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This study assessed the impact of curing salts and maturation times on peptide production and bioactivity in dry-
cured hams using in vitro and in silico methods. Ninety-six hams underwent six curing treatments and two
maturation stages (38 % and 42 % weight loss). Mass spectrometry identified bioactive peptides, while in silico
tools predicted their bioactivities. Reduced sodium nitrifying salts (treatment IX) and 42 % weight loss showed
the most significant results, enhancing low-molecular-weight peptides generation (EE, VG, VD) linked to high

functionality. Antioxidant and antihypertensive activities were prominent in samples with 42 % weight loss.
Peptides under 1.5 kDa were more abundant at advanced maturation stages. In silico analyses predicted ACE and
DPP-1V inhibition and antioxidant effects. Dipeptides like DG, ES, and DV showed similarities to FDA-approved
molecules, suggesting potential therapeutic uses. The study highlights those specific treatments boost biopeptides
formation, requiring further research on their potential as functional foods or therapeutic agents.

1. Introduction

Bioactive peptides are short amino acid sequences that have the
ability to exert specific physiological effects in the human body and
other living organisms (Food Protein-Derived Bioactive Peptides: Produc-
tion, Processing, and Potential Health Benefits - Udenigwe - 2012 - Journal of
Food Science - Wiley Online Library, n.d.). They have several biological
functions and can exert several health-promoting activities, including
antioxidant activity (Escudero, Mora, Fraser, Aristoy, Arihara, & Toldra,
2013) (Antioxidant peptides help the neutralization of free radicals in
the body, which can reduce oxidative stress and the risk of chronic
diseases), anti-inflammatory activity (Fu et al., 2021), antihypertensive
activity (Escudero et al., 2012). Some peptides can help lower blood
pressure, which is beneficial for people with hypertension or other
cardiovascular risk diseases, immunomodulatory activity (Szwajkowska
et al., 2011). Peptides can also modulate the immune system response,
which may be useful in the treatment of autoimmune diseases and other
immune disorders), antimicrobial activity (Correa et al., 2023), other
peptides have antimicrobial properties, which means they can fight
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bacteria, viruses and fungi. These peptides are important for immune
function, protecting the body against infections, and neuroprotective
activity (Martinez Leo et al., 2022; L. Zhang et al., 2023). Certain pep-
tides can have neuroprotective effects, protecting nerve cells from
damage and helping in neurodegenerative diseases such as Alzheimer’s
and Parkinson’s), among others.

These activities make bioactive peptides an object of interest in
research and the development of functional foods and new medical
therapies, which is why the main objective of this study: generate new
bioactive peptides and increase their concentration in hams processed
with different curing salts, corroborating their bioactivity by different in
vitro and in silico analyses.

The level of peptides that exists at each stage of the ham maturation
process is the result of the balance between proteolytic phenomena
capable of producing peptides from muscle proteins and proteolytic
phenomena capable of degrading both the peptides produced in this
way, and those already existing in the muscle tissue (Abellan et al.,
2018; del Olmo et al., 2015; Guo et al., 2021; Ruiz et al., 1998). The
evolution of these peptides (many of them with bioactivity) is directly
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related to the different phases that take place during the curing process
of the ham (Gallego et al., 2019; Heres, Gallego, et al., 2022; Hernandez
Correas et al., 2024). This is because the activity of proteases is affected
by various factors, including changes in intrinsic or extrinsic factors that
directly or indirectly affect the activity of endogenous proteases
(Gallego et al., 2015; Heres et al., 2023; Toldra & Flores, 1998).
Extension of maturation, reduction of sodium chloride, the increase of
other salts and the decrease of nitrite, among others, can change the
activity of muscle peptidases such as aminopeptidases and carboxy-
peptidases, tripeptidyl peptidases (TPP) and dipeptidyl peptidases (DPP)
which are able to hydrolyse tripeptides and dipeptides, respectively,
from the N-terminus of protein fragments and polypeptides (Alino et al.,
2010; Andres et al., 2005; Hernandez Correas et al., 2024; Virgili et al.,
2007; C.-Y. Zhou et al., 2019; G. H. Zhou & Zhao, 2007). Previous
studies have related the increase in maturation time to the increase in
the concentration of certain dipeptides (Heres et al., 2023).

During the study, different analyses will be carried out using in silico
tools that have not been used for this purpose until now, which will
allow us to predict the presence of peptides with bioactive potential in
the protein sequences of ham using databases and specialised software.
In addition, the gastrointestinal digestion process will be simulated to
predict which peptides will be released during protein digestion. Finally,
the interaction of bioactive peptides with different biomolecules and
receptors in the human body will be predicted, providing information
about their mechanisms of action and potential biological effects.

With the development of this study, it will be possible to corroborate
the in-silico analyses by means of different in vitro techniques of iden-
tification, quantification and bioactivity analysis of the different hams
processed with different salts and treatments, and thus be able to know
more directly the presence and interaction of the bioactive peptides.

2. Materials and methods

For the development of this study, a total of 96 boneless cured hams
from Poland with a racial percentage of 50 % Duroc and 50 % Landrace x
Large White were required. Six batches of 16 fresh hams were processed
under different conditions. Starting from the same genetic, physical and
feeding conditions at the time of slaughter.

Fresh hams were first deboned and then salted with 6 different ni-
trifying salt treatments (TI, TIII, TIV, TVI, TVII and TIX) at the salting
stage. These are indicated below:

TI: Standard dose of reduced nitrifying agent with more than 60 %
nitrate. Salt reduced by 25 % sodium. Standard salting treatment (1 day/
kg ham weight).

TIII: Double dose of reduced nitrifier with more than 60 % nitrate.
Salt reduced by 25 % sodium. Standard salting treatment (1 day/kg ham
weight).

TIV: Double dose of reduced nitrifier with more than 60 % nitrate.
Standard salt. Standard salting treatment (1 day/kg ham weight).

TVI: Standard dose of reduced nitrifier without nitrates. Salt reduced
by 25 % sodium. Standard salting treatment (1 day/kg ham weight).

TVIL: Standard nitrifying salt with standard nitrification process but
reduced sodium. Salt reduced by 25 % sodium but with special gran-
ulometry. Standard salting treatment (1 day/kg ham weight).

TIX: Standard nitrifying salt with standard nitrification process but
reduced in sodium. Standard salt. Standard salting treatment (1 day/kg
ham weight).

Each piece was salted for 24 h per kg of weight, approximately 7-8
days, in a cold room at a temperature of 3 °C at a relative humidity
between 93 and 95 %.

The composition of the standard nitrifying salts is 86 % sodium
chloride, 9 % sodium nitrite, 3 % sodium isoascorbate, 1.2 % potassium
nitrate and 0.8 % dextrose. The dosage applied for standard salting
treatment is 5 g per kilogram of fresh weight of ham.

The nitrifying salts are applied by rubbing, before starting with
salting process. After salting, hams were washed with water, followed by
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a traditional curing process. The resting or post-salting phase started at
3 °C, rising progressively to 6 °C at a relative humidity between 70 and
80 %. This production phase ended when the hams reached 18 % loss,
lasting approximately four to five months. This phase lasted for a min-
imum of 120 days, thus extending the post-salting phase to reduce the
aw as much as possible and to try to counteract the lack of salt (Barat
et al., 2013). Subsequently, the temperature was raised to 30 °C and the
relative humidity decreased to 50 %. The process ended when the pieces
reached a weight loss of 38 %, after approximately 14/15 months of
curing.

After this last treatment, half of the hams processed under each
treatment, finishing their maturation process (8 pieces per treatment),
but the other half of the hams were brought to over-maturation, up to 42
% weight loss, needing to reach over-maturation for approximately 3
more months.

The percentage weight loss was determined by weighing each sample
in triplicate during each processing stage. Results were expressed as
percentage of weight loss, considering the fresh weight of each piece.

Finally, all samples were taken at the end of the process, on the final
product (38 % weight loss for stage 4 hams and 42 % weight loss for
stage 5 hams). Samples were taken using a 2 cm diameter stainless steel
cylinder, in the area corresponding to the biceps femoris muscle.

This study has determined the effect of different types of nitrifying
salts and the maturation time used in the deboning treatment, on the
final product quality, related to peptide production and bioactivity.

2.1. Extraction of peptides - obtaining the fraction

Peptide fractions were obtained following the procedures done by
Muela et al., 2024 with slight modifications. To prepare the extracts, 8 g
of sample were weighed in an Erlenmeyer flask, after which 30 mL of
distilled water were added, and agitated for 15-20 min in a magnetic
stirrer. Then, 15 mL of 20 % trichloroacetic acid was added and shaken
for 10 min. The content of the Erlenmeyer was filtered using a funnel
and filter paper in a 50 mL volumetric flask. After filtration, the flask was
filled with distilled water.

2.2. Invitro assays

2.2.1. Angiotensin-I-converting enzyme inhibitory activity

The ACE-I activity of the peptide fraction was conducted according
to the spectrophotometric method described by Molina-Valero et al.,
2024. For this purpose, 40 pL of each fraction was incubated at 37 °C
with 100 pL of 5 mM HHL dissolved in 0.1 M borate buffer and 0.3 M
NaCl (pH 8.3). Next, 2 mU of ECA were added to the substrate. Thirty
minutes later, 150 pL of 1 M HCI was added. The formed hippuric acid
was recovered with 1000 pL ethyl acetate and centrifuged 10 min at
4000g and the organic phase (800 pL) was collected. The ethyl acetate
was removed by bringing the temperature to 95 °C. The resulting hip-
puric acid was resuspended in 1000 pL of distilled water and the
absorbance was measured at 228 nm. ACE inhibitory activity was
determined by the following equation.

ACE inhibitory activity was determined by applying the equation:

ACE inhibitory activity (%) = ((Acontrol — Ablank) — (Asample — Ablank) )
/(Acontrol — Ablank)) x 100.

*Acontrol: the measure of hippuric acid produced by the action of
uninhibited ACE.

**Asample: the measure of hippuric acid produced by the action of
ACE with the sample.

***Ablank is the measure of unreacted HHL.

Captopril (Sigma) (1 mM) was used as a reference substance to fine-
tune the technique. The results of the standard line can be consulted in
the supplementary material. To calculate the IC50, (the peptide con-
centration required to inhibit 50 % of ACE activity), dilutions were
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prepared at different concentrations of the peptide fraction and the
percentage inhibition was calculated for each concentration tested.
Subsequently, the percentage of ACE-I activity versus the concentration
of peptide fraction used (mg peptides/mL) was plotted in a spreadsheet.
The equation of the line (y = ax+b) was obtained and the concentration
of the peptides giving an meinhibitory activity of 50 %, i.e. IC50 = (50-
b)/a, was calculated.

2.2.2. Antioxidant activity

The determination of antioxidant activity was conducted following
the method Hernandez-Correas et al. (2024). The antioxidant activity of
the samples was then determined using a 0.02 % (w/v) solution of the
DPPH radical in ethanol. In Eppendorf tubes, 500 uL of ethanol, 500 uL
of sample, and 125 ulL of 0.02 % (w/v) DPPH solution were added. For
the blank, 500 uL of ethanol, 500 uL of water, and 125 uL of DPPH were
used. Samples were incubated for 1 h in the dark at room temperature.
The samples were then centrifuged at 10,000g for 2 min and, their
absorbance was measured at 517 nm.

% DPPH Radical Scavenging Assay (RSA) = (Abs Blank - Abs Sample)
/ Abs Blank x 100.

To determine the IC50 — the concentration of peptide (in mg/ml)
required to inhibit 50 % of the DPPH radical — we applied the equation
derived from the TROLOX standard.

2.3. Peptide identification and bioactivity analysis

Identification was determined by tandem mass spectroscopy analysis
using liquid nanochromatography (nLC) from the peptide fraction ob-
tained in Section 2.1.

Liquid nanochromatography was performed on a Dionex Ultimate
3000 nano UPLC (Thermo Scientific) with a C18 (75 pm x 50 cm)
Acclaim Pepmam column (Thermo Scientific). The previously obtained
fraction was loaded onto a 300 pm x 5 mm Acclaim Pepmap precolumn
(Thermo Scientific) in a 2 % acetonitrile/0.05 % TFA mixture for 5 min
at a flow rate of 5 pL./min. Peptide separation was performed at 40 °C for
all samples. Mobile phase buffer A was composed of water and 0.1 %
formic acid. Mobile phase B was composed of 20 % acetonitrile and 0.1
% formic acid. The samples were separated at 300 nL/min. Mobile phase
B was increased from 4 to 45 % in 60 min; from 45 to 90 % for 1 min,
followed by a 5 min wash at 90 % B-phase and a final 15 min re-
equilibration at 4 % B-phase. Total chromatography time was 85 min.
Identification of the peptide sequences of the peptide fractions of the
different hams was performed at the Proteomics and Bioinformatics Unit
of the University of Cordoba, Spain. MS2 spectra were found with
SEQUEST HT against the UnitProtKB database.

The peptides of each fraction were identified and quantified using
the peptide spectral matches (PSM). Quantification values were
normalized, focusing on the total PSM for all peptides in the sample.
Thus, the quantification of a single peptide was comparable between
those of the different samples. We also performed a search for each of the
identified peptides in the BIOPEP-UWM database (Minkiewicz et al.,
2019). Two types of searches were performed: identification of activated
biopeptides in the sample already displayed in the BIOPEP database and
identification of potential biopeptides containing fragments of bioactive
sequences in their primary structure already displayed in the BIOPEP
database.

2.4. In silico studies

2.4.1. Digestion simulation of the identified peptides and bioactivities
prediction

First, we simulated the protein digestion for all identified non
digested peptides. We created a workflow to predict the digestion of
20,255 peptides using the PeptideCutter tool from Expasy website
(https://web.expasy.org/peptide_cutter/, 2024, July 1). We developed a
specific script that allowed us to run the different predictions for each
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peptide via the command line in a supercomputer.

The pepsin (EC 3.4. 23.1), trypsin (EC 3.4.21.4), and chymotrypsin
(EC 3.4.21.1) enzymes were used sequentially, in that order, to simulate
the digestion as realistically as possible. In this way, pepsin primarily
cleaves at Phe, Tyr, Trp, and Leu in P1 or P1°. At pH 1.3, its specificity
increases, favoring cleavage at Phe and Leu in P1, with minimal cleav-
age at other residues. This specificity is lost at pH > 2 (Keil, 1992). After
that, Trypsin acts and this enzyme primarily cleaves at Arg and Lys in the
P1 position, with a higher preference for Arg. However, in the presence
of pseudotrypsin, it can also cleave at Phe, Tyr, Trp, Met, and Cys in P1,
depending on the surrounding amino acid context (Keil, 1992). Finally,
Chymotrypsin primarily cleaves at Trp, Tyr, and Phe in P1 with high
specificity, and to a lesser extent at Leu, Met, and His. However,
cleavage is blocked when Trp in P1 is paired with Met or Pro in P1°, Pro
in P1’ generally inhibits cleavage, Met in P1 is blocked by Tyr in P1°, and
His in P1 is blocked by Asp, Met, or Trp in P1 (Keil, 1992).

Following this algorithms implemented in PeptideCutter tools, we
obtained the peptide fragments from the simulated digestion and we
subsequently conducted an exhaustive search of these peptides in Bio-
Pep, a database that records peptide bioactivity to validate its function
in the oxidative stress or hipertensive context (Minkiewicz et al., 2019).

2.4.2. Target fishing

2.4.2.1. Target protein selection. For the in-silico analysis, a method
based on target fishing was carried out using molecular docking simu-
lations. In this way, each of the eleven dipeptides was individually
confronted against two different sets of proteins, whose functions are
associated with hypertensive and antioxidant bioactivities.

The proteins corresponding to each set were selected. An exhaustive
search was conducted in the UniProt protein database using the appli-
cation programming interface (UniProt website REST API). A cutoff of a
sequence length of less than 1250 amino acids was established to ensure
an adequate and varied representation of the proteins. Only those pro-
teins with a defined active site and an identified residue at the binding
site were considered.

The pertinent Gene Ontology codes (https://geneontology.org/)
were also indicated to obtain the related proteins for each function. For
the antihypertensive function, proteins from the filtering related to the
code GO:0003073, corresponding to systemic arterial blood pressure
regulation, were selected. For the antioxidant function, proteins related
to the following codes were searched: GO:0072593 (“reactive oxygen
species metabolic process”), GO:1903409 (“reactive oxygen species
biosynthetic process™), and GO:2000379 (“positive regulation of reac-
tive oxygen species metabolic process”). After applying this filter, 35
proteins related to the antioxidant context and 21 proteins related to the
antihypertensive context were used for the target fishing calculations.

2.4.2.2. Model building. The sequences obtained for each group of
proteins were modeled through the transformer protein language model,
ESM-Fold  (https://github.com/facebookresearch/esm), by the
command-line tool using esm-fold. All runs were launched on GPU
(NVIDIA GeForce RTX 3090 24 Gb) on the cluster used by the research
group.

The structures of the predicted proteins generated in pdb were
converted to mol2 and pdbqt format for the subsequent docking calcu-
lations. The conversion to mol2 was done through the external scripts of
Maestro Schrodinger (Schrodinger Release 2022-1: Desmond Molecular
Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-
Desmond Interoperability Tools, Schrodinger, New York, NY, 2021., n.
d.), explicitly calling the applications by the command lines of Prepa-
ration Wizard and Structure Convert. Regarding conversion in pdbqt
format, the prepare_receptor4.py Python script from AutoDockTools
(ADT) (Morris et al., 2009) was used.

The dipeptides were modeled through the graphical interface of
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Maestro, where the ligand preparation was also carried out using the
LigPrep module. The generated file, in mol2, was also transformed into
pdbqt format with the ligand_prep.py script in the ADT package.

2.4.2.3. Docking simulations. The docking programs used for these cal-
culations were AutoDock Vina (Trott & Olson, 2010) and LeadFinder
(Stroganov et al., 2008) via the MetaScreener suite (https://github.
com/bio-hpc/metascreener). A large amount of docking simulations
was carried out so that each of the peptides faced each of the proteins of
both groups.

The calculations were carried out through the supercomputer of the
University of Malaga, Picasso. The executions were launched on the
“all_nodes” node, assigning 4 CPU cores and 4 GB RAM for each job, the
same configuration for calculations with AutoDock Vina and Lead-
Finder. Once all the docking results were obtained, they were processed
from a specific workflow. Initially, a consensus was reached regarding
the results of both docking techniques, one for each protein group
function. Afterward, the number of interactions in each protein residue
for both techniques was calculated, and the number of interactions be-
tween the catalytic residue of each protein and the dipeptide in question
was analysed. Based on this data, each dipeptide was ranked, ordering
those proteins with a greater capacity for said dipeptide to bind to the
key residue of the corresponding catalytic center.

2.4.3. Pharmacophoric similarity

The pharmacophore features for each dipeptide were extracted, and
individual pharmacophoric models were created using LigandScout
software (Wolber & Langer, 2005) via MetaScreener. These models were
saved in PMZ format. Subsequently, virtual screening was performed
using these models against the DrugBank library, a virtual collection of
FDA-approved molecules, to identify those with high pharmacophore
similarity to the dipeptides. The computations were done on the Uni-
versity of Malaga’s supercomputer, Picasso, with 4 CPU cores and 2 GB
RAM allocated for each job. Finally, the results for each dipeptide were
filtered using a Relative Pharmacophore Similarity cutoff of 0.90.

2.5. Simulated gastrointestinal digestion of ham peptides

Ham samples were prepared from three cured ham samples grinding
and mixing Biceps femoris muscle after removing extramuscular fat. The
methodology used was that followed by Minekus et al., 2014 (Minekus
et al., 2014) with slight modifications.

For in vitro digestion, 5 g of ham were used, reproducing the phys-
iological conditions of the oral, gastric and intestinal stages.

In the oral phase, the sample is homogenised with 3.5 mL of simu-
lated salivary fluid (SSF), to which 0.5 mL of amylase 1500 U/m (dis-
solved in SSF), 25 uL of CaClz (0.3 M) and 975 uL of H20 are added. The
mixture is incubated at 37 °C for 2 min under agitation to simulate the
effect of chewing and initial enzyme action.

The gastric phase is started by adding simulated gastric fluid (SGF) in
an equal ratio to reach a final 50:50 (v/v) ratio with the sample. 7.5 mL
of SGF, 1.6 mL of 25,000 U/mL porcine pepsin (dissolved in SGF), 5 uL
of CaClz (0.3 M) and 695 uL of H20 are added. The pH is adjusted to 3 by
HCL. The mixture is incubated at 37 °C for 2 h, ensuring adequate mixing
by constant agitation to simulate the acidic environment and enzymatic
conditions of the stomach.

In the intestinal phase, the gastric contents (chyme) are combined
with simulated intestinal fluid (SIF) in equal ratio (50,50 v/v). 11 mL of
SIF, 5 mL of porcine pancreatin (800 U/mL trypsin activity), 2.5 mL of
bile (160 mM), 40 uL of CaClz (0.3 M), 1.31 mL of H20 and pH adjusted
to 7 with NaOH are added. Incubation at 37 °C for 2 h allows the action
of pancreatic enzymes and bile acids on lipids, proteins and
carbohydrates.

Each stage includes precise controls of pH and incubation conditions,
allowing to reproduce the human digestive process to analyse the
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digestibility and bioaccessibility of nutrients in a replicable way.
2.6. Quantification of dipeptides identified after in vitro digestion

Quantification of the peptides was determined from the different
ham samples previously subjected to in vitro digestion. An AB Sciex (CA,
USA) Eksigent Nano-LC Ultra 1D Plus liquid chromatography system
coupled to a tandem mass spectrometer with an AB Sciex Instruments
(MA, USA) Q/TOF TripleTOF 56,001 system with a nanoelectrospray
ionisation source system was used for quantification. An Eksigent C18
trap column and nano-HPLC capillary column has been used for
quantification.

Previously lyophilised digested peptide extracts were resuspended in
100 pL of 0.1 % (v/v) TFA. 10 pL of each sample was cleaned and
concentrated using standard bed format Zip-Tip C18 tip cartridges from
Millipore Corporation. 4 pL of the supernatant was concentrated using
the C18 trap column at a flow rate of 3 mL/min for 5 min and using 0.1
% TFA as the mobile phase. The trap column is automatically switched
online to the capillary nano-HPLC column.

The mobile phases are 0.1 % (v/v) FA in H20 as solvent A, and 0.1 %
(v/v) FA in ACN as solvent B. HPLC conditions are a linear gradient of 5
% to 35 % solvent B for 90 min, and 10 min from 35 % to 65 % solvent B,
at a flow rate of 0.3 pL/min at 30 °C.

Finally, the column output was coupled to the electrospray ionisation
source and the tandem mass spectrometer was set to operate in positive
polarity and information-dependent acquisition mode, with a 250 ms
TOF MS sweep from 300 to 1250 m/z, followed by 50 ms product ion
sweeps from 100 to 1500 m/z on the 50 most intense 1-5 charged ions.

Quantification of the peptide sequences of the previously digested
peptide fractions from the different hams was performed at Metab-
olomics facilities of the Central Service of Research Support (SCAI),
University of Cordoba (Spain).

2.7. Statistical analysis

All analyses of our samples were performed in triplicate. Statistical
analysis of our samples was performed using SPSS software (version
21.0, IBM Corporation, Armonk, NY, USA). To evaluate how the
different treatments affected the analyses carried out, a one-way ANOVA
was performed between cured hams with different treatments. When the
treatment effect was significant (p < 0.05), the results were compared
using a Fisher’s LSD test.

3. Results and discussion
3.1. Invitro assays

3.1.1. Evaluation of antihypertensive activity (ACE—I) in hams with
different curing losses and salt treatments

The results of the angiotensin-converting enzyme (ACE—I) inhibi-
tory activity in ham samples processed with different curing salts and
maturation times are presented in Table 1. The IC50 values, expressed in
mg/mL of peptides, indicate the concentration of peptides from the
peptide fraction, necessary to inhibit 50 % of ACE activity. A general
trend towards improved antihypertensive activity (decreased IC50) was
observed at later stages of maturation (Stage 5) compared to Stage 4. At
Stage 4, treatment IV showed the lowest average IC50 value (0.108 mg/
mL), suggesting high efficacy as an ACE inhibitor, while treatment IX
had the highest value (0.187 mg/mL). In Step 5, IC50 values decreased
markedly in most treatments. For example, treatment III reduced its
IC50 from 0.153 mg/mL to 0.099 mg/mL, and treatment I improved
from 0.139 mg/mL to 0.107 mg/mL. Supplementary material includes
Fig. SI showing the evolution of the angiotensin I-converting enzyme
inhibitory activity of the peptide fraction of the different processed
cured ham samples as a function of the concentration of peptides present
in the samples.
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Table 1
Effect of processing conditions and salt treatment on IECA (IC50). Results are
expressed in mg/ml of peptides as mean values + SEM.

IECA (IC50)

Processing Stage

Salt Treatment 4 5
I 0.139 + 0.03%¢ 0.107 + 0.036™
I 0.153 + 0.020% 0.099 + 0.047°
v 0.108 + 0.013" 0.148 =+ 0.007%>
VI 0.166 + 0.048% 0.126 + 0.039"
VIl 0.162 + 0.009% 0.126 + 0.009™
X 0.187 + 0.095° 0.153 + 0.027%
Interaction 0.234
Salt Treatment 0.221
p-value Processing Stage 0.043

SEM: standard error of mean.
p-value Processing Conditions: One-way ANOVA between different processing
conditions (p-value significant at p < 0.05).

Results suggest a significant influence of ripening time on ACE-I
activity (p = 0.043), while no significant differences were found be-
tween the different salt treatments (p = 0.221) or in the interaction
between both factors (p = 0.234). The improvement in antihypertensive
activity with curing time may be attributed to an increased release of
bioactive peptides due to the action of endogenous peptidases (Escudero
et al., 2012; Escudero, Mora, Fraser, Aristoy, & Toldra, 2013; Sentan-
dreu & Toldra, 2001; Sentandreu & Toldra, 2007). Furthermore, this
increase in antihypertensive activity in hams with prolonged maturation
verifies the stability of these peptides, which has already been demon-
strated in other studies (Escudero et al., 2014). Similar results have been
reported in other studies where prolonged ripening increased antihy-
pertensive bioactivity (Hernandez Correas et al., 2024). The absence of
significant differences between treatments suggests that the composition
of the curing salts has less impact than the curing time on the generation
of ACE-I peptides.

3.1.2. Antioxidant activity

The antioxidant activity of the ham extracts was evaluated by the
DPPH RSA, the results of which are presented in Table 2. The IC50
values, also expressed in mg/mL, allow the evaluation of the antioxidant
capacity of the different treatments and stages. In Stage 4, treatments IV
and VII showed the lowest IC50 values (0.682 mg/mL), indicating a high
antioxidant capacity. In contrast, treatment IX had the highest value
(1.05 mg/mL). In stage 5, results showed more marked variations,
treatment IX improved significantly from 1.05 mg/mL to 0.692 mg/mL,
while treatment VI worsened, increasing from 0.861 mg/mL to 1.103
mg/mL. Supplementary material includes Fig. SII showing the evolution
of the in vitro antioxidant capacity of the peptide fraction of the different

Table 2
Effect of processing conditions and salt treatment on DPPH (IC50). Results are
expressed in mg/ml as mean values + SEM.

DPPH (IC50)

Salt Treatment Processing Stage

4 5
I 1.079 + 0.076™ 0.927 + 172,09%%%8
I 0.906 =+ 0.10948 0.879 + 0.047"°f
v 0.682 + 0.114¢ 0.976 + 0.036%4f
VI 0.861 + 0.046"°df 1.103 + 0.226°
VII 0.682 + 0.1°8 0.795 =+ 0.049"f
IX 1.05 + 0.25%¢ 0.692 + 0.048"
p-value Interaction 0.000
Salt Treatment 0.026
Processing Stage 0.684

SEM: standard error of mean.
p-value Processing Conditions: One-way ANOVA between different processing
conditions (p-value significant at p < 0.05).
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processed cured ham samples, depending on the concentration of pep-
tides present. Antioxidant peptides in Spanish cured hams have shown
excellent stability against the presence of up to 8 % salt content despite
processing conditions with higher temperatures (Gallego et al., 2018;
Hernandez Correas et al., 2024), which explains the results obtained in
which we observed that treatments IV and IX, despite having higher salt
content, showed greater antioxidant activity. In other types of ham, such
as Jinhua ham, the peptides showed less stability to fluctuations and salt
percentages higher than 8 % (Zhu et al., 2014). The results of the study
of Nan et al. (2024) showed that peptides (<3 KDa) extracted from low-
salt cured ham had higher antioxidant activity, resulting in peptides
with strong free radical scavenging activity.

Significant differences were found between treatments (p = 0.026)
and a significant interaction between treatment and stage (p = 0.000),
indicating that both factors affect antioxidant activity jointly. Treat-
ments with alternative salts and special granulometry, such as VII,
showed promising results. These findings are consistent with previous
research highlighting the importance of processing conditions in pre-
serving antioxidant activity (Hernandez Correas et al., 2024), such as
the study by Wang et al., 2021 where the results showed that mutton
ham, Jinhua ham and Xuanwei ham with the same maturation time have
different proteolytic reactions, displaying different antioxidant capac-
ities. This study also reaffirms that published by Mora et al., 2016 which
also showed that the protein in dry-cured ham is affected by the raw
material and processing parameters like salt content, temperature, hu-
midity and maturation time. Other studies have suggested that peptides
with higher antioxidant potential are produced the longer the processing
time, (Xing et al., 2016) showing the ham at the end of maturation that
the chelating activity and free radical inhibitory activity was potentially
superior (Li et al., 2022), coinciding with the results obtained.

3.2. Bioactive peptide identification

3.2.1. Identification of peptides present in hams with a weight < 1.5 kDa

Table 3 shows the total number of peptides identified in the different
cured ham samples processed under different treatments and conditions.
In addition, the number of peptides identified with a mass lower than
1.5 kDa is specified. Peptides with bioactive potential were identified in
all samples, with a higher proportion of peptides <1.5 kDa in treatments
VII (991 in stage 4 and 1367 in stage 5) and IV (874 in stage 4 and 1392
in stage 5), observing for almost all samples how an increase in matu-
ration time leads to an increase in the number of peptides present and in
the amount of peptides with a size smaller than 1.5 kDa. These results
verify the activity of the proteolytic enzymes with increasing maturation
time (Heres et al., 2023; Li et al., 2022). Peptides <1.5 kDa exhibit
higher bioavailability and functional activity, underlining the impor-
tance of treatments that favour their generation. The results obtained by
Li et al., 2022 showed that the oxidation of peptides could be related to
their molecular weight, so that a greater number of fractions with a
small molecular weight showed higher antioxidant activity. Other
studies reported that the molecular size and amino acid composition
play important roles in the antioxidant activities of protein hydrolysates
(Harnedy et al., 2017). Heres et al. showed an increase in dipeptide
concentration with the duration of processing, obtaining values that
suggest an intense action of muscle dipeptidyl peptidase enzymes during
processing.

Table 3
Identification of peptides present in hams processed under different treatments
and conditions.

TI TIII TIV TVI TVII TIX

F4 Total 1648 2160 2238 2439 2487 2097
<1.5 kDa 632 824 673 874 991 785

F5 Total 1367 2331 2660 2598 2808 2482
<1.5 kDa 679 1237 1293 1392 1367 1096
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Summary tables (SI — SII — SIII- SIV- SV- SVI) containing some of the
sequences identified in the peptide fraction of each sample have been
added in the supplementary material. Peptides with a mass lower than
1.5kDA containing within their sequence the dipeptides quantified a
posteriori, after in vitro and in silico digestion have been selected. These
results corroborate the presence of peptides that after digestion can give
rise to smaller peptides (dipeptides) that can exert bioactivity.

3.3. Bioactivity analysis based on amino acid composition

3.3.1. Comparative study of peptides identified in each peptide fraction
from hams produced with different salts with putative activity

To contextualise the bioactive profile of the samples analysed, the
data were normalized using Z-score, which allowed the variations be-
tween samples to be graphically represented in relation to the average of
the different bioactivities, using a heatmap. Fig. I shows these results,
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where the intensity of the red color reflects an over-representation of a
specific bioactivity with respect to the average of the three samples. An
exhaustive search for peptide precursors potentially containing bio-
peptides in their sequence, susceptible to activation following protein
cleavage during digestion, was carried out. This strategy is especially
valuable for detecting sequences that cannot be identified by conven-
tional proteomics techniques, such as peptide chains smaller than seven
amino acids.

The heatmap organises the bioactivities according to their frequency
of occurrence in the different samples, arranging the rows and columns
in such a way as to minimise the intersection of the dendrogram lines.
The light blue lines represent the values of the coefficients. In addition,
in the supplementary material, in Fig. SIII, the bioactivities highlighted
in each sample are presented individually, associating the different
groups of bioactivities to the colours indicated on the left edge of the
heatmap (Fig. 1).
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Fig. 1. Heatmap and dendrogram of bioactivities of the different ham samples studied. Quantification of bioactivity is regarding the mean. The grouping relationship

between the groups of activities is defined.
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Regarding the bioactivities evaluated in vitro, specifically the anti-
hypertensive and antioxidant activities, it is highlighted that the anti-
hypertensive activity is predominant in the samples processed with up to
38 % weight loss (SIV), as evidenced by the more intensely red areas in
those columns. Particularly, the SIV-VI sample stands out for its hypo-
tensive potential, as well as for its renin and angiotensin-converting
enzyme (ACE) inhibitory capacity. These bioactivities have been
extensively studied in cured ham (Heres, Mora, & Toldra, 2021; Toldra
et al., 2023). On the other hand, the SV-treated samples show a higher
antioxidant potential, suggesting a higher bioactivity in these samples.
This strong antioxidant potential is consistent with the results previously
obtained by in vitro studies (Table 2), other studies also showed
increased antioxidant potential with increasing processing time
(Harnedy et al., 2017; Li et al., 2022). This antioxidant property is
influenced by their hydrophobic amino acid content. Zheng et al., 2016
(Zheng et al., 2016) demonstrated that hydrophobic amino acids are
capable of neutralizing various free radicals, while Asp and Glu exhibit
reduced properties. These observations provide insight into the high
DPPH free radical-scavenging activity observed in our experiments.
Additionally, hydrophobic amino acids contributed to enhancing the
antioxidant activity of ham, thereby improving the quality of the dry-
cured ham throughout the maturation process.

It should be noted that for many of these bioactivities there are no
previous studies that specifically characterise them in cured ham, let
alone in hams produced under controlled conditions. However, previous
research has suggested that cured ham is a promising source of dipep-
tidyl peptidase IV (DPP-1V) inhibitors, peptides that could be adjuvants
in the treatment of type II diabetes (Bailey et al., 2023; Montoro-Garcia
et al., 2017, 2022). In this regard, samples from the SIV group show a
remarkable predominance of this bioactivity. Additionally, HMG-CoA
reductase inhibitors play a crucial role in the prevention of premature
cardiovascular risk diseases. Previous studies have identified numerous
dipeptides in ham as responsible for this inhibition (Heres, Yokoyama,
et al., 2021; Heres, Yokoyama, et al., 2022; Nie et al., 2020). A marked
potential for this bioactivity is observed in phase V samples, probably
due to the increase of small peptides, such as dipeptides, during pro-
longed maturation processes.

3.4. In silico bioactivity

3.4.1. Insilico digestion simulation of the identified peptides and prediction
of bioactivities

First, the completed list of peptides without digestion and the results
obtained by this in silico digestion simulation (20,255 peptides in total,
file provided in the Supplemental Data) were analysed for potential
bioactivity. After a final bibliographic revision of the results obtained,
seven peptides exhibited bioactive properties, results are presented in
Table 4. Two of these peptides were identified as Dipeptidyl Peptidase IV
inhibitors, which improve glucose control in type 2 diabetes (Makrilakis,
2019). Their immunomodulating function is also under investigation (T.
Zhang et al., 2021). Other peptides with similar registered functions
include DNIQGITKPAIR and FLGFPTTKTYFPHF, which exhibit immu-
nomodulating and stimulating activities. The peptides IVGRPRHQG and
VVYPWTQRF demonstrated anti-hypertensive bioactivity, likely due to
their role as ACE inhibitors (Cutrell et al., 2023). Furthermore,

Table 4

Bioactivities predicted for complete peptides.
Peptides Bioactivity
DNIQGITKPAIR Immunomodulating
FLGFPTTKTYFPHF Stimulating
FN Dipeptidyl peptidase IV inhibitor
IVGRPRHQG ACE inhibitor
LEQQVDDLEGSLEQEKK Antioxidative
LVVYPWTQRF Dipeptidyl peptidase IV inhibitor
VVYPWTQRF ACE inhibitor
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antioxidative activity ~ was detected in  the

LEQQVDDLEGSLEQEKK.

peptide

3.4.2. Prediction and quantification of bioactivities associated with peptides
obtained after in silico digestion

The use of in silico tools allows the prediction of bioactivities prior to
experimental validations, optimizing the identification of functional
peptides. Table 5 presents the predicted bioactivities associated with the
dipeptides obtained after digestion, the dipeptide DA is identified as an
inhibitor of ACE and the enzymes dipeptidyl peptidase III and glutamate
carboxypeptidase II. The dipeptide DG is mainly associated with anti-
oxidant and antihypertensive activities. G shows a dual bioactive profile
as an ACE and DPP-1V inhibitor. The dipeptides ES and EE stand out for
their immunomodulatory and stimulatory activities. Finally, PA and VD
are associated with inhibitory effects on DPP-IV, suggesting their
possible application in glycemic regulation.

Following this, an in-silico digestion was performed to predict the
number of peptides identified that would give rise to the dipeptides
studied. Fig. 2 represents the quantification of the number of peptides
that after simulation would lead to the formation of these dipeptides.

3.4.3. Target prediction associated with bioactivities of dipeptides identified
after digestion

Target fishing results performed for antioxidant (Fig. 3) and anti-
hypertensive (Fig. 4) functions in characterized peptides show some
possible target proteins related to these bioactivities which can explain
the function of some of the peptides. Raw data obtained from the
docking results is available in Supplementary Data as xIsx files.

Regarding the antioxidant activity, most of the characterized di-
peptides interact with the main residue in the active sites of AKR1C1 and
AKR1C3. Block action of AKR1C1 and AKR1C3 could be beneficial in
reducing oxidative stress and enhancing the effectiveness of cancer
treatments (Khayami et al., 2020; Matsunaga et al., 2013; Zuo et al.,
2022). Another target with strong interaction found is IMMP2L,
specially for EE and ES dipeptides. This protein has been studied as
possible oxidant agent (Lawther et al., 2023). There is another with
interaction in most of the peptides with three or more contacts with the
key residue of active site, ACOX1, a generator of Reactive Oxygen
Species (ROS) (Zeng et al., 2017).

Some dipeptides have demonstrated potential antihypertensive
bioactivity exhibiting significant binding interactions to target proteins.
EE and DV dipeptides interacted with CPA3, a carboxypeptidase impli-
cated in cardiovascular diseases with indirect effects on hypertension
management (Lewicki et al., 2019). Additionally, Hsd11b2, a protein
critical for mineralocorticoid receptor activation, contributes to hyper-
tension through sodium retention and increased blood pressure. In silico
analyses revealed that the EE dipeptide binds strongly to Hsd11b2, with
multiple interactions (M. A. Bailey et al., 2022). Furthermore, KLK1 and
NDST3, both of which play significant roles in blood pressure regulation,
exhibited strong binding interactions with dipeptides such as DG, DV,

Table 5
Prediction of bioactivities associated with peptides obtained after in silico
digestion.

DIPEPTIDE FUNCTION

DA-1 ACE inhibitor’, ‘dipeptidy] peptidase III inhibitor’, ‘glutamate
carboxypeptidase II inhibitor

DG -2 ACE inhibitor

EE -3 Stimulating’, ‘glutamate carboxypeptidase inhibitor’, ‘glutamate
carboxypeptidase II inhibitor

ES-4 Dipeptidyl peptidase IV inhibitor

GA-5 ACE inhibitor’, ‘dipeptidyl peptidase IV inhibitor

VG -6 ACE inhibitor’, ‘dipeptidyl peptidase IV inhibitor

VD-7 Dipeptidyl peptidase IV inhibitor

PA-8 Dipeptidyl peptidase IV inhibitor
IE-9 ACE inhibitor’, ‘glutamate carboxypeptidase inhibitor
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QUANTIFICATION OF DIPEPTIDES ASSOCIATED WITH
BIOACTIVITY AFTER IN SILICO DIGESTION
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Fig. 2. Quantification of dipeptides associated with bioactivity after in silico digestion.
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Fig. 3. Predicted targets related to antioxidant bioactivity.

EE, IE, and WK (Oppelaar et al., 2024; Sotiropoulou et al., 2009).

3.4.4. Pharmacological similarity of the chemical structure of dipeptides
identified after in silico digestion

The potential of bioactive peptides to play a preventive role or
support therapeutic treatments has garnered significant research inter-
est, as it could help lower the prevalence of risk-related diseases and

reduce healthcare expenses. Table 6 details the pharmacological simi-
larity of the chemical structure of the dipeptides identified after in silico
digestion. The dipeptides were compared with approved molecules in
the DrugBank using pharmacophoric similarity scores, with those with
values above 0.90 standing out.

The results reveal that dipeptides such as DG and ES obtained scores
of 0.959, showing significant similarities with anti-inflammatory and
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Predicted targets related to antihipertensive bioactivity
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Fig. 4. Predicted targets related to antihypertensive bioactivity.
bl antioxidant and vasodilator compounds. The main constituent amino
Table 6

Pharmacological similarity of the chemical structure of dipeptides identified
after in silico digestion.

Dipeptide = DrugBank Score  Function
Code

DG DB00138 0.959  Anti-inflammatory

ES DB02321 0.959  Antioxidant Vasodilation/Blood pressure
reduction

DV DB02677 0.955  Vasodilatation/blood pressure reduction

DA DB01835 0.954  Anti-inflammatory

DG DB02499 0.954 Antioxidant Vasodilation/Blood pressure
reduction

DG DB01833 0.952  Antioxidant Vasodilation/Blood pressure
reduction

PA DB12783 0.951 Parkinson’s disease

SA DB12783 0.951 Parkinson’s disease

DG DB04700 0.947  Antioxidant Vasodilation/Blood pressure
reduction

DG DB02381 0.945  Antioxidant Vasodilation/Blood pressure
reduction

DG DB00143 0.945  Antioxidant Vasodilation/Blood pressure
reduction

DG DB03408 0.945  Antioxidant Vasodilation/Blood pressure
reduction

DG DB02999 0.943 Antioxidant

SA DB01835 0.938  Anti-inflammatory

SA DB12967 0.936  Antioxidant

PA DB12967 0.936 Antioxidant

SA DB04083 0.935  Vasodilatation/blood pressure reduction

PA DB04083 0.935  Vasodilatation/blood pressure reduction

VG DB01686 0.931 Antioxidant Vasodilation/Blood pressure
reduction

VG DB05779 0.93 Immunomodulator

SA DB12237 0.928 Antioxidant Vasodilation/Blood pressure
reduction

PA DB12237 0.928  Antioxidant Vasodilation/Blood pressure
reduction

PA DB06762 0.922 Vasodilatation/blood pressure reduction

acids of porcine myofibrillar proteins are E, D and K (15 and 9.5
respectively). These amino acids can interact with metal ions through
their charged residues and inactivate the prooxidant activity of metal
ions (Saiga et al., 2003), which may explain the significant similarity
with antioxidant and vasodilator compounds obtained in these in silico
studies. Other dipeptides, such as DV (0.955) and DA (0.954), were
associated with vasodilatory and anti-inflammatory properties, respec-
tively. Several studies mentioned above have shown that peptides
derived from dry-cured ham have an antihypertensive potential. In this
line, the dipeptide DA has already been quantified in other studies in
dry-cured ham produced with less salt, showing in vitro inhibitory ac-
tivity on several proinflammatory enzymes (Heres, Gallego et al., 2022),
which corroborates the results obtained in silico. This similarity suggests
that these compounds could act as natural alternatives to commercial
drugs, with additional benefits derived from their food origin. In silico
analysis shows the importance of dipeptides in the bioactivity of dry-
cured hams, showing the multifunctionality of dipeptides (Gallego
etal., 2019), and further assays are needed to clarify the idea of possible
degradation of small peptides during gastrointestinal digestion and in-
testinal absorption.

3.5. Quantification of dipeptides identified after in vitro digestion

Table 7 presents the quantification of bioactive dipeptides after in
vitro digestion of hams treated with different salts and processed in two
stages of maturation (38 % and 42 % weight loss). The quantified di-
peptides studied were: EE, IE, GA, VD, DA, DG, VG, PA, DV, and ES. Also,
several dipeptides appear to show multiple functionalities, probably
determined by their structure, sequence and amino acid composition.
This underlines their possible role in both sensory properties and health
benefits associated with ham, particularly in its sodium-reduced vari-
ants (Gallego et al., 2019). There was a significant increase in the con-
centration of dipeptides such as EE, GA, VD, and VG in prolonged
treatments such as IX and VI at stage 5 (p < 0.01). In other studies,
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Table 7
Quantification of dipeptides identified after in vitro digestion.
Salt Processing EE mg/mL IEmg/mL GA mg/ VD mg/ DA mg/ DG mg/ VG mg/ PA mg/ DV mg/ ES mg/
Treatment Stage mL mL mL mL mL mL mL mL
X 4 4.646 + 3.026 + 3.277 £ 341+ 1.67 + 0.763 £ 2,611 + 0.687 + 3.25+ 1.4+
0.61 0.193 0.522 0.433 0.299 0.069 0.336 0.09 0.419 0.052
X 5 12.239 + 7.74 6.782 + 8.54 + 3.05 + 0.919 £+ 8.94 + 1.884 + 6.21 + 1.546 +
3.11 2.585 1.682 2.762 0.675 0.18 3.434 0.694 1.366 0.088
VII 4 5.259 + 4.327 + 3.947 + 3.447 + 1.616 + 0.911 £+ 4.328 + 1.034 + 3.263 + 1.409 +
0.62 1.213 0.363 0.807 0.192 0.07 0.959 0.195 0.59 0.092
ViI 5 5.94 + 2.888 + 5.046 + 3.573 £ 2.356 + 0.964 + 2.773 £ 1.13 + 4.319 + 1.645 +
0.099 0.035 0.076 0.044 0.011 0.008 0.015 0.014 0.09 0.000
VI 4 5.254 + 2.725 + 4.536 + 3.484 + 1.727 + 0.877 £ 3.9+ 1.084 + 3.224 + 2.063 +
0.392 0.155 0.202 0.037 0.08 0.016 0.411 0.17 0.055 0.104
VI 5 7.648 + 4.272 + 5.726 + 4.621 + 2,433 £ 0.761 £+ 4.559 + 0.972 + 4.787 + 2.052 +
0.36 0.707 0.108 1.067 0.37 0.088 0.975 0.127 1.048 0.060
v 4 3.8+ 3.534 + 2.857 £ 4.362 + 1.281 + 0.748 + 3.948 + 1.283 + 3.379 £ 1.515 +
0.507 0.509 0.197 0.37 0.205 0.041 0.542 0.035 0.442 0.018
v 5 6.91 + 5.231 + 4.89 + 5.782 + 3.079 + 0.883 £ 6.044 + 1.974 + 5.018 + 2.107 +
0.102 0.602 0.098 0.331 0.174 0.027 0.211 0.078 0.377 0.104
1 4 3.7+ 2.51 + 2.757 £ 2.959 + 1.09 + 0.65 + 2.637 + 0.934 + 2.38 + 1.898 +
0.317 0.132 0.776 0.202 0.005 0.072 0.339 0.156 0.004 0.044
Jiig 5 8.16 + 2.436 + 4.36 + 4.685 + 2.055 + 0.655 + 4.445 + 1.287 + 4.448 + 1.996 +
1.146 0.43 0.389 0.924 0.211 0.074 0.975 0.036 0.493 0.015
I 4 3.85 + 2.515 + 3.174 £ 3.074 + 1.085 + 0.686 + 2.449 + 0.862 + 2.383 + 1.756 +
0.228 0.158 0.03 0.07 0.026 0.004 0.104 0.022 0.051 0.01
I 5 5.246 + 1.584 + 29+ 2.19 + 1.343 + 0.426 + 1.299 + 0.544 + 1.998 + 1.519 +
0.536 0.324 0.189 0.409 0.185 0.047 0.278 0.043 0.305 0.129
Salt Treatment ~ 0.095 0.052 0.028 0.113 0.016 0.000 0.150 0.421 0.040 0.000
p-value Processing 0.000 0.328 0.002 0.077 0.000 0.659 0.204 0.296 0.003 0.352
Stage
Both 0.000 0.006 0.001 0.012 0.000 0.001 0.011 0.092 0.001 0.000

dipeptides DA, EE and ES were identified as major inhibitors of HMG-
CoA reductase (HMG-CoAR), and in silico studies suggested in-
teractions comparable to statins (Heres et al., 2021). These results show
that for most of the dipeptides quantified, gastrointestinal digestion and
intestinal absorption as well as interactions with the food matrix have
not reduced their bioavailability. Treatment IX in hams processed up to
42 % weight loss (stage 5) presented the highest concentrations of EE
(12.239 £ 3.11 mg/mL) and VG (8.94 + 3.434 mg/mL), reflecting an
optimal balance between endogenous peptidase activity and saline
medium conditions, which favoured protein hydrolysis. DA and DG di-
peptides, although less prevalent, showed a significant increase in
advanced treatments such as IV and VII. Prolonged maturation (stage 5)
significantly (p < 0.01) increased the concentration of most dipeptides.
Other studies also suggest higher protein digestibility at longer pro-
cessing times, resulting in higher generation of amino acids and di- and
tri-peptides. (Paolella et al., 2015).

These results are consistent with previous studies showing that
prolonged maturation enhances the generation of small peptides with
high bioactivity, such as ACE inhibitors and antioxidants (Heres et al.,
2023; Hernandez-Ledesma et al., 2011; Toldra et al., 2023). Prolonged
maturation could also allow for greater breakdown of residual proteins,
enhancing the availability of substrates for the formation of specific
dipeptides, increasing the concentration of dipeptides as maturation
time rises (Gallego et al., 2015, 2022; Heres et al., 2023). Some of this
dipeptides have been identified in low-salt ham. It is noteworthy that
some showed anti-inflammatory activity and cardiovascular potential
(Heres et al., 2022). Likewise, dipeptides such as VD and PA, associated
with DPP-IV inhibition, stand out for their potential as adjuvants in
glycemic control, reinforcing their relevance in functional applications
for cardiovascular and metabolic health. The quantification of the
peptides helps us to corroborate the in-silico analyses carried out and is
of vital importance to know the concentration of these peptides and to
be able to corroborate the predicted in silico bioactivities that would
highlight the use of these bioactive compounds as possible adjuvants or
drugs for the treatment of various pathologies.
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4. Conclusions

This study has shown that curing salts and prolonged maturation
times significantly enhance the production of bioactive peptides in dry-
cured hams. Among the various conditions evaluated, the treatment
using standard nitrifying salts with reduced sodium (treatment IX) and a
prolonged maturation time of 42 % weight loss (stage 5) proved to be the
most effective. These conditions resulted in the highest concentrations of
low-molecular-weight peptides (<1.5 kDa) such as EE, VG, and VD,
known for their high bioavailability and robust bioactive potential.
Antioxidant and antihypertensive activities were most prominent in
samples with a 42 % weight loss, closely linked to the increased gen-
eration of low-molecular-weight peptides (<1.5 kDa).

In silico analyses predicted specific bioactivities for these peptides,
including ACE inhibition, DPP-IV inhibition, and antioxidant properties.
Notably, dipeptides like DG, ES, and DV exhibited strong structural
similarity to FDA-approved molecules in DrugBank, underscoring their
potential as natural alternatives or complements to commercial drugs.
These findings were corroborated by in vitro evaluations, identifying
and quantifying the presence of these dipeptides, which revealed a
direct correlation between extended curing times and improved bioac-
tive potential. The digestions did not significantly affect their concen-
tration or availability.

The results highlight the importance of optimizing curing conditions
and processing times to maximize the production of bioactive peptides,
which could be leveraged for applications in cardiovascular and meta-
bolic health. Furthermore, these peptides may serve as functional food
ingredients or therapeutic agents capable of reducing the incidence of
chronic diseases, thereby contributing to the development of innovative
health strategies and reducing healthcare costs.

Continued research is essential to validate these findings through
additional experimental assays and clinical studies. Such efforts would
confirm the bioactivities of these compounds and assess their viability as
therapeutic agents or adjuvants derived from functional foods. This
study underscores the transformative potential of bioactive peptides in
bridging the gap between nutrition and medicine, paving the way for
their integration into both fields.
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