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Abstract
This study aimed to determine the ageing-time dependent changes of the angiotensin I-converting enzyme (ACE)-inhibition 
of protein extracts obtained from LAB-inoculated dry-cured pork loins over 360 days of ageing and their hydrolysates 
obtained after in vitro hydrolysis and absorption. The increasing ageing time was accompanied by a growth in the ACE 
inhibitory activity of the water-soluble and salt-soluble protein extracts. Based on the hierarchical cluster analysis, 180 days 
was indicated as the optimal time for ageing of dry-cured pork loins in terms of ACE inhibition. The effect of the strain used 
on the ACE inhibition varied over long-term aging. The peptides generated during in vitro hydrolysis have between 6 and 
22 amino acids in a sequence; the Pro, Ala, Lys, and Glu molecules comprise the largest share. This study demonstrated that 
pork muscle proteins may lead to production of numerous peptides with ACE inhibitory properties.
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Introduction

Hypertension (HT) or high blood pressure (HBP), defined 
as the long-term elevation of blood pressure (BP) over 
140/90 mmHg (systolic/diastolic), is a leading cause of 
cardiovascular mortality as identified by the World Health 
Organization (Chockalingam 2008). In a healthy human 
being, the renin–angiotensin–aldosterone system (RAAS) 
in plasma is primarily responsible for maintaining normal 
blood pressure. Its stimulation by low blood pressure or 
nerve impulses (e.g., in stressful situations) causes the kid-
neys to release the enzyme renin. The release of renin into 
the bloodstream results in the cleavage of angiotensin I from 
angiotensinogen (prohormone), which in turn is converted 
into the angiotensin II (vasoconstrictor) by ACE. ACE is a 
dipeptidyl carboxypeptidase (EC 3.4.15.1), which catalyzes 
the conversion of angiotensin I (decapeptide) to angiotensin 

II (octapeptide) via the cleavage of the C-terminal dipeptide 
His-Leu. The other function of ACE is catalyzing bradykinin 
(a known vasodilator) degradation (Gallego et al. 2017; Wu 
et al. 2017).

One of the approaches used in medicine to lower BP 
in HT is to interrupt the action of ACE by ACE inhibitors 
(Iwaniak et al. 2014). Numerous synthetic ACE inhibitors 
are commercially available; however, nutritionists claim that 
the ACE inhibitory peptides obtained in food are promising 
supportive agents in the therapy when combined with drugs 
and can be used to treat and prevent HT. Regardless of lower 
ACE inhibitory activity in vitro, ACE inhibitory peptides 
do not have any harmful side effects, such as angioedema 
and dry cough, which are usually associated with synthetic 
ACE inhibitory drugs (Hong et al. 2008; Vermeirssen et al. 
2004). ACE inhibitors are the most frequently studied food 
peptides. These peptides are known to act on humans and 
spontaneously hypertensive rats (SHR) and have been found 
in fish, eggs, milk, and plants (Iwaniak et al. 2014). How-
ever, minimal information exists on ACE inhibitory peptides 
obtained from meat. Arihara et al. (2001) first identified two 
ACE-inhibitory pentapeptides (MNPPK and ITTNP), named 
myopentapeptides (A and B), corresponding to position 
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79–83 and 306–310 on the myosin heavy chain, respectively; 
both peptides were derived from porcine skeletal muscle pro-
teins. Antihypertensive activity of these myopentapeptides 
in SHR were demonstrated in in vivo studies by Nakashima 
et al. (2002). Katayama et al. (2007) generated ACE inhibi-
tory octapeptide (VKKVLGNP) by enabling digestion of 
the crude myosin light chain with pepsin. Another myosin-
derived peptide was identified by Muguruma et al. (2009) in 
a pepsin hydrolysate of porcine myosin B.

Our in silico analysis have also shown that porcine myofi-
brillar proteins offer considerable potential as a novel source 
of bioactive peptides that are ACE inhibitors (Kęska and 
Stadnik 2016). Proteolytic degradation of meat proteins is 
an important process that occurs during the processing of 
meat into cured ham or fermented sausages. In these prod-
ucts, ACE inhibitory peptides are released due to the action 
of endogenous muscle peptidases (Arihara 2006). Use of 
the term ACE inhibitor or antihypertensive peptide must be 
preceded by a study confirming the in vitro and/or in vivo 
activity of the peptide (Iwaniak et al. 2014). Scientists dem-
onstrated that ACE inhibitory peptides derived from Spanish 
dry cured ham were highly stable against simulated in vitro 
digestion with gastrointestinal proteases (Escudero et al. 
2014). The in vivo antihypertensive activity of the dry-
cured ham peptide AAATP has also been documented in 
animal hypertension models as it could effectively reduce 
decreased systolic blood pressure in SHR (Escudero et al. 
2013). Dry-cured meat products as a natural source of anti-
hypertensive peptides are particularly interesting because 
these peptides could counteract the adverse action of the 
product’s NaCl content, which maintains a satisfactory 
BP (Stadnik and Kęska 2015). In addition to the action of 
endogenous muscle peptidases, the proteolytic system of 
applied starter cultures, mainly lactic acid bacteria (LAB), 
also participate in the generation of bioactive peptides from 
meat proteins (Mora et al. 2013; Pessione and Cirrincione 
2016). Recent studies that included the use of LAB strains 
that have probiotic properties, such as Bifidobacterium ani-
malis spp. lactis BB12, Lactobacillus rhamnosus LOCK900, 
and a potentially probiotic strain Lactobacillus acidophilus 
Bauer Ł0938 have demonstrated that apart from the health 
benefits resulting from its probiotic character, the gastroin-
testinal hydrolysis of LAB-inoculated dry-cured pork loins 
may yield several peptides with antiradical properties (Kęska 
and Stadnik 2018). However, to the best of our knowledge, 
no study has been focused on the ACE inhibitory activity 
of peptides obtained from LAB-inoculated dry-cured pork 
loins. Moreover, little information is available on the stabil-
ity of the ACE inhibitory activity under varied time and 
hydrolysis conditions.

The objective of this study was to evaluate the stabil-
ity of ACE inhibitory activity of protein extracts obtained 
from LAB-inoculated dry-cured pork loins over 360 days of 

ageing and the hydrolysates obtained after in vitro hydrolysis 
and absorption.

Materials and Methods

Preparation of Dry‑Cured Loins

The experimental materials comprised 12 samples of m. 
longissimus thoracis collected at 24 h post mortem from 
half carcasses of Polish White Large fatteners that had a 
live weight of 120–130 kg. At 48 h post-mortem, all the 
samples were cured with a mixture of 9.7 g curing salt, 0.3 g 
of  NaNO3 per kg, and 20 g sea salt. Then, the samples were 
maintained at 4 °C for 24 h to allow diffusion of the curing 
salt. After curing, samples were randomly divided into four 
experimental groups, with three samples per group. One of 
the groups (C) was not treated further, while the three other 
groups were each inoculated with L. rhamnosus LOCK900 
(LOCK), L. acidophilus Bauer Ł0938 (BAUER), and B. ani-
malis ssp. lactis BB-12 (BB12), respectively; an initial level 
of  106–107 CFU/g of meat was aimed at. Two of the strains: 
L. rhamnosus LOCK900 (Patent claim No. P-382760) from 
the Technical University of Łódź (Poland) and B. animalis 
subsp. lactis BB12 from the Christian Hansen collection 
(strain deposit number: DSM15954) fulfilled the required 
criteria for probiotic strains. The potentially probiotic strain 
L. acidophilus Bauer Ł0938 was obtained from the Techni-
cal University of Łódź (Poland). The inocula were prepared 
according to the procedure previously described by Wój-
ciak et al. (2012) at the Department of Food Hygiene and 
Quality Management (Warsaw University of Life Sciences-
SGGW, Warsaw, Poland). After this, the loins were hung in 
a disinfected laboratory ageing chamber at a temperature of 
16 ± 1 °C and a relative humidity of 75–80% for 14 days. 
The, the loin pieces were vacuum-packed in PA/PE (80 µm 
thick) bags (Wispak, Lublin, Poland) and aged at 4 ± 1 °C 
for 12 months. We performed three independent experimen-
tal trials. After 90, 180, 270, and 360 days of ageing, sam-
ples were collected for analyses. At each sampling, meat 
proteins were extracted using the method of Molina and 
Toldra (1992), with the modifications suggested by Fadda 
et al. (1999), to obtain water-soluble (WSF) and salt-solu-
ble (SSF) fractions. The protein concentration of both frac-
tions was obtained using the Biuret method (Gornall et al. 
1949) using Liquick Cor-TOTAL PROTEIN 60 kit (Cormay 
Group, Łomianki, Poland).

Simulated Gastrointestinal Hydrolysis 
and Absorption

WSF and SSF were subjected to in vitro hydrolysis using 
pepsin and pancreatin according to Escudero et al. (2014). 
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First, as a gastric hydrolysis phase, the protein fractions were 
adjusted to a pH of 2.0 with 1 M HCl. A 6 M HCl (pH 
2.0) pepsin solution was added to protein fractions at ratio 
of 1:100, enzyme to substrate. The hydrolysis process was 
performed for 2 h at 37 °C in darkness and with continuous 
stirring, after which the solution was neutralized to pH 7.0 
with 1 M NaOH to enable enzyme inactivation. Next, pan-
creatin was added at a ratio of 1:50, enzyme to substrate, for 
simulated intestinal hydrolysis (intestinal hydrolysis steps; at 
37 °C for 3 h in darkness with continuous stirring). Incuba-
tion was carried out for 3 h at 37 °C in the dark with continu-
ous stirring. The enzyme was inactivated through heating at 
95 °C for 10 min. Then, hydrolysates were dialyzed by using 
membrane tubes (7 kDa molecular weight cut-off, Spectra/
Por®) against phosphate buffered saline (PBS; pH 7.4; 1:4, 
v/v) for 1 h at 37 °C without light as a simulated absorption 
step. The products of protein degradation were determined 
after each gastrointestinal hydrolysis and absorption step by 
measuring the contents of the primary amino groups (–NH2) 
via the trinitrobenzene sulfonic acid (TNBS) method (Adler-
Nissen 1979). The degradation products were expressed as 
mg/mL of l-leucine amino equivalent, based on the curve 
of calibration.

Determining ACE Inhibitory Activity

ACE inhibitory activity was evaluated with 5 mM of hip-
puryl-l-histidyl-l-leucine (HHL) as a substrate, using the 
spectrophotometric method described by Nasri et al. (2013). 
This method involves calculating the quantity of hippuric 
acid (HA) released from HHL during incubation with ACE 
in the presence or absence of the sample. A volume of 80 µL 
of sample (1 mg/mL) was added to 200 µL of 5 mM HHL, 
and then preincubated at 37 °C for 3 min. HHL was prepared 
in 100 mM potassium phosphate buffer (pH 8.3), contain-
ing 300 mM NaCl. The reaction was then initiated by add-
ing 20 µL of 0.1 U/mL ACE obtained from rabbit lung and 
prepared in the same buffer. The incubation was carried out 
at 37 °C for 30 min with continuous agitation. The enzy-
matic reaction was halted by adding 250 µL of 1 M HCl. 
The released hippuric acid (HA) was extracted with ethyl 
acetate (1.7 mL) and then evaporated for 10 min at 95 °C. 
The residue was dissolved in 1 mL of distilled water, after 
which absorbance was determined spectrophotometrically 
at 228 nm with buffer as blank.

Angiotensin I-converting enzyme inhibitory activity was 
calculated using the following equation:

where A1 is the sample’s absorbance with ACE and inhibi-
tor; A2 is the sample’s absorbance with inhibitor and without 

ACE inhibition (%) =

[

1 −
(A1 − A2)

A3

]

× 100,

ACE; finally, A3 is the sample’s absorbance with ACE and 
without inhibitor. All assays were performed in triplicate.

Peptide Identification in Final Hydrolysates

Hydrolysates obtained after simulated gastrointestinal 
hydrolysis and absorption were concentrated in the evapo-
rator and dissolved in 2 mL of 0.01 M HCl prior to chroma-
tographic analysis by LC–MS/MS (liquid chromatography 
coupled to tandem mass spectrometry) using nanoAC-
QUITY (Waters) LC system and Orbitrap Velos mass spec-
trometer (Thermo Electron Corp., San Jose, CA, USA). 
The peptide mixture was applied to a nano-HPLC RP-C18 
column (nanoACQUITY BEH C18 Waters 186003545) 
using an acetonitrile gradient (0–35% AcN over 180 min, 
in the presence of 0.05% formic acid with the flow rate of 
250 nL/min). The data was processed with Mascot Distiller 
(http://www.matri xscie nce.com/disti ller.html), followed 
by Mascot search engine (Mascot Daemon v. 2.4.0, Mas-
cot Server v.2.4.1). (Matrix Science, London, UK); then, it 
was compared to the UniProt Knowledgebase (http://www.
unipr ot.org; access December 2017) (UniProt 2017). The 
search parameters used for precursor ions and mass tolerance 
products were 10 ppm and 0.1 Da. The peptide sequences, 
acquired through liquid chromatography–tandem mass 
spectrometry analyses of hydrolysates, were analyzed using 
the in silico approach with tools from the BIOPEP-UWM 
database (http://www.uwm.edu.pl/bioch emia/index .php/pl/
biope p; access December 2017), i.e. “Profiles of potential 
biological activity” to distinguish the fragments with ACE 
inhibitory properties and “Calculations” to determine the 
frequency occurrence of bioactive fragments in a protein 
sequence (A parameter) (Minkiewicz et al. 2008).

Statistical Analysis

The data were analyzed using the two-way ANOVA analysis 
to test the effect of inoculation and ageing time using SAS 
statistical software. Tukey’s post hoc test was used to com-
pare mean values. The differences were considered to be 
statistically significant at p < 0.05. For hierarchical cluster 
analysis (HCA), Ward’s method was conducted.

Results and Discussion

The significance levels of the experimental factors, as found 
using the ANOVA analysis, are shown in Table 1. Treat-
ment (inoculation) and ageing time as well as the interac-
tions between factors demonstrated a significant effect on 
ACE inhibitory activity of WSF and SSF protein fractions 
of the dry-cured loins before and after each step of simulated 
gastrointestinal processes of hydrolysis and absorption.

http://www.matrixscience.com/distiller.html
http://www.uniprot.org
http://www.uniprot.org
http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
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Assessment of ACE Inhibitory Activity After 
Simulated Gastrointestinal Hydrolysis 
and Absorption

Meat proteins contain several regions within their primary 
structures where latent biological activities are encrypted. 
This specific peptide sequence can be released through pro-
teolytic degradation during long-term ageing or hydrolysis 
by gastrointestinal enzymes during meat consumption (Stad-
nik and Kęska 2015). Some peptides, i.e. AAPLAP  (IC50 
value of 14.38 µM) and KPVAAP  (IC50 value of 12.37 µM), 
obtained from dry cured ham, are identified as potent ACE 
inhibitors (Escudero et al. 2013, 2014). Moreover, Escudero 
et al. (2014) have reported that ACE inhibition of peptides 
obtained from dry cured ham persists even after in vitro 
hydrolysis with gastric proteases. In addition, AAATP pep-
tide with  IC50 value of 100 µM from dry-cured ham was 
found to show strong in vivo antihypertensive activity in the 
SHR model (Escudero et al. 2013).

In this study, the potential of ACE inhibitory activity 
of protein breakdown products of WSF and SSF protein 
extracts from LAB-inoculated dry-cured pork loins and their 
hydrolysates after simulated gastrointestinal hydrolysis with 
pepsin and pancreatin was assessed at different ageing times. 
As shown in Tables 2 and 3, the increasing ageing time was 
coupled with an increase of ACE inhibitory activity of 
WSF and SSF protein extracts. Regarding WSF (Table 2), 
after 90 days of ageing, the highest ACE inhibitory activity 
(p < 0.05) was observed in the BB12 sample (44.40%). At 

the next sampling point, the highest inhibitory effect was 
achieved for loins with BAUER. Samples with both the 
strains had statistically significantly higher ACE inhibi-
tory properties (%) compared to C and LOCK (p < 0.05) at 
270 days. At the end of the ageing process, the ACE inhibi-
tory activity of the C was highest among the samples, which 
was followed by activity of the LOCK and BB12 samples. 
Finally, activity of the sample containing L. acidophilus 
Bauer Ł0938 was the least. The ACE inhibitory activity of 
the loins without LAB might be a result of the degradation 
products generated by endogenous proteases; this was previ-
ously described by Sentandreu et al. (2002). As far as SSF 
is concerned (Table 3), the highest ACE inhibitory effects 
were observed in loins with BAUER, after ageing for 90 
and 180 days (42.67% and 65.02%, respectively) and C in 
360 days (66.29%). There were no statistically significant 
differences between the samples after 270 days of ageing 
(p > 0.05). Takeda et al. (2017) also reported that the ACE 
inhibitory activity of products fermented with LAB was 
higher than the activity in those fermented without LAB.

In previous studies, ACE inhibitory peptides, such as 
KRQKYD and EKERERQ or KRVITY, were isolated from 
pork proteins digested with pepsin (Katayama et al. 2008; 
Muguruma et al. 2009). To verify if active peptides can be 
efficiently produced by hydrolysis in the gastrointestinal 
tract, the protein extracts obtained from LAB-inoculated 
dry-cured pork loins were subjected to two-stage hydrolysis 
by pepsin and pancreatin under simulated physiological con-
ditions. After in vitro hydrolysis, the hydrolysates obtained 
showed strong ACE inhibitory activity (Tables 2, 3). How-
ever, the trend of changes at individual hydrolysis stages 
was ambiguous. In most cases, the increase the hydrolysates’ 
ACE inhibitory activity was observed after gastric hydroly-
sis (pH 2 at 37 °C for 2 h) when compared to the undigested 
protein extracts. This result is not surprising, because pepsin 
is a non-specific enzyme with high activity, generating a 
large number of shorter sequences from the protein chain. 
This may lead to new peptides that have ACE inhibitory 
activity being generated with greater exposure of hydropho-
bic residues after pepsin treatment (Zuo et al. 2017). For 
WSF, the highest ACE inhibitory activity was achieved after 
180 days of aging (except LOCK), caused by hydrolytic deg-
radation of proteins through the action of pepsin (Table 2). 
Concerning SSF (Table 3), the pepsin hydrolysates had the 
maximum value of ACE inhibition after 360 days (except 
LOCK). During this period significantly highest (p < 0.05) 
value of biological activity was obtained for the BAUER 
sample (81.98%). Subsequent pancreatin hydrolysis reduced 
the ACE inhibitory activity of WSF (Table 2). This was 
likely to occur due to the hydrolysis of ACE inhibitory pep-
tides into less active peptide fragments or free amino acids, 
after pancreatin hydrolysis. Since ACE inhibitory activ-
ity is measured based on the total protein material in each 

Table 1  Significance levels showed by the experimental factors and 
their interactions for the ACE inhibitory activity of dry-cured loins 
after simulated gastrointestinal hydrolysis and absorption

ns nonsignificant
*p < 0.05, **p < 0.01

Factor ACE inhibitory activity (%)

Before 
hydroly-
sis

After pepsin 
hydrolysis

After pepsin/
pancreatin 
hydrolysis

After 
simulated 
absorp-
tion

WSF
 Treatment 

(T)
* ** ** **

 Ageing time 
(S)

** ** ** **

 TxS ** ** ** **
SSF
 Treatment 

(T)
ns ** ** **

 Ageing time 
(S)

** ** ** **

 TxS ** ** ** **
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fraction, decrease in activity after pancreatin hydrolysis may 
be caused by new peptides formation without significant 
ACE inhibitory activity. Samaranayaka et al. (2010) reported 
that the ACE inhibitory activity of fish protein hydrolysate 
decreased after hydrolysis by pepsin and pancreatic enzyme. 
Wu and Ding (2002) reported that ACE inhibitory activ-
ity of soy protein hydrolysates decreased  (IC50 increased 
from 0.065 to 0.073 mg/mL) after pepsin-pancreatin in vitro 
hydrolysis. This observation was also made by others (Jao 
et al. 2012; Miguel et al. 2006; Norris and FitzGerald 2013; 
Samaranayaka et al. 2010; Tavares et al. 2011; Toopcham 
et al. 2017). However, as Zuo et al. (2017) reported, ACE 
inhibition of peptides extracted from dry-cured Jinhua ham 
increased by 4.01% after pepsin treatment; subsequently, 
they remained constant after trypsin hydrolysis.

On the other hand, the results obtained for SSF indicate 
the relative stability of ACE inhibitory activity of protein 
breakdown products despite further intestinal (pancreatin) 
hydrolysis (Table 3). Samples aged for 180 days showed an 
increase in ACE inhibitory activity (for C of 50%, and for 
BAUER of 22%) after pancreatic hydrolysis, which indi-
cated that intestinal enzymes may be beneficial to release 
more active peptides responsible for ACE inhibition in this 
samples. Moreover, it appears that the hydrolysates obtained 
from samples inoculated with probiotic strains of LAB result 

in better stability of the ACE activity of SSF, when consider-
ing the intact extracts versus products derived as a result of 
in vitro gastrointestinal hydrolysis and absorption after 180, 
270, and 360 days of ageing (Table 3).

To exert antihypertensive activity in vivo, ACE inhibi-
tory peptides must be resistant to gastrointestinal degrada-
tion as well as be absorbed into the bloodstream completely 
intact. The most interesting are the small ACE inhibitory 
peptides (2–6 amino acids), because they are most likely 
absorbed into the bloodstream (Yamamoto 1997). To iden-
tify small peptides exhibiting the potential effect of ACE 
inhibition, WSF and SSF hydrolysates were suitably filtered 
with a 7 kDa cut-off membrane as a simulated absorption 
step. The effect of ageing time and LAB inoculation on the 
ACE inhibitory activity of hydrolysates after hydrolysis and 
simulated in vitro absorption is shown in Fig. 1. The highest 
ACE inhibitory properties were seen in peptides from WSF 
hydrolysates of the variant C after 180 and 270 days (65.78% 
and 64.32%, respectively) and after 180 days of pork inocu-
lated with BB12 strain (67.07%) (Fig. 1a). Concerning the 
SSF fraction, the BB12 variant reached the highest ACE 
inhibitory activity after 270 days of ageing (Fig. 1b).

LAB-inoculated samples, particularly their SSF (Fig. 2d), 
were characterized by the greatest similarity in ACE inhi-
bition. The WSF of LOCK and BAUER clearly formed a 

Table 2  ACE inhibitory activity of water-soluble fraction (WSF) protein hydrolysates (1 mg/mL) after simulated gastrointestinal hydrolysis and 
absorption

Each data point represents the mean of triplicate ± SD
C control sample, LOCK sample inoculated with Lactobacillus rhamnosus LOCK900, BAUER sample inoculated with Lactobacillus acidophilus 
Bauer Ł0938, BB12 sample inoculated with Bifidobacterium animalis ssp. lactis BB-12
a–d Within the same treatment (column), values with different superscripts were significantly different at p < 0.05
A–D Within the same ageing time (verse), values with different superscripts were significantly different at p < 0.05

Sample Ageing time 
(days)

ACE inhibitory activity (%)

C LOCK BAUER BB12

Before hydrolysis 90 36.13cB ± 1.53 42.43cAB ± 2.71 35.12cB ± 2.97 44.40dA ± 3.32
180 53.09bBC ± 2.40 55.96bB ± 3.17 66.29aA ± 1.13 49.69cC ± 1.94
270 57.75bB ± 1.36 46.17cC ± 3.01 66.85aA ± 2.44 69.92aA ± 1.47
360 73.13aA ± 1.65 66.05aB ± 2.65 53.69bC ± 1.25 58.32bC ± 1.53

After pepsin hydrolysis 90 43.28dA ± 2.30 43.35cA ± 2.35 32.47cB ± 0.30 27.13dC ± 1.76
180 75.79aA ± 3.14 65.87bB ± 1.81 71.18aAB ± 4.98 73.15aAB ± 2.76
270 54.79cB ± 1.71 49.08cC ± 2.90 64.82aA ± 1.36 56.34cB ± 1.83
360 68.60bB ± 2.13 78.20aA ± 1.70 63.08bB ± 2.25 65.94bB ± 3.76

After pepsin/pancreatin hydrolysis 90 22.27dD ± 1.87 34.04cB ± 2.21 27.41cC ± 1.01 50.94cA ± 1.23
180 64.58aA ± 2.25 53.79bB ± 1.30 48.16bC ± 1.67 67.19aB ± 1.36
270 42.62cC ± 2.17 65.46aA ± 2.02 57.29aB ± 3.71 56.16bcB ± 1.20
360 58.94bB ± 3.04 72.38aA ± 4.38 56.77aB ± 0.54 59.11abB ± 3.32

After simulated absorption 90 19.76cB ± 3.46 34.77cA ± 2.82 22.30dB ± 2.00 30.60dA ± 1.06
180 65.78aA ± 1.26 54.53bB ± 0.06 49.10cC ± 0.54 67.07aA ± 1.89
270 64.32aA ± 2.78 62.43aA ± 1.62 58.35bA ± 2.33 60.55bA ± 2.43
360 48.38bC ± 2.66 56.83bB ± 1.59 64.71aA ± 1.08 55.38cB ± 2.03
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distinct group, as shown in Fig. 2c, and the ACE inhibi-
tory results for them were closely connected to one another. 
Based on the HCA results, 180 days was indicated as opti-
mal time for ageing of dry-cured pork loins (Fig. 2a, b) in 
terms of ACE inhibitory activity. Therefore, hydrolysates 
after in vitro hydrolysis and absorption obtained after this 
time were subjected to further analyses based on chromato-
graphic methods.

Characterization of Final Hydrolysates

To exert antihypertensive activity in in vivo conditions, ACE 
inhibitory peptides must survive the gastrointestinal passage 
in an active form and enter the site of action through the 
blood circulatory system. In addition, the smaller peptides 
that are produced in the final steps of hydrolysis/hydrolysis 
are more potent ACE inhibitors than the larger peptides. 
This is probably because they better match the active site of 
ACE, the purpose of which is to alter its activity (Iwaniak 
et al. 2014).

To identify the precursors of ACE inhibiting peptides, 
their sequences were identified and characterized using 
LC–MS/MS. Subsequently, the identification was confirmed 
through exact mass determination using LTQ-Orbitrap. The 
analyses were performed in two independent tests; only 

the doubling sequences were selected for the next step. Of 
these, 98% (1142 sequences) were identified as potential 
ACE inhibitory sequences based on in silico analysis in the 
BIOPEP-UWM database (Minkiewicz et al. 2008). Of these, 
46 sequences with the greatest abundance of ACE inhibitory 
fragments (based on A parameter) were selected, and the 
results are shown in Table 4. The selected sequences were 
composed of 6–22 amino acids.

Similarly, the comparable molecular weight peptides 
(23 amino acids) from milk proteins (casein-derived pep-
tides) fermented using Lactobacillus helveticus NCC 2765 
(Robert et  al. 2004) significantly inhibited ACE activ-
ity. Indeed, ACE inhibitory peptides usually contain from 
2 to 12 amino acids (He et al. 2013; Iwaniak et al. 2014; 
Nasri et al. 2013). Nevertheless, some oligopeptides may 
be cleaved into several smaller fragments. The outcome of 
the degradation depends on the fragments produced where 
it may increase or reduce the overall ACE inhibitory activity 
(Manoharan et al. 2017). In this context, the most abundant 
ACE inhibitory sequences were detected in longer peptides, 
i.e. TPPPPPPG (A = 1.3750) and KEGGLGPL (A = 1.1250) 
(Fig. 3a, b), which could be degraded to shorter bioactive 
peptides (Table 4). In addition, almost half the obtained 
sequences came from myosin light chain (MLC) isoform 
MLC1f. As an example, the sequence of the longest peptide 

Table 3  ACE inhibitory activity of salt-soluble fraction (SSF) protein hydrolysates (1 mg/mL) after simulated gastrointestinal hydrolysis and 
absorption

Each data point represents the mean of triplicate ± SD
C control sample, LOCK sample inoculated with Lactobacillus rhamnosus LOCK900, BAUER sample inoculated with Lactobacillus acidophilus 
Bauer Ł0938, BB12 sample inoculated with Bifidobacterium animalis ssp. lactis BB-12
A–D Within the same ageing time (verse), values with different superscripts were significantly different at p < 0.05
a–d Within the same treatment (column), values with different superscripts were significantly different at p < 0.05

Sample Ageing time 
(days)

ACE inhibitory activity (%)

C LOCK BAUER BB12

Before hydrolysis 90 38.32cB ± 2.86 38.86bB ± 0.53 42.67cA ± 2.65 36.24cB ± 1.40
180 61.18aAB ± 0.48 59.91aAB ± 2.22 65.02aA ± 3.59 57.56abB ± 2.73
270 58.66bA ± 2.54 59.16aA ± 2.96 58.23abA ± 2.84 56.80bA ± 2.30
360 66.29aA ± 3.19 60.47aAB ± 1.30 55.61bB ± 3.29 62.94aA ± 2.67

After pepsin hydrolysis 90 40.73cA ± 3.74 32.91cBC ± 0.99 28.31dC ± 1.35 36.10bB ± 1.76
180 54.81bB ± 4.27 69.82aA ± 2.65 56.17cB ± 2.16 74.05aA ± 1.94
270 60.09bB ± 2.83 62.96bB ± 3.30 72.79bA ± 1.86 72.47aA ± 3.62
360 73.36aB ± 1.37 63.18bC ± 1,34 81.98aA ± 1.38 74.70aB ± 3.29

After pepsin/pancreatin hydrolysis 90 39.88cA ± 1.47 35.43cAB ± 3.33 24.44cC ± 2.37 32.10cB ± 2.60
180 81.27aA ± 2.04 70.37aB ± 2.39 68.82aB ± 0.92 72.17aB ± 1.08
270 63.75bB ± 0.26 65.95abB ± 3.29 53.74bB ± 2.34 70.15abA ± 2.92
360 61.57bB ± 2.17 60.66bB ± 2.87 72.35aA ± 0.71 65.84bB ± 1.77

After simulated absorption 90 30.03cAB ± 3.03 32.23bA ± 3.58 29.93bAB ± 2.11 24.41dB ± 0.91
180 43.88bC ± 3.04 57.60aB ± 3.71 66.40aA ± 2.13 51.69cB ± 0.52
270 55.83aC ± 3.90 58.78aBC ± 0.73 63.11aB ± 1.24 71.19aA ± 1.06
360 49.81abC ± 1.93 57.92aB ± 1.95 63.02aA ± 1.35 56.55bB ± 1.37
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(22 amino acids) from this protein is shown in Fig. 3c. 
Muguruma et al. (2009) identified a novel ACE inhibitory 
peptide (KRVITY) from porcine skeletal myosin after pepsin 
hydrolysis. Kinetic evaluations showed that this peptide is a 
competitive inhibitor of ACE. Based on its activity against 

ACE, it was determined to be a pro-drug type of inhibitory 
peptide, i.e. it shows an increase in ACE inhibitory activity 
after being cleaved by ACE. When this myosin-originated 
peptide was administered orally at doses of 10 mg/kg, sys-
tolic blood pressure in SHR decreased by 23 mmHg in 6 h, 

Fig. 1  Response surface plot 
of the effect of treatment and 
ageing time on ACE inhibitory 
activity after in vitro gas-
trointestinal hydrolysis and 
simulated absorption of WSF 
(A) and SSF (B)

90

180

270

360

0

10

20

30

40

50

60

70

80

C

LOCK

BAUER

BB12

ageint �me

AC
E-

I-a
c�

vi
ty

[%
]

variant

B

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80

90

180

270

360

0

10

20

30

40

50

60

70

80

C

LOCK

BAUER

BB12

ageing �me

AC
E-

I-a
c�

vi
ty

[%
]

variant

A

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80



1180 International Journal of Peptide Research and Therapeutics (2019) 25:1173–1185

1 3

indicating that this peptide has a strong effect on the reduc-
tion of blood pressure in mammals. The longest peptide 
sequence obtained (Fig. 3c), contained a total of 22 shorter 
sequences consisting of two or three amino acids with ACE 
inhibitory activity as shown in Table 4. Some ACE inhibi-
tors are active in vitro but not in vivo (Iwaniak et al. 2014; 
Vermeirssen et al. 2004), probably due to their degradation 
by the brush-border peptidases or plasma peptidases. These 
proteases are vital for the formation and degradation of bio-
active peptides as well as their bioavailability and physi-
ological effects (Miguel et al. 2006; Toopcham et al. 2017). 
These discrepancies may also be because peptides can affect 
BP through mechanisms other than ACE mode of action, i.e. 
interaction of the peptide with opioid receptors that are pre-
sent in the nervous, hormonal, immunological, and intestinal 
systems (Iwaniak et al. 2014). These lead to the differing 
outcomes between in vitro ACE inhibition and in vivo BP 
lowering effects. Although the analytical conditions used 
in this study do not provide absolute certainty, it can be 
assumed that the resulting sequences after simulated hydrol-
ysis and absorption of protein extracts from dry-cured pork 
loins can undergo partial degradation by enzymes during 

intestinal absorption to effectively bind to ACE molecules 
under in vivo conditions.

Certain peptide structures are resistant to hydrolysis in the 
gastrointestinal tract, because of the composition and posi-
tion of the amino acids in their primary chains. The peptide 
hydrolysis rate depends on the peptide’s amino acid compo-
sition as well (Norris and FitzGerald 2013). In this study, 
the di- and tripeptides were found based on BIOPEP-UWM 
database; small peptides are stable, especially when are rich 
in proline. These peptides are probably not further degraded 
by intestinal peptidases (Balti et al. 2010).

Several structural attributes have been found to influ-
ence binding of a peptide to the ACE active site. Most 
of the potent ACE-inhibitory peptides, especially di- and 
tripeptides, that are released by proteolytic hydrolysis con-
tain hydrophobic amino acids (especially with aliphatic 
chains, i.e. Gly, Ile, Leu, and Val) on the N-terminus of the 
peptide as well as cyclic (Pro) and aromatic residues (Phe 
Tyr, Trp) at the C-terminus of the ACE inhibitor which 
imbues them with hydrophobic properties (Norris and 
FitzGerald 2013; Vermeirssen et al. 2004). Gómez-Ruiz 
et al. (2004) hypothesized that Leu could significantly 

Fig. 2  Dendrogram resulting from the Ward’s method of hierarchical cluster analysis of ACE inhibitory activity during long term ageing in WSF 
(A) or SSF (B) and according to lactic acid bacteria strain in WSF (C) and SSF (D)
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Fig. 3  LC-MS/MS spectra of TPPPPPPG (A) KEGGLGPL (B) and AAPAPAPAPAPAPAPAPPKEEK (C) peptides generated after in  vitro 
hydrolysis and simulated absorption of dry-cured pork loins after 180 days of ageing
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contribute to increasing ACE inhibition potential. Addi-
tionally, the C-terminal hydrophobic Lys or Arg, with a 
positive charge on the ε-amino group, also contributes to 
the inhibition potential of peptides (Guang and Phillips 
2009; Vermeirssen et al. 2004).

In this study, obtained peptides were mainly composed of 
Pro (P), Ala (A), Lys (K), and Glu (E) molecules, which is 
consistent with the trend for most of the known ACE inhibi-
tors. Moskowitz (2002) suggested a model explaining the 
clinical superiority of hydrophobic ACE inhibitory drugs 
compared to hydrophilic ones. According to this model, all 
ACE inhibitors bind to the C-terminus catalytic site, but only 
hydrophobic ones bind to the occlusion of the N-terminal 
catalytic site; they are therefore better at blocking angioten-
sin II production. The high content of hydrophobic amino 
acids in the peptide fractions obtained in hydrolysates from 
dry-cured pork loins can therefore significantly contribute 
to the ACE-inhibitory activity of these fractions by blocking 
the production of angiotensin II.

Conclusion

The ACE inhibitory activity of WSF and SSF (undigested 
protein extracts obtained from dry cured pork loins) as well 
as of the hydrolysates obtained via in vitro hydrolysis have 
been confirmed. Hydrolysis of meat proteins during age-
ing significantly affects the peptide profile, especially after 
180 and 270 days of ageing. The sequences obtained as a 
result of pepsin and pancreatin enzymatic hydrolysis had 
varied levels of activity; however, they retained their activity 
after simulated absorption in vitro. The influence of LAB, 
mainly among SSF, was also observed. According to the 
presented results, the ACE inhibitory peptides from dry-
cured pork loins could be potential candidates to enable the 
development of functional foods. These foods could be used 
as nutraceutical compounds to treat hypertension and related 
diseases. In this regard, further studies are required to deter-
mine if there is a correlation between in vitro and in vivo 
hydrolysis. This will enable assessment of the bioavailability 
of potential ACE inhibitory peptides.
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