 0.45+0.08ab, A 0.45+0.03 ab, A 039 +£0.02a, A 0.47 £ 0.02 ab, A

Mean values and standard deviations; a-d: means with different letters in line are significantly different (p < 0.05,
n = 6); A-D: means with different letters in column are significantly different (p < 0.05, n = 6).

The results of investigations reported in the literature point to vast differences in the ACE-inhibitory
activity among various cheese species and to the usability of in vitro studies in the identification of
cheese samples with a high ACE-inhibitory activity. The ability to identify the stage of cheese ripening
at which the concentration of bioactive peptides is the highest may help in establishing the point in the
ripening process when the cheeses exhibit the greatest health-promoting properties [23,24].

The literature data indicate that the presence of ACE inhibitors is affected to a greater extent by
the cheesemaking technology (including the heat treatment of milk) [10,25], starter culture and adjunct
LABs used [21,22,25], and ripening conditions (period and temperature) [1,9,26-28], than by cheese
species. The shelf-lives of the majority of the Dutch-type cheeses produced and consumed across
the globe are not long. The recommended minimal ripening period is 5 weeks or preferably even
shorter. For this reason, investigations of cheeses of this type but with a ripening period that is a few
or even a dozen times longer concern a relatively low number of cheeses available in retail. In our
study, the cheese models were analyzed for 5 weeks and these analyses demonstrated an increasing
activity of ACE inhibitors. This confirms that the Dutch-type cheeses should be ripened for the period
of 5 weeks at a minimum.

It is difficult to establish a close relationship between the ACE-inhibitory activity in vitro and the
hypotensive effect in vivo. This arouses some doubts concerning the use of the ACE-inhibitory activity
in vitro as the sole criterion in the identification of substances with a potentially hypotensive effect,
owing to the possibility of their physiological transformations in vivo [29]. This has been confirmed
in a study conducted by Bernabucci et al. [30], where the authors demonstrated that the in vitro
ACE-inhibitory activity of naturally-formed bioactive peptides in Parmigiano Reggiano (PR) and Grana
Padano (GP) cheeses caused no hypotensive effect in vivo. Hence, the in vitro ACE-inhibitory activity
cannot be used as the sole criterion in the evaluation of potentially hypotensive substances. Therefore,
itis necessary to examine the beneficial hypotensive properties of bioactive peptides in vivo considering
the possibility of their enzymatic degradation or diminished absorption under these conditions.

4. Conclusions

The use of adjunct strains from the genus Lactobacillus increased contents of peptide inhibitors
of ACE in the cheese models with their addition compared to the control cheeses. Contents of these
inhibitors were observed to increase throughout 5 weeks of ripening, hence their lower amount was
needed to induce 50% inhibition of ACE. Results of our study demonstrate that the adjunct strains used
in cheesemaking intensified the synthesis of peptides with hypotensive properties in vitro. However,
caution should be exercised regarding the obtained ACE-inhibitory activity in vitro and the speculated
hypotensive effect in vivo, given that the hypotensive properties of bioactive peptides need to be
confirmed under in vivo conditions.
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