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Abstract In vitro and in vivo studies have reported the 
potential cardioprotective effects of fermented milks (FM). 
The aim of the present study was to evaluate the inhibitory 
activities of angiotensin converting enzyme (ACE), throm-
bin enzyme (TI) and micellar solubility of cholesterol of FM 
after 24 and 48 h of fermentation with Limosilactobacil-
lus fermentum (J20, J23, J28 and J38), Lactiplantibacillus 
plantarum (J25) or Lactiplantibacillus pentosus (J34 and 
J37) exposed to simulated gastrointestinal digestion. Results 
showed that FM with J20 and J23 at 48 h of fermentation 
presented significantly (p < 0.05) higher degree of hydrolysis 
than other FM, and were not significantly different (p > 0.05) 
between them. Conversely, peptide relative abundance was 
significantly (p < 0.05) higher in FM with J20 than FM with 
J23. Moreover,  IC50 (protein concentration necessary to 
inhibit enzyme activity by 50%) for ACE inhibition were 
0.33 and 0.5 mg/mL for FM with J20 and J23, respectively. 
For TI inhibition, the  IC50 were 0.3 and 0.24 mg/mL for FM 
with J20 and J23, respectively. Results exhibited 51 and 74% 
inhibition of micellar solubility cholesterol for FM with J20 
and J23, respectively. Therefore, these results showed that 
not only peptide abundance, but also specific peptides might 
be responsible for these potential cardioprotective effects.
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Abbreviations
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enzyme activity by 50%
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OPA  O-Phthaldialdehyde
SGD  Simulated gastrointestinal digestion
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Introduction

Cardiovascular diseases (CVD) are defined as a group of 
disorders of the heart and blood vessels that represent a 
serious public health problem worldwide, since they are the 
leading cause of death (WHO 2022). There are several risk 
factors associated with the development of CVD, includ-
ing hypertension, hypercholesterolemia and thrombosis 
(Thomas and Lip 2017). Hypertension is a chronic degen-
erative disease in which blood pressure is persistently raised, 
with systolic blood pressure values above ≥ 130 mmHg and 
diastolic pressure ≥ 80 mmHg (Whelton et al. 2018). On the 
other hand, endothelial damage caused by hypertension and 
by the infiltration of low density lipoproteins and very low 
density lipoproteins due to hypercholesterolemia, promotes 
the development of an atherosclerotic plaque (Thomas and 
Lip 2017).

Thrombosis is commonly caused by platelet aggregation 
and/or abnormal blood clots in circulating blood. The devel-
opment of these blood clots occurs when the coagulation 
cascade is activated; in this process the thrombin enzyme 
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catalyzes the polymerization of fibrinogen to form fibrin. 
Moreover, thrombosis may further cause ischemia to the 
tissues and cells irrigated by the vessels. If the ischemia 
is prolonged, an irreversible cell injury occurs which may 
further affect other organs (Gaertner and Massberg 2016). 
Therefore, different pharmacological and non-pharmacologi-
cal treatments have been developed to reduce CVD and their 
risk factors (Arnett et al. 2019).

In this regard, it has been reported that some functional 
foods contain bioactive components that may have a protec-
tive role against different metabolic diseases (Asgary et al. 
2018). In particular, dairy products such as fermented milks 
(FM) and yogurts are a promising tool for the prevention 
and treatment of CVD (Companys et al. 2020; Bintsis and 
Papademas 2022). In this regard, regular consumption of 
yogurt (≥ 2 servings/week) along with a healthy diet was 
associated with a lower risk for developing CVD in hyper-
tensive subjects (Buendia et al. 2018). Similarly, Gao et al. 
(2020) reported that a daily intake of 200 g per day of yogurt 
was associated with 5 and 8% reduction of all-cause and 
CVD mortalities, respectively. Also, Zhang et al. (2020) 
concluded that yogurt consumption significantly reduced 
the risk of CVD by 22%.

Furthermore, in vitro and in vivo studies have reported 
the potential antihypertensive, hypocholesterolemic and 
antithrombotic effect of FM, since they have the ability to 
inhibit the angiotensin-converting enzyme (ACE) (Beltrán-
Barrientos et al. 2018), the thrombin enzyme and micel-
lar solubility of cholesterol (Rendon-Rosales et al. 2019). 
Therefore, there is a growing interest in the search for new 
strains of LAB for the production of functional dairy foods 
with cardioprotective effects (Beltrán-Barrientos et  al. 
2016). Therefore, the evaluation of native LAB from arti-
sanal dairy products may be promising due to their techno-
logical and functional capacities, which would allow them 
to compete with commercial bacteria (Beltrán-Barrientos 
et al. 2016).

In this regard, Heredia-Castro et al. (2015) isolated and 
characterized specific strains of the genus Limosilactobacil-
lus spp. and Lactiplantibacillus spp. from artisanal Mexi-
can Cocido cheese. Moreover, studies have also shown that 
FM with these strains may possess antimicrobial activity 
(Heredia-Castro et al. 2015), presented probiotic character-
istics and possessed potential immunomodulatory (Santiago-
López et al. 2018) and anti-inflammatory effects (Reyes-
Díaz et al. 2018).

On the other hand, it is important to consider that bioac-
tive peptides generated during milk fermentation, may be 
hydrolyzed by proteases during gastrointestinal digestion, 
and thus, their bioactivity may be affected (Toldrá et al. 
2018). Therefore, when studying the role of food derived 
bioactive compounds, it is crucial to evaluate whether after 
gastrointestinal digestion process, bioaccessibility and 

bioavailability may affect bioactivity. Mainly, bioaccessi-
bility is studied through in vitro gastrointestinal digestion 
studies, using gastrointestinal digestion simulations that 
partially but accurately mimic the complex physico-chem-
ical and physiological conditions simultaneously (Amigo 
and Hernández-Ledesma 2020).

Therefore, the aim of this study was to evaluate the 
inhibitory activity of ACE, thrombin enzyme and micellar 
solubility of cholesterol in FM with specific Limosilac-
tobacillus spp. and Lactiplantibacillus spp. strains, after 
being subjected to simulated gastrointestinal digestion 
(SGD).

Materials and methods

Substrates and chemicals

ACE (EC 3.4.15.1) from rabbit lung powder, human 
thrombin (EC: 3.4.21.5), cholesterol, α-amylase (EC: 
3.2.1.1), lysozyme (EC: 3.2.1.17), pancreatin (EC: 232-
468-9), pepsin (EC: 3.4.23.1), bile salts, bovine serum 
albumin (BSA), galactose, glucosamine, glucuronic acid, 
Hippuryl-L-histidyl-L-leucine, human fibrinogen, L-leu-
cine, mucin, O-Phthaldialdehyde reagent (OPA), cholest-
yramine, linoleic acid, phosphatidylcholine, sodium tau-
rocholate and trichloroacetic acid were purchased from 
Sigma-Aldrich Chemicals Co. (St. Louis, MO, USA). De 
Man, Rogosa and Sharpe Broth (MRS) BD were purchased 
from Difco™ (Le Pont de Claix, Francia). Cholesterol 
assay kit was purchased from RANDOX Laboratories 
(Crumlin, UK) and DC Lowry protein assay was purchased 
from Bio-Rad Laboratories (Hercules, CA, USA).

Bacterial strains and growth conditions

Bacterial strains were obtained from the culture collec-
tion of the Dairy Laboratory at Food Research and Devel-
opment Center, A.C. (CIAD, A.C., Hermosillo, Sonora, 
México). Limosilactobacillus fermentum (J20, J23, J28 
and J38), Lactiplantibacillus plantarum (J25), Lactiplan-
tibacillus pentosus (J34 and J37) were previously isolated 
from artisanal Mexican Cocido cheese (Heredia-Castro 
et al. 2015). Bacterial strains were grown in MRS broth 
through three consecutive cultures (1% v/v inoculum) and 
incubated at 37 °C for 24, 18, and 12 h (Santiago-López 
et al. 2018).
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Preparation of fermented milks

Nonfat dry milk was reconstituted (10% w/v) and subjected 
to a thermal treatment (110 °C, 10 min) (Beltrán-Barrientos 
et al. 2018); then, strains were subcultured (3% v/v) twice 
in milk and incubated for 24 h and 12 h at 37 °C to obtain 
fresh cultures for each strain (Santiago-López et al. 2018). 
Afterwards, pasteurized (80 °C, 30 min) nonfat reconstituted 
milk (10% w/v) was inoculated (3% v/v) with each of the 
fresh cultures and incubated at 37 °C for 24 and 48 h. The 
fermentation process was stopped by applying heat treatment 
(75 °C, 15 min), followed by cooling at 4 °C and stored at 
− 20 °C for further analysis. Unfermented milk as negative 
control was prepared as previously mentioned without LAB 
cultures.

Simulated gastrointestinal digestion model

FM were subjected to a simulated gastrointestinal digestion 
model as previously reported by Kopf-Bolanz et al. (2012), 
with some modifications. All the digestive fluids used were 
freshly prepared according to the concentrations previously 
described (Kopf-Bolanz et al. 2012), omitting the BSA and 
kept at physiological temperature (37 °C) prior to use. The 
digestion process consisted of three steps, simulating the 
mouth, the stomach and the small intestine. Water was used 
as a blank. First, 3 mL of samples (FM, unfermented milk 
or water) were mixed with 4 mL of artificial saliva solution 
incubated for 5 min (pH 6.8). Then, 8 mL of gastric juice 
was added adjusting the pH between 2 and 3 with HCl (1 M) 
and left to incubate for 2 h. Later, 8 mL of pancreatic juice 
and 4 mL of bile were simultaneously added to the mixtures 
adjusting the pH to 6.5-7 with NaOH (1 M) and incubated 
for 2 h. For the inhibition of micellar solubility of choles-
terol assay, bile juices were omitted. All mixtures during the 
digestion process were incubated at 37 °C in a shaker water 
bath with 55 rpm (Rendon-Rosales et al. 2019). Once the 
simulated digestive process was completed, aliquots of 0.5 
mL were taken to evaluate the degree of hydrolysis using the 
OPA method, as described below. Digested samples were 
centrifuged (4696 g, 4 °C, 45 min) and stored at − 20 °C for 
further analysis.

Determination of the degree of hydrolysis

The degree of hydrolysis of the fermentation and digestion 
process was evaluated by quantifying free-amino groups, 
with the OPA method (Church et  al. 1983). An aliquot 
(0.5 mL) of the digested and undigested samples (from 
fermented or unfermented milks) was added with 1 mL of 
trichloroacetic acid (TCA, 0.75 N) and 0.1 mL of bidestil-
lated water. The mixture was stirred for 1 min and rested for 

10 min. Subsequently, the mixtures were centrifuged (10,000 
xg, 4 °C, 45 min) (Thermo Scientific, Chelmsford, MA, 
USA) and the supernatant was collected and filtered with a 
0.22 μm filter (Millex Millipore, Billerica, MA, USA). The 
reaction was performed in a 96 Well Black/Clear Bottom 
Plate, where 10 µL of the samples were mixed with 200 
µL of the OPA reagent. The mixture was left to stand for 
2 min at room temperature in complete darkness. Fluores-
cence was recorded using a spectrophotometer (SpectraMax 
M3, Molecular devices, Sunnyvale, CA, USA) at an excita-
tion wavelength of 330 nm and emission of 436 nm. For the 
calculation of the degree of hydrolysis, a total hydrolysis 
sample of milk was prepared with HCl (6 M) (150 °C, 6 h) 
(Vázquez-Orttz et al. 1995). The hydrolysis percentage was 
calculated with the following equation:

Where h = hydrolysis of the sample; totalh = total 
hydrolysis.

Preparation of water‑soluble fraction (WSF)

Digested FM, unfermented milk and water (blank), were 
centrifuged (4696 g, 4 °C, 45 min) and supernatants were 
collected. Subsequently, the crude extracts were fraction-
ated using a stirred ultrafiltrator cell (Model 8050, Amicon, 
Bedford, MA, USA) with a molecular exclusion membrane 
(Ultracell 3  kDa, Millipore, Billerica, MA, USA). The 
WSF < 3 kDa were stored at − 20 °C until further analysis 
for inhibition of angiotensin converting enzyme and throm-
bin enzyme. For the inhibition of micellar solubility of cho-
lesterol assay the WSF < 3 kDa were stored at − 80 °C and 
lyophilized with a freeze-dryer (Labconco, Kansas City, 
MO, USA). Protein content in the WSF was determined 
with the DC protein assay (Bio-Rad Laboratories Hercules, 
CA, USA) using bovine serum albumin as a standard protein 
(0–2 mg/mL).

Peptide profiles by reversed‑phase HPLC

The peptide profiles of the < 3 kDa fraction of FM before 
and after digestion were analyzed by reversed-phase HPLC 
using a C18 Zorbax Eclipse AAA column (4.6  mm x 
150 mm, 3.5 μm particle size, Agilent Technologies, Santa 
Clara, CA, USA) by injecting 20 µL of each sample. The 
conditions were a flow rate of 0.75 mL/min, mobile phase 
D was milli-Q water and trifluoroacetic acid (1000:0.4 v/v) 
and mobile phase B was acetonitrile and trifluoroacetic acid 
(1000:0.3 v/v). The peptides were eluted with a linear gra-
dient of solvent B from 0.0 to 60% for 16 min, 60–95% for 
17 min, 95–100% for 18 min and 100–0.0% for 18.5 min. 

Hydrolysis (%) =
(

h

totalh

)

x100
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Peptide profiles were detected at 214 nm (Reyes-Díaz et al. 
2018).

ACE‑Inhibitory activity assay

The ACE inhibitory activity was determined following the 
Cushman and Cheung method (1971) with some modifica-
tions. Hippuryl-L-histidyl-L-leucine (substrate) (5 mM) was 
dissolved in 0.1 M sodium borate buffer (pH 8.3) contain-
ing 0.3 M NaCl. Samples were diluted in the sodium borate 
buffer solution adjusting the protein concentration to 1 mg/
mL, and ACE at 0.1 U/mL was used. The reaction was initi-
ated by the addition of 100 µL of the substrate dissolved in 
the assay buffer, 20 µL of ACE and 40 µL of samples and 
incubated for 35 min at 37 °C. Reaction was stopped by the 
addition of 250 µL of 1 M HCl. The hippuric acid resulting 
from the reaction was extracted by incorporating 1 mL of 
ethyl acetate by vigorous agitation for 30 s and centrifuged 
(1500 g, 10 min, 4 °C). Subsequently, 750 µL of the organic 
phase was extracted and evaporated (75 °C, 15 min). The 
sample was resuspended in 1 mL of Milli-Q water and the 
absorbance at 228 nm was recorded in a Nanodrop 2000c 
spectrophotometer (Thermo Scientific, USA). Angiotensin 
converting enzyme-inhibition was calculated with the fol-
lowing equation:

Where: A = positive control (substrate + enzyme + Milli-
Q water), B = test sample blank (substrate + Milli-Q 
water + sample), C = test sample (substrate + sam-
ple + enzyme), D = substrate blank (substrate + Milli-Q 
water).

Also, ACE inhibition was expressed as the  IC50, which 
is the peptide content (mg/mL) necessary to inhibit ACE 
activity by 50%. ACEI activity from the water blank was 
subtracted from the ACE inhibition of unfermented and FM.

Thrombin inhibitory activity assay

The antithrombotic activity in vitro was determined using 
the turbidimetric method based on the polymerization of 
fibrin by thrombin enzyme reported by Rendón-Rosales 
et  al. (2022), with some modifications. Samples were 
diluted in the buffer solution (50 mM TRIS-HCl, with 0.12 
mM NaCl, pH 7.2) adjusting the protein concentration to 
1 mg/mL. The microplate reader was adjusted to 37 °C. 
Then, 40 µL of sample or buffer solution and 140 µL of 
fibrinogen previously dissolved in the buffer (0.109% w/v) 
were added to the microplate wells. The microplate was 
stirred for 5 s and the mixture was incubated for 10 min; 
afterwards, the absorbance was recorded at 405 nm. To 

ACE inhibition (%) =

[

1 −
(C − B)

(A − D)

]

x 100

begin the fibrin polymerization reaction, 30 µL of throm-
bin (4.417 U/mL) was added to the mixture in each well. 
After 10 min of incubation, absorbances were recorded 
again. Thrombin inhibition was calculated with the fol-
lowing equation:

Where A = positive control (substrate + enzyme + buffer), 
B = negative control (substrate + buffer + buffer), C = test 
sample (substrate + enzyme + sample), and D = test sample 
blank (substrate + buffer + sample).

Thrombin inhibitory activity by samples was also 
expressed as the peptide content (mg/mL) necessary to 
inhibit thrombin activity by 50%  (IC50). Thrombin enzyme 
inhibition activity from the water blank was subtracted from 
the thrombin enzyme inhibition of unfermented and FM.

Inhibition of micellar solubility of cholesterol

For the hypocholesterolemic activity, the inhibition of 
micellar solubility of cholesterol as previously reported by 
Kirana et al. (2005) and Rendon-Rosales et al. (2019) was 
determined. To prepare the artificial micelles, cholesterol 
0.5 mM, phosphatidylcholine 2.4 mM and linoleic acid 1 
mM were dissolved in methanol and dried under a stream 
of nitrogen. Then, they were suspended in a 15 mM sodium 
phosphate buffer (pH 7.4) with 132 mM NaCl and 6.6 mM 
sodium taurocholate salt, sonicated for 20 min using an 
ultrasonic bath system (Aquasonic 50D, VWR Ultrasonic 
cleaner, San Jose, CA, USA) and incubated for 2 h at 37 °C. 
Afterwards, 25 mg of samples or cholestyramine were added 
to 500 µL of micellar solution; the mixture was sonicated for 
2 min and incubated for 2 h at 37 °C; subsequently, centri-
fuged (10,000 g, 10 min) and filtered with a 0.22 μm syringe 
filter. The remaining cholesterol content was quantified in 
a microplate well using a cholesterol assay from RANDOX 
Laboratories (Crumlin, UK). Inhibition of micellar solubil-
ity of cholesterol by cholestyramine was assigned a 100% 
value (Kahlon and Woodruff 2002) A patron cholesterol was 
used as a standard (0.04–2.61 mmol/L). The Inhibition of 
micellar solubility of cholesterol was calculated with the 
following equation:

 Where C0 represents the cholesterol content of the micelles 
and CS represents the cholesterol content remaining in the 
micelles with the samples.

Thrombin inhibition (%) =

[

[(A − B) − (C − D)]

A − B

]

x 100

Inhibition of micellar solubility of cholesterol (%)

=

[
(

C0−CS
)

C0

]

x 100
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Statistical analysis

Each experiment was carried out in duplicate and all tests 
were run in triplicates. A completely randomized design was 
made and the normality of the data was verified. A one-
way ANOVA was carried out and differences among means 
were compared with Tukey-Kramer test. A paired t-student 
test was performed to compare the differences between fer-
mentation times (24 and 48 h). For all statistical analysis, 
a 95% confidence was used. The analysis was performed 
using NCSS 2022 (Statistical Software 2002, NCSS, LLC. 
Kaysville, UT, USA).

Results and discussion

Degree of hydrolysis

The degree of hydrolysis was determined in FM with spe-
cific Limosilactobacillus spp. and Lactiplantibacillus spp. 
strains (Fig. 1), and results showed a range of 0.40–0.54% 
for 24 h of fermentation and 0.47–1.14% for 48 h of fermen-
tation. FM with J20, J23 and J25 at 24 h of fermentation pre-
sented a significantly higher (p < 0.05) degree of hydrolysis. 
Also, for the 48 h of fermentation, milk fermented with J20 
and J23, followed by J25 and J28, presented a significantly 
higher degree of hydrolysis (p < 0.05). Furthermore, FM 
at 48 h of fermentation presented a significantly (p < 0.05) 
higher degree of hydrolysis than 24 h of fermentation. These 
results indicated differences between fermentation times and 
the ability for each bacterium to hydrolyze milk proteins, 

which were strain-dependent. It has been widely reported 
that during the milk fermentation, the proteolytic system of 
LAB hydrolyzes milk proteins, since during bacterial growth 
proteases are released into the extracellular medium, lead-
ing to the breakdown of larger to smaller peptides; and thus, 
releasing new potential bioactive peptides (Lim et al. 2019).

On the other hand, the degree of hydrolysis of FM after 
simulated gastrointestinal digestion was within a range 
of 55–60%. In fact, these values were significantly higher 
(p < 0.05) than the digested unfermented milk, which pre-
sented a degree of hydrolysis of 50.34 ± 1.04%. These dif-
ferences may be attributed to pre-hydrolysis caused by LAB 
during fermentation (Lim et al. 2019). In fact, during the 
digestion of FM, the bioavailability of the peptides may be 
modified, due to the action of gastrointestinal proteases such 
as pepsin, trypsin and chymotrypsin. As a result, peptide 
concentration is generally increased; nevertheless, the afore-
mentioned may also affect the bioactivity of peptides (Tol-
drá et al. 2018). Thus, it is important to determine potential 
physiological effects after gastrointestinal digestion (Amigo 
and Hernández-Ledesma 2020).

Indeed, in vitro gastrointestinal digestion models have 
been used preferably over in vivo studies in order to over-
come significant ethical restrictions, besides their high cost 
and long duration. Thus, several in vitro gastrointestinal 
digestion models have been developed in order to evaluate 
peptide digestibility and bioactivity. Since static models are 
inexpensive, easy to use and do not require special equip-
ment, they are the most widespread used digestive systems 
(Amigo and Hernández-ledesma 2020). Thus, in this study, 
the in vitro static model of Kopf-Bolanz et al. (2012) vali-
dated for milk digestion was used in order to further evaluate 
potential fermented milk bioactivities.

Angiotensin converting enzyme inhibitory activity

ACE inhibitory activity of FM after being subjected to simu-
lated gastrointestinal digestion conditions are depicted in 
Fig. 2. All FM showed ACE inhibiotry activity in a range 
of 41–83% and 35–90% for 24 and 48 h of fermentation; 
respectively. Moreover, ACE inhibitions were significantly 
higher (p < 0.05) for FM with J20, J28 and J38 after 48 h of 
fermentation than the rest of the FM. Interestingly, although 
it is widely reported that higher degree of hydrolysis results 
in more peptide release, it does not necessarily indicate 
higher bioactivity. In this regard, FM with J23 and FM with 
J28 presented significantly (p  < 0.05) higher ACE inhibi-
tory activity at 24 h of fermentation than at 48 h of fer-
mentation. Thus, this may be due to the specific peptides 
released after fermentation and digestion. On the other hand, 
unfermented milk presented significantly (p < 0.05) lower 
ACE inhibition (21.62 ± 5.73%) than FM. Although unfer-
mented milk presented a high degree of hydrolysis (50%) 

Fig. 1  Degree of hydrolysis (%) of fermented milks (FM) by 
Limosilactobacillus spp. and Lactiplantibacillus spp. strains. Data 
are presented as means (n = 2) ± SD. Different letters indicate sig-
nificant differences (p < 0.05) between FM for 24  h (lowercase) or 
48 h (uppercase) of fermentation. *Represents differences (p < 0.05) 
between fermentation times for each FM.
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after gastrointestinal digestion, this result showed that the 
released peptides did not present the specific amino acid 
sequences needed to exhibit high ACE inhibition.

The  IC50 values for ACE inhibitory activity presented for 
FM (Table 1) were in a range of 0.27–0.95 mg/mL at 24 h of 
fermentation and 0.27–0.84 mg/mL at 48 h of fermentation. 
The lowest (p < 0.05)  IC50 values were obtained for FM with 
J20, J23, J28 and J38 at 24 h of fermentation and J20, J28 
and J38 at 48 h of fermentation. For FM with J38, the  IC50 
was inversely related to fermentation time. Contrary to this, 
FM with J23 presented an  IC50 value significantly (p < 0.05) 
higher at 48 h of fermentation. Overall, from all analyzed 
FM only these four FM (J20, J23, J28 and J38) presented 
potential antihypertensive activity since they required the 
least peptidic nitrogen to inhibit ACE by 50%.

Also, it has been widely reported that the peptide amino 
acid sequence plays an important role in the ACE inhibi-
tory activity. In this sense, peptides containing hydrophobic 
amino acids in the C-terminal such as proline, tyrosine and 
phenylalanine, and isoleucine and valine at the N-terminal 
have significant ACE inhibition (Shi et al. 2020). Indeed, 
several peptide sequences containing these amino acids 
were previously identified in FM with J28 (Reyes-Díaz 
et al. 2018). The structural and the chemical characteristics 
of food proteins and peptides released during food fermenta-
tion may influence the physiological properties of released 
peptides (Amigo and Hernández-ledesma 2020). Addition-
ally, after digestion new released sequences containing these 
specific amino acids may be providing these ACE inhibitory 
activities. In this regard, different gastrointestinal enzymes 
may present specificity at the site of digestion that will 
determine the type of peptides released. In this sense, pep-
sin hydrolyzes peptide bonds next to aromatic amino acids, 
such as phenylalanine, tryptophan and tyrosine. Moreover, 
trypsin hydrolyzes next to the basic amino acids, such as 
arginine and lysine (Amigo and Hernández-ledesma 2020).

Several in vitro studies have reported differences on the 
physicochemical properties of ACE among species, mainly 
because of the substrate used and the source of the enzyme 
(Mansurah et al. 2013). Although it has been reported that 
there is a limitation on extrapolating in vitro models using 
ACE from animals rather than humans (Balcells et al. 1997), 
ACE isolated from rabbit’s lung has shown to be reliable 
and reproducible during ACE inhibition analysis (Mansurah 
et al. 2013); thus, it was selected for the present study.

Thrombin enzyme inhibition

In this study, the antithrombotic potential of fermented 
milks with specific Limosilactobacillus spp. and Lacti-
plantibacillus spp. strains were evaluated by thrombin-
induced fibrin polymerization inhibition. FM with J20, 
J23, J28 and J38 at 24 and 48 h of fermentation showed 
thrombin enzyme inhibition (Fig. 3). In fact, FM with J28 
and J38 at 24 and 48 h fermentation presented significantly 
higher (p < 0.05) thrombin enzyme inhibition and were 

Fig. 2  Angiotensin-converting enzyme inhibitory (ACEI) activ-
ity (%) of fermented milks (FM) by specific Limosilactobacil-
lus spp. and Lactiplantibacillus spp. strains. Data are presented as 
means (n = 2) ± SD. Different letters indicate significant differences 
(p < 0.05) between FM for 24  h (lowercase) or 48  h (uppercase) of 
fermentation. *Represents differences (p < 0.05) between fermenta-
tion times for each FM.

Table 1  IC50 (mg/mL) values for angiotensin-converting enzyme 
(ACE) and thrombin enzyme inhibition inhibitory activities from fer-
mented milks with specific Limosilactobacillus spp. and Lactiplanti-
bacillus spp. strains at 24 or 48 h of fermentation

Data are presented as means (n = 2) ± SD. Different letters indicate 
significant differences (p < 0.05) between FM for 24 h (lowercase) or 
48 h (uppercase) of fermentation. *Represents differences (p < 0.05) 
between fermentation times for each fermented milk. ND  Not 
detected

ACE inhibitory activity Thrombin inhibitory activ-
ity

Fermented milks
Strains 24 h 48 h 24 h 48 h
J20 0.39 ± 0.03a 0.33 ± 0.06 A 0.98 ± 

0.10b,*
0.38 ± 0.07 A,*

J23 0.28 ± 
0.05a,*

0.54 ± 
0.03B,*

0.64 ± 
0.04ab,*

0.24 ± 0.01 A,*

J25 0.95 ± 
0.10 cd

0.78 ± 0.04 C ND ND

J28 0.27 ± 0.02a 0.29 ± 0.01 A 0.19 ± 0.03a 0.21 ± 0.00 A

J34 0.89 ± 0.03bc 0.84 ± 0.03 C ND ND
J37 0.72 ± 0.00b 0.72 ± 0.02 C ND ND
J38 0.38 ± 

0.01a,*
0.27 ± 

0.02 A,*
0.31 ± 0.00a 0.31 ± 0.07 A
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not significantly (p > 0.05) different between fermenta-
tion times and strains. Moreover, for unfermented milk 
9.59 ± 0.62% of inhibition was observed.

Table 1 shows  IC50 for thrombin enzyme inhibition 
of FM. Similarly, results showed that FM with J20, J23, 
J28 and J38 presented thrombin enzyme inhibitory activ-
ity, as well as ACE inhibitory activity. Interestingly, at 
48 h of fermentation  IC50 were not significantly (p > 0.05) 
different between FM with J20, J23, J28 and J38. The 
results obtained in the present study were similar to those 
reported by Rendon-Rosales et al. (2019), who evaluated 
the inhibition of thrombin-induced fibrin polymerization 
of fermented milks with specific strains of Lactococcus 
lactis spp. after being subjected to a simulated gastroin-
testinal digestion model. Authors reported  IC50 values 
within a range of 0.045–0.91 mg/mL and 0.049–0.98 mg/
mL at 24 and 48 h of fermentation; respectively. Peptides 
NAVPITPTLN, QEPVLGPVRGPFIIV, DVENLHLPLL 
and HIQKEDVPS obtained from fermented milks with 
Lactoccocus lactis NRRL B-50,572 have been reported 
to be efficient inhibitors of the thrombin enzyme. Spe-
cifically, sequences NA, PITPTL, QEPV, GPV, GPF, IIV, 
IQK, EDV, PS, DV, EN and PLP released after in silico 
digestion might be responsible for thrombin inhibition. 
Also, authors reported that negative charge and uncharged 
peptides with hydrophobic amino acids appeared to be 
associated with higher inhibition activity (Rendón-Rosales 
et al. 2022). Additionally, Ren et al. (2016) reported that 
peptides with negatively charged amino acids in the 

C-terminal and Lys in their sequence may possess high 
antithrombotic effect.

On the other hand, it has been reported that casein 
hydrolysates with trypsin have a thrombin enzyme inhibi-
tion of 45.47% at a concentration of 3.5 mg/mL (Tu et al. 
2017). Therefore, in the present study fermented milks 
with Limosilactobacillus spp. and Lactiplantibacillus spp. 
were more efficient to inhibit thrombin enzyme, since  IC50 
values were lower than those with hydrolyzed casein with 
trypsin. Also, peptides from other several food sources have 
shown antithrombotic activity at different concentrations, 
such as egg white (90 mg/mL) (Yang et al. 2007), rapeseed 
(30–40 mg/mL) (Zhang et al. 2008), amaranth (80 µg/mL) 
(Sabbione et al. 2015), Whitmania pigra (0.1 mg/mL) (Ren 
et al. 2016), blue mussel (Mytilus edulis) (5 mg/mL) (Qiao 
et al. 2018) and Tenebrio molitor larvae (8 mg/mL) (Chen 
et al. 2019). Nevertheless, these studies did not consider 
determining antithrombotic activity after simulated gastroin-
testinal digestion; thus, their potential effect may be affected 
(Toldrá et al. 2018).

Inhibition of micellar solubility of cholesterol

Cholesterol is an important molecule within the body and 
a component of cell membranes and precursor of different 
compounds, such as steroid hormones, bile salts and vita-
min D. However, the altered synthesis regulation, absorption 
and excretion of cholesterol leads to hypercholesterolemia. 
The micellar solubilization is an indispensable mechanism 
for cholesterol absorption throughout the intestinal mucosal 
barrier. Therefore, various hypocholesterolemic treatments 
focus on the inhibition of micellar solubility of cholesterol 
(Ko et al. 2020).

In the present study, the inhibition of micellar solubility 
of cholesterol for FM after being subjected to a simulated 
gastrointestinal digestion was evaluated (Fig. 4). Cholesty-
ramine inhibition percentages from FM were in the range 
of 29–55% and 51–74% at 24 and 48 h of fermentation; 
respectively. Significant differences (p < 0.05) for inhibition 
of micellar solubility of cholesterol were observed between 
fermentation times for FM with J23, J25 and J34. In addi-
tion, the highest (p < 0.05) inhibition was obtained for FM 
with the strain J20 at 24 h of fermentation. As for the FM at 
48 h of fermentation, J23, followed by J25 presented signifi-
cantly higher (p < 0.05) inhibition activity.

Some food protein-derived peptides have various choles-
terol-lowering mechanisms, including the disruption of cho-
lesterol micelles in the gastrointestinal tract. In this sense, 
hypocholesterolemic peptides such as VLPVPQ, VAPFPE, 
TDVEN and LQPE obtained from milk casein hydrolyzed 
with neutrase presented hydrophobic or amphipathic prop-
erties (Jiang et al. 2020). Moreover, peptide IAEKK, has 
been reported with hypocholesterolemic effect (Nagaoka 

Fig. 3  Thrombin enzyme inhibition (%) of fermented milks (FM) by 
specific Limosilactobacillus spp. and Lactiplantibacillus spp. strains. 
Data are presented as means (n = 2) ± SD. Different letters indicate 
significant differences (p < 0.05) between FM for 24 h (lowercase) or 
48 h (uppercase) of fermentation. *Represents differences (p < 0.05) 
between fermentation times for each FM. ND: Not detected
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et al. 2001). Interestingly, a previous study reported the pres-
ence of AIAEKKA peptide in FM with J28 before simulated 
gastrointestinal digestion (Reyes-Díaz et al. 2018), which 
presents IAEKK in its sequence. Nevertheless, in this study, 
FM with J28 did not present inhibition of micellar solubil-
ity of cholesterol. Therefore, this fact also highlights the 
importance of determining in vitro peptide bioactivity after 
simulated gastrointestinal digestion.

On the other hand, other peptide food sources have also 
shown inhibition of micellar solubility of cholesterol, such 
as soybean (81.3%) (Zhong et al. 2007), freshwater clam 
meat (18.5%) (Lin et al. 2010, 2017), chickpea (50%) (Yust 
et al. 2012) and fermented sea bass byproduct (42.1%) (Chen 
et al. 2021); among others. Interestingly, Lin et al. (2010) 
reported that peptidic digestion significantly decreased (0.7 
times) inhibition of micellar solubility of cholesterol and 
was attributed to the generation of new specific peptides. 
Additionally, Chen et al. (2021) observed a decrease of 
inhibition of micellar solubility of cholesterol from 88.4 to 
42.1%. Hence, the importance of determining the stability of 
potential bioactive peptides after simulated gastrointestinal 
digestion.

Peptide profiles of fermented milks before and after 
simulated gastrointestinal digestion

Since fermented milks with Limosilactobacillus fermentum 
J20 and J23 at 48 h of fermentation were those that presented 
inhibition of ACE, thrombin and micellar solubility of cho-
lesterol, we analyzed the chromatographic peptide profile 

of these fermented milks before and after SGD (Fig. 5). 
The peptide profile of FM with J20 at 48 h of fermenta-
tion showed a total area of 32,639.55 mAU. Moreover, after 
being subjected to SGD the total area significantly (p < 0.05) 
increased to 185,907.5 mAU. On the other hand, for FM 
with J23 at 48 h of fermentation, the peptide profile showed 
a total area of 22,092.2 mAU. Then, after being subjected 
to SGD, the total area significantly (p < 0.05) increased to 
98,095.8 mAU. Interestingly, although the degree of hydrol-
ysis was not significantly (p > 0.05) different between FM 
with J20 and FM with J23, results showed that FM with J20 
presented more peptide abundance than FM with J23.

In general, it has been reported that more peptide abun-
dance is related to a greater bioactivity (Peredo-Lovillo et al. 
2022). In this sense, ACE inhibition for FM with J20 was 
significantly higher (p < 0.05) than that for FM with J23. 
Contrary to this, thrombin enzyme and micellar cholesterol 
inhibitions were significantly (p < 0.05) higher for FM with 
J23 than that for FM with J20. Thus, these results showed 
that not only peptide abundance but also specific peptides 
released might be responsible for these effects (Peredo-
Lovillo et al. 2022).

In this regard, the peptide profile after digestion showed a 
greater abundance of peptides in both fermented milks. Sev-
eral studies have reported that molecular interaction between 
ACE and inhibitory peptides are related to their amino acids 
sequence. ACE-inhibitory peptides generally have hydro-
phobic amino acids such proline, isoleucine and leucine; as 
well as positively charged amino acids such as lysine and 
arginine; and aromatic or cyclic amino acid residues such 
as tryptophan, tyrosine and proline at the C-terminal (Fan 
et al. 2019). These peptides interact in the catalytic site of 
the ACE in the presence of the cofactor Zn of the enzyme 
through hydrogen bonds and hydrophobic interactions (Pina 
and Roque 2009).

To date, only few studies have described the mechanism 
by which peptides may inhibit the thrombin enzyme. Stud-
ies with molecular docking suggest that these peptides may 
interact with the active site of the enzyme and at exosite 
I through hydrogen bonding, hydrophobic interactions and 
van der Waals forces (Tu et al. 2017; Chen and Huang 2020). 
Specifically, thrombin-inhibitory peptides have amino acids 
negatively charged in their sequence, these might interact 
with the positively charged thrombin residues at the active 
site or exosite of the enzyme (Ren et al. 2016; Feng et al. 
2018; Chen and Huang 2020). Therefore, thrombin-inhibi-
tory peptides require negatively charged amino acids, such 
as aspartic and glutamic acids, and also hydrophobic amino 
acids such as proline, valine and leucine in their sequence 
(Rendón-Rosales et al. 2022).

Hypocholesterolemic peptides have mainly hydropho-
bic or amphipathic properties which allows them to disrupt 
the formation of cholesterol micelles. These peptides due 

Fig. 4  Inhibition of micellar solubility of cholesterol (%) of fer-
mented milks (FM) by specific Limosilactobacillus spp. and Lacti-
plantibacillus spp. strains. Data are presented as means (n = 2) ± SD. 
Different letters indicate significant differences (p < 0.05) between 
FM for 24 h (lowercase) or 48 h (uppercase) of fermentation. *Repre-
sents differences (p < 0.05) between fermentation times for each FM. 
ND: Not detected
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Fig. 5  Chromatographic peptide profiles of fermented milks with Limosilactobacillus fermentum J20 (a) and J23 (b) at 48 h of fermentation, 
before and after simulated gastrointestinal digestion (SGD) obtained by RP-HPLC.
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to their hydrophobic properties may compete with choles-
terol by the incorporation in micelles and may also interact 
with bile salts making them unavailable for their solubili-
zation (Howard and Udenigwe 2013). Also, studies have 
reported that some hydrophilic peptides with asparagine, 
glutamic acid, glutamine, aspartic acid and threonine in 
their sequence were able to bind with salts and disintegrate 
cholesterol micelles (Lapphanichayakool and Sutheerawat-
tananonda 2017; Jiang et al. 2020).

Additionally, it is noteworthy to mention that recent 
reports have suggested that specific food groups may regu-
late the pathogenesis of infectious diseases, such as SARS-
CoV-2. In this regard, negative correlations were observed 
between symptom severity of positive tested COVID-19 
patients and the intake of milk and milk products (Salazar-
Robles et al. 2021). In fact, in European countries where 
fermented food products with high ACE inhibitory activity 
were consumed, a reduced COVID-19 severity was reported 
(Avery 2021).

Conclusion

From all fermented milks evaluated in the present study, 
those with Limosilactobacillus J20 and J23 that were the 
most proteolytic strains, presented angiotensin converting 
enzyme, thrombin enzyme and micellar solubility of choles-
terol inhibitory activities. Nevertheless, inhibitory activities 
were not necessarily related to peptide abundance, but rather 
may be associated with specific peptides. Overall, fermented 
milks with Limosilactobacillus J20 and J23 presented poten-
tial cardioprotective effects. However, in vivo studies are 
necessary in order to determine these beneficial effects.
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