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Abstract

Cardiovascular diseases are a leading cause of mortality, driving the search for alternative
preventive strategies. This study investigates the antioxidant effects, among others, of a
mixture of four bioactive peptides (BPs) derived from dry-cured pork ham on endothe-
lial cells from healthy (C-HUVECs) and gestational diabetes (GD-HUVECs) pregnancies,
as well as human plasma, using an integrative omics approach. Human umbilical vein
endothelial cells (HUVECs) were treated with 300 uM purified BP, followed by transcrip-
tomic and proteomic analyses. The results revealed significant alterations in mitochondrial
gene expression and downregulation of genes associated with inflammation and oxidative
stress in healthy HUVECs. Furthermore, BP treatment modulated key signalling pathways,
including Ras and MAPK, leading to changes in the phosphorylation of ERK, AKT, and
NF-kB, suggesting potential cardioprotective effects. The effects of BP were compared to
those of the antioxidant hydroxytyrosol, highlighting their relative efficacy in vascular
protection. The proteomic analysis of human plasma demonstrated BP-induced modulation
of lipid metabolism, inflammation, and oxidative stress with notable changes in proteins
such as APOA1 and MMP-8. These natural compounds demonstrate significant preven-
tive potential in vascular health, highlighting their promise as effective tools for reducing
cardiovascular risk before the progression of the pathology. These findings emphasize the
importance of integrative omics in understanding the mechanisms behind BP’s effects and
suggest promising applications for nutraceuticals aimed at cardiovascular protection.

Keywords: bioactive peptides; hydroxytyrosol; oxidative stress; cardiovascular health;
ROS; endothelial dysfunction; omics analysis

1. Introduction

Cardiovascular (CV) diseases represent a major cause of mortality and morbidity
globally, necessitating preventive strategies, including dietary interventions that provide
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bioactive compounds with versatile targets throughout the body [1]. Endothelial dys-
function is closely related to a higher risk of atherosclerosis, hypertension, diabetes, and
dyslipidaemia. Indeed, endothelial cells serve as a suitable proxy for CV health in evalu-
ating possible non-pharmaceutical strategies for the modulation of oxidative stress and
inflammation pathways [2,3]. Recently, human fetoplacental endothelial cells from normal
and gestational diabetes mellitus (GD) women have been used as a preclinical model of
dysfunction to evaluate the efficacy of novel compounds such as anise and laurel essential
oils [4]. Research has been traditionally centred around vegetal bioactive compounds, such
as hydroxytyrosol (HT) or other potent antioxidant polyphenolic compounds [5,6].

Animal-derived sources have also proven to be a valuable reservoir of bioactive
compounds, including bioactive peptides (BPs). These short amino acid sequences
(2-20 residues) are involved in critical functions such as vascular tone and antioxidative
regulation [7-10]. Moreover, BPs have garnered attention as a promising nutraceutical
with CV protective effects, owing to their structural versatility and wide-ranging biological
activities [11], such as antithrombotic, hypocholesterolemic, hypoglycaemic, antioxidant
and anti-inflammatory effects, as reported in several clinical studies [12]. Recent research
further supports their capacity to modulate key pathways related to CV health [13-15].

While the scientific evidence of the angiotensin-converting enzyme (ACE) inhibitory
activity of BP from dry-cured pork ham is abundantly clear [16-18], and may explain
the clinical benefits observed with regular consumption of BP-enriched ham [19,20], their
broader mechanisms of action are not fully understood [9,21]. Recent in vitro studies
have highlighted that BP can reduce inflammation [22] and platelet activation [23], thus
supporting the existing clinical findings. However, the precise molecular mechanisms of
how these peptides influence vascular endothelial function are still lacking. Advancing
this knowledge requires the application of innovative methodologies—such as omics and
advanced in vitro models—that can overcome the gap between molecular mechanisms
and observed clinical improvements, ultimately enabling more targeted and effective
therapeutic strategies.

In this study, we (i) employ an omics approach to efficiently profile their potential
on responder cells, with relevant clinical impact, (ii) compare their effectiveness to HT as
a gold standard for benchmarking the activity of BP across different cell conditions, and
(iii) provide a proteomic analysis in human plasma to validate the model’s relevance for
extrapolating in vitro findings to potential in vivo applications.

2. Materials and Methods
2.1. Isolation and Culture of Endothelial Cells

Primary Human Umbilical Vein Endothelial Cells (HUVECs) were collected imme-
diately after delivery. Umbilical cord veins of newborns delivered between the 36th and
the 40th gestational week were randomly selected from mothers affected by gestational
diabetes (GD, n = 3) and healthy Caucasian mothers (C, n = 3) (Laboratory of Molecular
Oncology and TGF-f3, Hospital Universitario Virgen de la Arrixaca, Murcia, Spain) [24,25].
The cells were used in vitro for all experiments between the 3rd and 5th passages.

Umbilical cord veins were cannulated and perfused with 1 mg/mL collagenase type
IA at 37 °C, and primary HUVECs were collected in an endothelial growth medium (HU-
VEC medium) composed of DMEM/M199 (1:1) supplemented with 1% L-glutamine, 1%
penicillin/streptomycin, and 20% fetal bovine serum (FBS). Then, the cell suspension was
centrifuged at 1200 rpm for 10 min and the cell pellet was resuspended in a HUVEC
medium and plated on 1.5% gelatin-coated tissue culture plates (Sigma-Aldrich, St. Louis,
MO, USA) in a complete low-glucose (1 g/L) DMEM and M199 medium (ratio 1:1) supple-
mented with 20% FBS, 10 pg/mL heparin and 50 pug/mL endothelial cell growth factor, 1%
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penicillin/streptomycin, and 1% L-glutamine (standard medium) according to previous
studies [2]. After a 24 h pre-incubation period in the standard medium, it was replaced by a
medium with 10% FBS medium supplemented with 300 uM of purified BP (BP1: KPVAAP;
BP2: KAAAATP; BP3: KPGRP; BP4: AAATP mixture) [22] or 100 uM HT. Hydroxytyrosol
is used as a positive control (or reference compound) for assessing the relative effectiveness
of BP.

After 24 h, cells were serum-starved (0.1% FBS) for 2 additional hours and later stimu-
lated with 1 ng/mL Tumour Necrosis Factor-o (TNF-«) supplemented with 300 uM syn-
thetic BP or 100 uM HT for 2, 6, and 24 additional hours, according to previous studies [22].
For each bioactive compound, the experiments were carried out on three different cellular
strains of each phenotype (C-HUVECs and GD-HUVECs), each in technical triplicate.

2.2. In Vitro Studies and Bioactive Compound Treatments

The sequence, protein origin, and ACE inhibition activity of four peptides from
dry-cured ham (BP1, BP2, BP3 and BP4) were characterized by our group in a previ-
ous study [22]. These peptides were synthesized chemically by GenScript Corporation
(Piscataway, NJ, USA) at the highest purity certified using liquid chromatography/mass
spectrometry (LC-MS) analysis. Hydroxytyrosol was purchased from Sigma-Aldrich.

2.3. Western Blot

Human cells were washed with cold PBS and lysed using RIPA buffer (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with phosphatase inhibitors (I and II) and protease
inhibitors (all from Sigma-Aldrich, St. Louis, MO, USA). Protein concentration of the protein
lysates was determined using the Bradford Protein Assay. Protein samples (30 pg) were
loaded into a sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to membranes. The membranes were blocked with 5% milk, followed by
immunoblotting with anti-NF-«kB (1:1000) primary antibody. In parallel, other membranes
were blocked with 5% BSA, followed by immunoblotting with the following primary
antibodies: rabbit anti-p-NF-«B (1:1000), p-ERK (1:2000), ERK (1:1000), p-AKT (1:2000),
and AKT (1:500) overnight at 4 °C, followed by rabbit horseradish peroxidase-conjugated
secondary antibody (1:1000) (Santa Cruz Biotechnology). The immune complexes were
visualized using the ECL Plus detection reagent (Thermo Scientific, Rockford, IL, USA)
in a ChemiDoc MP (BioRad, Hercules, CA, USA). (3-actin was also immunoassayed by
primary antibody mouse monoclonal-3-actin (1:4000) for 10 min and then fluorescent goat
anti-mouse (1:2500). The resulting ratio density protein/3-actin was considered as an index
of protein expression in arbitrary units. For each bioactive compound, the experiments
were carried out on three different cellular strains of each phenotype (C-HUVECs and
GD-HUVECsS), each in technical triplicate.

2.4. RNA Isolation and Quantitative PCR

RNA extraction from HUVEC assays was extracted using the RNeasy-mini system (Qi-
agen, Venlo, The Netherlands). RNA concentration was measured using a NanoDrop (ND-
1000; NanoDrop Technologies, Wilmington, DE, EE. UU), and 1 ug was retro-transcribed
using iScript reagents (Bio-Rad, Hercules, CA, USA). The resulting cDNA was used for
quantitative PCR (qPCR), implementing the SYBR premix Ex Taq kit (Takara Bio Eu-
rope/Clontech, Saint-Germain-en-Laye, France) according to the manufacturer’s instruc-
tions. Gene expression levels of vascular cell adhesion molecule-1 (VCAM-1), TNF-a, and
Mitochondrially Encoded 125 RRNA (MT-RNR1) were normalized to the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) content of each sample by applying the comparative
target gene quantification cycle Cq method (2—AACq). The experiments were carried out
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on two different strains for C-HUVECs and two different strains for GD-HUVECs, each in
technical triplicate.

2.5. RNA Sequencing and Analysis

RNA sequencing was performed by GenomeScan BV (Leiden, The Netherlands).
All RNA samples were polyA-enriched and sequenced with a 150-bp paired-end read
length with a sequencing depth of 20 million reads on a NovaSeq6000 platform (Illumina,
San Diego, CA, USA, EE. UU). The quality and yield were measured with the Fragment
Analyzer (Advanced Analytical Technologies, Heidelberg, Germany). Samples with RNA
quality numbers > 6 were selected for RNA library preparation in an ISO/IEC 17025-
accredited protocol (TruSeq RNA library preparation kit v2, Illumina, San Diego, CA, USA).
During library preparations, mRNA was enriched using oligo (dT) magnetic beads and
subsequently fragmented. First-strand cDNA synthesis was performed using random
primers, followed by adapter ligation and PCR amplification. Sequencing generated raw
data underwent image analysis, base calling, and quality check using the Illumina data
analysis pipeline Real-Time Analysis 2.4.11 and Bcl2fastq 2.17.

The RNAseq reads were aligned to the human genome reference assembly GRCh37.75.
Post-alignment, the raw sequencing data were normalized using the fragments per kilobase
of exon per million mapped fragments (FPKM) method to adjust for sequencing depth
and gene length variability. Differential gene expression analysis was performed using the
DESeq?2 package (https:/ /bioconductor.org/packages/release/bioc/html/DESeq2.html
(accessed on 17 July 2023)). For differential gene expression (DGE) analysis, read counts
were loaded into the DESeq2 version 1.14.1 within the R platform version 3.3.0. This analysis
identified DEGs between predefined sample groups. The DEGs were then subjected to
gene regulatory pathway enrichment analysis using three separate tools: Gene Ontology
(GO) Enrichment Analysis, KEGG Pathway Analysis, and Reactome Pathway Analysis.

2.6. Human Plasma Samples

Human plasma samples were selected from a previous clinical study with par-
ticipants at moderate CV risk [19]. Inclusion criteria of the patients were the follow-
ing: aged 20-65 years; 130 < systolic blood pressure < 150 mmHg; diastolic blood
pressure > 80 mmHg (home blood pressure, average of 3 readings taken after 5 min rest);
body mass index (BMI): 20.0-35.0 kg /m?; basal cholesterol level > 200 mg/dL and/or basal
glucose level > 100 mg/dL or HbAlc among 6.5-7.5. Informed consent was signed by all
the participants [19]. Participants consumed 80 g of dry-cured pork ham enriched in BP
daily for 28 days. The BP mixture was characterized in vitro and displayed angiotensin I-
converting enzyme (ACE-I) and 3-hydroxy-3-methyl-glutaril-CoA reductase (HMG-CoAR)
inhibition activity [19]. The BPs were characterized in vitro and displayed ACE-I and
HMG-CoA reductase inhibition activity [10].

The study protocol was approved on 24 November 2017 by the UCAM Ethics Com-
mittee and Clinical Research Ethics Committee of the Servicio Murciano de Salud (Area 1,
Regién de Murcia, Spain), and was conducted under the Declaration of Helsinki. This trial
was registered in November 2021 at ClinicalTrials.gov (Identifier CE111703).

2.7. Plasma Treatment and Protein Extraction

Blood extraction was developed at two different points: before and after dry-cured
pork ham consumption (n = 30 patients). Citrated blood samples were immediately
centrifuged at 2.500x g for 15 min. Then, the plasma was aliquoted into a 1.5 mL tube and
frozen in a —80 °C freezer until needed.

Protein quantification from plasma samples was performed using the Pierce BCA
protein Assay Kit (Thermo Scientific, Rockford, IL, USA). SDS-PAGE was performed at
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room temperature using 10% acrylamide resolving gel and 5% acrylamide stacking gel.
Proteins within gel bands were first reduced and alkylated using dithiothreitol (DTT) and
iodoacetamide, respectively, and then digested to peptides by trypsin proteomics grade
(Sigma-Aldrich, St. Louis, MO, USA, EE.UU.).

2.8. Liquid Chromatography in Reverse Phase Coupled to Mass Spectrometry (LC-MS)

Tryptic peptides were analysed by liquid chromatography/mass spectrometry (LC-
MS). The column, BioBasic-15, 5 um particles, 300 A pore size, 0.18 mm ID-30 mm L
(Thermo, San Jose, CA, USA), was connected to a Surveyor MS Pump Plus (Thermo,
San Jose, CA, USA). Mobile phase A was 0.1% formic acid in water, and B was 0.1% formic
acid in methanol. The ion trap MS was operated in a data-dependent MS/MS mode where
the five most abundant peptide molecular ions in every MS scan were sequentially selected
for collision-induced dissociation with a normalized collision energy of 34%. Dynamic
exclusion was applied to minimize the repeated selection of peptides previously selected
for collision-induced dissociation.

2.9. Database Searching

All LC-MS samples were analysed using Sequest (Thermo Fisher Scientific, San Jose,
CA, USA) version IseNode in Proteome Discoverer 2.3.0.523 and X! Tandem (version
2017.2.1.4). Sequest was set up to search uniport homo-sapiens filtered organism
(163,787 entries) after digestion with the trypsin enzyme. X! Tandem was searched with a
fragment ion mass tolerance of 1.00 Da and a parent ion tolerance of 1.00 Da. Sequest was
searched with a fragment ion mass tolerance of 1.2 Da and a parent ion tolerance of 1.5 Da.

Scaffold (version Scaffold_4.10.0, Proteome Software Inc., Portland, OR, USA) was
also used to validate LC-MS/MS-based peptide and protein identifications. Protein identi-
fications were accepted if they could be established at greater than 99% probability and
contained at least 1 identified peptide. Protein probabilities were assigned by the Protein
Prophet algorithm. Proteins that contained similar peptides and could not be differenti-
ated based on LC-MS analysis alone were grouped to satisfy the principles of parsimony.
Proteins sharing significant peptide evidence were grouped into clusters.

2.10. Bioinformatics Analysis of Proteomics Data

The identified proteins were further analysed using several bioinformatics tools to elu-
cidate their biological significance and involvement in metabolic and signalling pathways.
GO Annotation: The identified proteins were annotated for their biological processes, molec-
ular functions, and cellular components using GO analysis. This provided insights into the
functional roles of the proteins and their involvement in various biological processes.

Pathway Analysis: Identified proteins were mapped to known metabolic and sig-
nalling pathways using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Reactome pathway databases. This mapping helped in understanding the pathways modu-
lated by bioactive compounds consumption, particularly those related to lipid metabolism
and inflammatory responses.

Protein—Protein Interaction Networks: Interaction networks were constructed us-
ing tools like STRING (https://string-db.org/, accessed on 4 September 2023) and Cy-
toscape (https:/ /cytoscape.org/, accessed on 4 September 2023) to visualize the inter-
actions between identified proteins. This helped in identifying key hub proteins and
understanding the complex interplay between different proteins in the context of the
observed biological effects.

Quantitative Analysis: Label-free quantification methods were employed to assess
the differential expression levels of proteins between sample groups. This quantitative
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analysis provided insights into the proteins significantly upregulated or downregulated
post-bioactive peptide consumption.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA)

Detected proteins were measured in plasma samples using different ELISA kits fol-
lowing the manufacturer’s instructions at different dilutions: 100,000-fold for APOA2,
1,000,000-fold for APOA1, 20,000-fold for APOB, and 20-fold for MMP-8 (Thermo Fisher
Scientific, Carlsbad, CA, USA).

2.12. Functional Enrichment Analysis

The STRING database was used to integrate all known and predicted associations
between genes, including both physical interactions as well as functional associations [26].
Functional enrichment analysis for proteomics data was performed using FunRich (http:
//www.funrich.org/, accessed on 16 January 2024) [27]. Briefly, the quantitative proteomics
list was imported into the FunRich tool and cellular components, biological processes,
molecular functions, and enriched biological pathways were identified for these proteins.

2.13. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 10, SPSS analysis software
program (v22, IBM, Armonk, NY, USA), and R 4.3.2. Normality of continuous variables
was assessed with Shapiro-Wilk tests, and data are presented as mean =+ SD. In in vitro ex-
periments, gene expression (AACt) and densitometric Western blot values from C-HUVECs
were compared to GD-HUVECs using two-tailed unpaired Student’s ¢-tests for normal
distributions or Mann-Whitney U tests, as appropriate. Transcriptomic counts were pro-
cessed in DESeq?2, and proteomic label-free intensity values in Sequest and Scaffold. ELISA
results from paired pre-/post-intervention plasma samples were analysed with Wilcoxon
signed-rank tests. Transcriptomic counts were processed in DESeq2, and proteomic label-
free intensity values in Sequest and Scaffold. Functional enrichment of significant proteins
was explored using clusterProfiler (GO, KEGG, Reactome, Toronto, ON, Canada), and
protein—protein interaction networks were examined in STRING v12.0 with a confidence
score > 0.70; network topological parameters were compared using permutation tests
(n =10,000). Exact p-values are provided in the text or figures, with values p < 0.05 consid-
ered statistically significant.

3. Results

3.1. Impact of Bioactive Peptides and Hydroxytyrosol on Inflammatory and Oxidative Pathways in
Healthy and Diabetic HUVECs

To investigate the effects of BP on inflammation and oxidative stress, we assessed the
expression levels of key inflammatory markers such as TNF-« and VCAM-1 in C-HUVECs.
Various time intervals (specifically 2, 6, and 24 h) were analysed to identify the time window
where the anti-inflammatory effects were most pronounced (Figure 1). In C-HUVECs, BP
led to a moderate decrease in VCAM-1 expression at 2, 6, and 24 h (Figure 1), whilst BP
treatment was unable to reverse the TNF-o effect. After 24 h of TNF-«, the lower response
could be indicative of either TNF-a-induced cytotoxicity or a desensitization/adaptive
response to prolonged exposure It was observed that the antioxidant and anti-inflammatory
response was most discernible at 6 h, which was further confirmed by incubating C-
HUVECs with 100 uM HT (Supplementary Figure S1). As a positive control, a non-cytotoxic
dose of HT was able to reverse the 6 h pro-inflammatory and oxidant effect of TNF-«.
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Figure 1. Expression of inflammatory markers measured by RT-qPCR after 2, 6, and 24 h of 300 pM
BP, and/or 1 ng/mL TNF-« in C-HUVECs. (A) VCAM-1 and (B) TNF-« levels. Fold induction
for each gene was calculated versus the control at the corresponding time point. Results represent
the average £ SD of three independent experiments. Statistical significance was determined via
ANOVA followed by Tukey’s multiple comparison test. (*) Significantly different from control.
*: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.005.

Western blot analyses showed that there was a significant enhancement in the phos-
phorylation states of protein kinase B (p-AKT) following BP treatments in C-HUVECs and
GD-HUVECs, as evidenced in Figure 2. Phosphorylation of Extracellular Signal-Regulated
Kinase (p-ERK) was found to be decreased in BP-treated GD-HUVECs as well (Figure 2B),
whilst the addition of TNF-o + BP did not recover the original status, as similarly observed
using the JPCR method. On the contrary, p-NF-kB was barely reverted in C- and GD-
HUVECs in TNF-o supplemented with BP (Figure 2). The total forms of NF-«B, ERK, and
AKT did not exhibit significant changes, underscoring the specificity of the BP’s action on
their phosphorylated counterparts.

BP BP
+ B) +
C BP TNF-o TNFa GD HUVECs C BP  TNF-0 TNFa
. b I S D e e ea

p-Akt/Actin Ratio 1 9.2 2.6 0.7
BP
+

C BP  TNF-a TNF-a GDHUVECs BP TNF-a TNF-a
--“ p-ERK — ——
p-ERK/Actin Ratio 1 09 12 1.2 p-ERK/Actin Ratie 7 0.2 0.6 0.6
BP BP
+ +
C BP TNF-0. TNFa GD HUVECs C BP TNF-o0 TNF-a
- ... - -
p-NF-kB/Actin Ratio 1 0.9 1.7 0.9

P-NF-kB/Actin Ratio

1 1.3 1.7 1.2

Figure 2. Protein expression levels of p-AKT, p-ERK, and p-NF-kB were analysed by Western blot in
(A) C-HUVECs and (B) GD-HUVECs after 1 ng/mL TNF-« treatment for 6 h and/or 300 uM BP. The
ratio of densitometries of p-AKT, p-ERK, and p-NF-kB to 3-actin expresses the relative quantitative
expression. The Western blot has been manually cut to show these specific bands.
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Western blot analysis confirmed that HT treatment enhanced p-AKT (Supplemen-
tary Figure S2A) and p-ERK (Supplementary Figure S2B), which are associated with anti-
inflammatory pathways. Notably, this anti-inflammatory effect was more pronounced in
C-HUVECs than in GD-HUVECS, suggesting a reduced sensitivity of diabetic endothelial
cells to HT’s protective effects, as well as it being found in the presence of BP. Overall,
these results indicate that BP and HT show differential responsiveness, being lower in
GD-HUVECs.

3.2. Differential Gene Expression Analysis Induced by BT and HT

A detailed differential gene expression (DGE) analysis to identify specific genes mod-
ulated by BP and HT in C-HUVECs and GD-HUVECs was performed. DGE analysis using
DESeq2 identified a distinct expression profile after 6 h of incubation for each condition,
revealing significant differences between the cellular responses to BP and HT, especially
when comparing healthy to diabetic cells.

When C-HUVECs were exposed to BP, we identified 22 DGE that withstood the
rigour of multiple testing corrections (a comprehensive list of all DGE can be found in
Table 1). Among these, 17 genes exhibited reduced expression, whereas 5 showed in-
creased expression levels following BP treatment compared to control conditions. The
upregulated genes notably included those encoding mitochondrial ribosomal RNAs, MT-
RNR1 and MT-RNR2, as well as MMP-1. Conversely, genes such as TGF-BI, PTX3, SULF1,
DSP, SELE, ANXAS, and ILF44] were among the downregulated entities (Table 1). On
the other hand, HT treatment led to the upregulation of 14 genes with roles in oxidative
stress response, mitochondrial function, and anti-inflammatory pathways. MT-RNR1 and
MT-RNR2 displayed comparable regulation patterns in response to both bioactive com-
pound treatments (Supplementary Table S1). Among these, eight genes exhibited increased
expression, whereas six showed decreased expression levels following HT treatment com-
pared to control conditions. Conversely, genes such as SOX18 and different histones such
as H1-3, H2BC18, H3C12, and H3C3 were downregulated (Supplementary Table S1).

Table 1. Profiling of the specific and significant changes after bioactive peptide treatment (n = 3), in
HUVECs, determined by differentially expressed genes (DEGs).

C-HUVECSs: Control vs. BP Treatment

2log .
Gene Name Gene ID Function (BaseMeanB/ Ac_l{;; ?:leed
BaseMeanA) P
Protects endothelial cells from
MT-RNR2 ENSG00000210082 inflammation by suppressing oxidative 271 4.70 x 1077°
stress
Regulates insulin sensitivity and _o5
MT-RNR1 ENSG00000211459 . . 2.595 1.93 x 10
metabolic homeostasis
Expressed in nail bed, hair follicle,
KRT17 ENSG00000128422 sebaceous glands, and other epidermal —3.767 4.01 x 10712
appendages
Antiviral activity against a wide range of _3
MX1 ENSG00000157601 RNA viruses and same DNA viruses —2.354 3.39 x 10
MMP-1 ENSG00000196611 Breakdown qf the.extracellular matrix in 1301 293 % 10~7
normal physiological processes
SULF1 ENSG00000137573 (1 expression of this gene may be —0.766 7.83 x 10~7

downregulated in several types of cancer.
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Table 1. Cont.
C-HUVECs: Control vs. BP Treatment
2log .
Gene Name Gene ID Function (BaseMeanB/ Ac_l{;; ?Leed
BaseMeanA) P
TGFBI ENSG00000120708 Plays a role in cell adhesion —1.453 1.08 x 1076
MIR205HG ~ ENSG00000230937 Eljs‘:‘ gene, affiliated with the IncRNA 3914 1.08 x 1076
DSP ENSG00000096696 ~ 0T™ @ component of functional —2612 2.84 x 105
desmosomes
Blocks interferon-dependent interphase B
KRT7 ENSGO0000135480 and stimulates DNA synthesis in cells 0-765 0.0001
PTX3 ENSG00000163661 Plays a role in inflammatory reactions —0.739 0.0005
KRT14 ENSG00000186847 Type I keratin —2.765 0.0007
COL3A1 ENSG00000168542  Lnicodes pro-alphal chains of type III ~0.721 0.0007
collagen
SELE ENSG00000007908 ~ ~esponsible for the accumulation of ~1.261 0.0032
blood leukocytes at sites of inflammation
CCDCI9  ENSG00000185860  ciated to cannabis and hallucinogen —4.039 0.0038
dependence
PKP1 ENSG00000081277 Contributes to epidermal morphogenesis —5.209 0.0113
IF144L ENSG00000137959 | acilitates inflammatory cytokine 1927 0.0117
secretion
PLXNA4 ENSG00000221866 Enables semaphorin receptor activity —0.556 0.0180
Multifunctional protein that regulates
TGFB2 ENSG00000092969 various processes such as angiogenesis —0.702 0.0197
and heart development
SULTIBI ~ ENSG00000173597 ~ May play arolein gut microbiota—host —0.608 0.0222
metabolic interaction
ANXAS$ ENSG00000286129 ~ 4CfS as an anticoagulant that inhibits the Inf 0.0264
thromboplastin-specific complex
SOX18 ENSG00000203883 L1y a role in hair, blood vessel, and 0.622 0.0482
lymphatic vessel development
GD-HUVECs: Control vs. BP Treatment
2log .
Gene Name Gene ID Function (BaseMeanB/ A(_j\];; “;’Leed
BaseMeanA) P
Regulates insulin sensitivity and
MT-RNR1 ENSG00000211459 . . 3.170 0.013
metabolic homeostasis
Proteins responsible for the nucleosome
H3C10 ENSG00000278828 structure of the chromosomal fibre in —3.196 0.021

eukaryotes

Adjusted p-value is based on a fold change of >2 or <—2. Confluent C-HUVECSs were stimulated for 6 h in the
absence/presence of 300 uM BP. Total RNA was then extracted from cells and processed for RNA-SEQ. A positive
result in 2log (BaseMeanB/BaseMeanA) represents an increased level following biopeptide treatment, while a
negative result represents an increased level in the control treatment.

When comparing the gene expression profile of control C-HUVECs and GD-HUVECs,
36 DGE were significantly expressed. Genes of interest such as FGF5, RPS4Y1, CCNAI,
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CCBE1, and PRRX1 were significantly increased in GD-HUVECs, whilst other genes such
as CLCE14, AIF1L, TBX1, AUTS2, and EBF3 were decreased.

Hence, GD-HUVEC cells exposed to BP resulted in the identification of two genes
when compared to unstimulated conditions: upregulation and downregulation of MT-
RNR1 and H3C10 histone, respectively. As MT-RNRI expression appeared in healthy
and pathological cell lines, the increase in MT-RNR1 expression in the presence of BP in
C-HUVECs and GD-HUVECs was further confirmed by qPCR (p = 0.025 and p = 0.008,
respectively). Accordingly, with a lower expression of genes, HT treatment resulted in a
narrower transcriptional response in GD-HUVECs, with fewer upregulated genes (7 DGE),
including STC1, HMOX1, NR4A1, and SOCS1, among others (Supplementary Table S1).

In order to further explore the potential for improving a pathological condition, the
impact of BP was assessed in the presence of TNF-«. Initially, it was found that TNF-o
treatment alone induced alterations in 205 genes in C-HUVECsS, including upregulation of
CX3CL1, VCAM-1, TRAF1, ANO9Y, TNFRSF9, and SELE. These findings suggest that the
control cells were responsive to treatments, making them suitable for further analysis. A
comparison analysis in C-HUVECs between TNF-o-and TNF-« + BP demonstrated that the
combined BP treatment failed to restore gene expression levels to those observed in the basal
state in the control group. Conversely, in healthy cells, the comparison analysis between
TNF-«, and TNF-o + HT revealed that the combined treatment significantly reduced the
expression of inflammatory and oxidative genes, including SELE, BIRC3, TRAF1, VCAM1,
ICAM1, CXCL8, NR4A3, and NFKB2, among others. These findings indicate that while
BP treatment appears to be more effective in non-pathological conditions, it is unable to
reverse an established oxidant and inflammatory state. In contrast, HT exhibits a greater
potential as an antioxidant or anti-inflammatory compound due to its ability to attenuate
the inflammatory state in C-HUVECs. These results suggest that BP remains important in
prevention treatments rather than in pathological treatments.

TNF-« stimulation in GD-HUVECs resulted in the identification of 116 DEGs, includ-
ing the upregulation of BIRC3, TRAF1, TNFAIP3, VCAM1, CXCL8, RELB, CXCL2, CSF1,
IL32, CXCL1, TNIP3, and NR4A3, among others. Moreover, comparison between TNF-o
treatment alone and TNF-« + BP did not produce any relevant results in GD-HUVECs
(Supplementary Figure S3). Notably, when this pathological cell line was subjected to
TNF-« alone with TNF-« + HT, only 21 DEGs were identified, including the upregula-
tion of HMOX1, STC1, EGR1, and DUSP5, among others. Potential inflammatory and
oxidant genes, such as VCAM-1 and IL6, were downregulated with TNF-ox + HT treatment.
However, neither treatment was able to revert the inflammatory state in GD-HUVECs
to the baseline levels observed in the control condition. Thus, our GD-HUVECSs serve
as an in vitro endothelial model, confirming that bioactive compounds (BP and HT) are
not entirely suitable for treating pathological inflammatory and oxidant states. Nonethe-
less, under healthy conditions, these compounds, particularly BP, can be employed as
preventive tools.

3.3. Proteomic Analysis of Plasma Samples Following BP Consumption

Proteomic profiling using liquid chromatography/tandem mass spectrometry (LC-
MS) identified several proteins associated with lipid metabolism and CV health that were
modulated post-consumption of BP-enriched dry-cured ham.

The Sequest software (version IseNode in Proteome Discoverer 2.3.0.523) determines
the qualitative presence of these peptides but cannot delineate the precise up- or downreg-
ulation of protein expression following consumption of dry-cured pork ham BP. However,
the ScaffoldQ software (version Scaffold_4.10.0) provides a semi-quantitative assessment,
revealing notable differential expressions in protein levels.
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Among the 72 proteins identified (Table 2), Apolipoprotein Al (APOA1) and
Apolipoprotein A2 (APOA2) showed significant changes in expression, with APOAL1 levels
increased and APOAZ2 levels decreased following BP intake. These apolipoproteins play
essential roles in lipid transport and cholesterol regulation, supporting the cardioprotective
potential of BP. Additionally, Matrix Metalloproteinase-8 (MMP-8), associated with inflam-
matory responses, showed a reduction in expression, further aligning with BP’s potential

role in moderating inflammation.

Table 2. Differentially expressed proteins in plasmatic samples identified by LC-MS, using Scaffold

and Sequest software.

Protein Name (Using Scaffold Software) Gene Name p-Value
Capping protein regulator and myosin 1 linker 2 CARMIL2 <0.0001
Apolipoprotein Al APOA1 <0.0001
Apolipoprotein AIl APOA2 <0.0001
Calcium-dependent secretion activator 2 CADPS2 <0.0001
Dystonin DST 0.081
Zinc finger SWIM domain-containing protein 8 ZSWIMS 0.1
Collagen type XIII alpha 1 chain COL13A1 0.0088
Nascent polypeptide-associated complex subunit alpha NACA 0.16
Proline-rich 25 PRR25 0.39
Calcium/calmodulin-dependent protein kinase II gamma CAMK2G 0.15
Glutamate ionotropic receptor NMDA type subunit 1 GRIN1 0.15
Cyclin K CCNK 0.25
Nucleolar protein with MIF4AG domain 1 NOM1 0.023
Calcium/calmodulin-dependent protein kinase II delta CAMK2D 0.39
Filaggrin FLG 0.023
Tetratricopeptide repeat domain 38 TTC38 0.39
ARHGAP23 (Fragment) ARHGAP23 0.096
Erythrocyte membrane protein band 4.1 like 1 EPB41L1 0.39
Minichromosome maintenance complex component 4 MCM4 0.39
Sideroflexin 5 SFXNb5 0.15

Protein Name (Using Sequest Software)

Gene Name

MYC binding proteins MYCBP
Polypeptide N-acetylgalactosaminyltransferase 2 GALNT?2
General transcription factor IIF subunit 1 GTF2F1
VANGL planar cell polarity protein 1 VANGL1
Fibronectin type III domain containing 3A FNDC3A
YjeF N-terminal domain containing 3 YJEFN3
Prostaglandin F2 receptor inhibitor PTGFRN
Mitogen-activated protein kinase 12 MAP3K12
Elkll}?lslflﬂatt}i]izl;na()l;i;(;l—ﬁl—phosphate 3-kinase catalytic PIK3C2A
Epidermal growth factor EGF
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Table 2. Cont.

Protein Name (Using Scaffold Software) Gene Name p-Value

Protein Name (Using Sequest Software) Gene Name

Pleckstrin homology and RhoGEF domain containing G2 PLEKHG?2
Citron rho-interacting serine/threonine kinase CIT
LEM domain containing 3 LEMD3
Parking RBR E3 ubiquitin protein ligase PRKN
Myosin heavy chain 16 pseudogene MYHI16
Ataxin 2 like ATXN2L
Actin filament-associated protein 1-like 2 AFAP1L2

The in vivo proteomic results corroborate the transcriptomic findings in C-HUVECs,
where lipid metabolism and inflammatory markers were modulated by BP, albeit with
more pronounced effects in the clinical samples than in the GD-HUVECs. This alignment
between in vitro and in vivo data underscores the translational potential of the cellular
model for predicting real-world impacts of bioactive compounds on CV health.

Later, ELISA assay evaluations were conducted by diluting the plasma samples in
various concentrations. The analysis revealed that the levels of apolipoproteins, specifically
APOA1 and APOA2, did not show significant differences. Furthermore, APOB was also
assessed, though it did not display notable changes, to ascertain the APOB/APOAL1 ratio.
Notably, the administration of BP was associated with a statistically significant decrease in
the APOB/APOAL1 ratio (p = 0.018), which contributes to a decrease in CV risk. Additionally,
there was a significant reduction in MMP-8 levels following BP consumption (p = 0.028),
which is important in the improvement of CV-related comorbidities (Table 3).

Table 3. Changes in identified protein levels measured with ELISA.

Before BP After BP

(n =30) Consumption Consumption p-Value
APOA1 0.8248 0.8560 0.361
(ng/mL) [0.567-1.0884] [0.6944-1.0899] ’
APOA2 0.1623 0.1591 0.862
(ng/mL) [0.1434-0.1750] [0.1513-0.1741] ’
APOB 0.4945 0.4534 0.936
(ng/mL) [0.3511-0.5983] [0.3192-0.6799] :
MMP-8 0.4845 0.4521 0.028 ©
(pg/mL) [0.4196-0.5681] [0.3806-0.5174] :
APOB/APOA1 0.5303 0.4792 0.018 *

[0.3879-0.7070]

[0.3582-0.6559]

Data are presented as median [interquartile range] for non-normally distributed variables. Comparisons are
assessed by the Wilcoxon test. Significant p-values were expressed by bold formatting and the * symbol.

3.4. Functional Enrichment Analysis of Proteomics Data

Functional enrichment analysis for biological processes of proteins revealed that most
of the proteins are involved in signal transduction (32.3%) and cell communications (29%)
followed by regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism
(12.9%), cell growth and/or maintenance (12.9%), and lipid transport (9.7%). The top
10 enriched biological processes are depicted in Figure 2A. Pathway analysis of these
proteins identified enriched biological pathways, including the IFN gamma pathway
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Regulation of nucleobase,
, nucleatide and nucleic...

nucleoside,

Biclogical process

Cell growth and/or maintenance

(35.7%), glypican 1 network (28.6%), trafficking of AMPA receptors (21.4%), and Ras
activation through NMDA receptor (14.3%) pathways (Figure 3B). Analysis for cellular
component localizations revealed that most of the proteins are localized to the nucleus
(64.3%) and cytoplasm (57.1%), followed by the plasma membrane (39.3%) and exosomes
(21.4%) (Supplementary Figure S4).

Biological process for Proteomics list B Biological pathway for Proteomics list
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Figure 3. FunRich analysis. The possible (A) biological processes and (B) biological pathways
performed on plasmatic proteins identified by the proteomic analysis. FunRich: Functional
Enrichment tool.

3.5. Analysis of Protein—Protein Interactions (PPIs) via STRING

The STRING database was employed to unravel the intricate web of PPIs on the BP
under study (Figure 4). The PPI network generated revealed several noteworthy clusters
(signal transduction, cell growth, and lipid transport), indicative of potential functional
conglomerates in CV health and disease.

Within the network, a prominent cluster was identified, encompassing proteins such
as MAP3K12, a kinase implicated in signal transduction. This cluster also included CCNK,
which is involved in cell cycle regulation, hinting at a possible collective role in cellular
proliferation and maintenance. Another significant interaction was observed between
PIK3C2A, a member of the phosphoinositide 3-kinase family, and NOM1, suggesting
a link to cellular growth pathways. The network further identified a linkage between
CIT, a protein kinase involved in the regulation of the actin cytoskeleton, and MYCBP,
which is known to associate with the c-Myc proto-oncogene product, a factor essential for
cellular growth and division. Additionally, proteins such as EGF, a key molecule in cell
growth, proliferation, and differentiation, and APOA1, the major protein component of
high-density lipoprotein (HDL) in plasma, were depicted. The network also depicted FLG,
involved in skin barrier function, and GRIN1, which encodes a subunit of the N-methyl-D-
aspartate (NMDA) receptor. Clusters involving proteins related to the extracellular matrix,
such as COL13A1 and DST, were noted, implying a potential regulatory impact on tissue
remodelling and integrity. Furthermore, proteins with a role in the ubiquitin—proteasome
system, such as YJEFN3, were also part of the network, reflecting the comprehensive nature
of the BP’s influence on cellular mechanisms. The PPI analysis through the STRING tool
thus provides a panoramic view of the potential biological effects of BP, highlighting their
diverse influence on various cellular pathways and processes. This intricate network of
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interactions lays the foundation for understanding the molecular basis of the peptides’
therapeutic potential.

MAP3K12

@)

COL13A1

O VANGL1

GALMT2

r\!__!'_‘
O AFAPL2 e
u

CAMK2D

CAMK2G

FLG
EPB41L1 e
e i YJEFN3

Figure 4. Protein—protein interactions and clusters of identified proteins by proteomic approaches
(STRING database). The figure highlights the connections between differentially represented proteins.
Proteins include collagen type XIII alpha 1 chain (COL13A1), Mitogen-activated protein kinase 12
(MAP3K12), Apolipoprotein Al (APOA1), Epidermal Growth Factor (EGF), Phosphatidylinositol-
4-Phosphate 3-Kinase (PIK3C2A), among others. Nodes represent proteins while the association
between proteins are indicated by lines.

4. Discussion

BPs have emerged as a molecule of profound interest due to their potential therapeutic
properties [1]. The beneficial effect of BP from dry-cured pork ham over the CV system has
been investigated in two clinical trials from our group [19,20], although few mechanistic
studies have been designed to explore the wider range of activities of such BP in the CV
system [23].

Indeed, the observed modulation of gene expression by BP, particularly in C-HUVECs,
could have significant implications for CV health. Indeed, MT-RNR1 and MT-RNR2, which
encode mitochondrial ribosomal RNAs, have been implicated in the regulation of insulin
sensitivity and metabolic homeostasis, both of which are critical factors in the aetiology of
CV diseases [28]. The upregulation of these genes following treatment with BP in C- and GD-
HUVECs may suggest a beneficial role in mitochondrial function and energy metabolism,
which are crucial in maintaining CV health. Moreover, the upregulation of MMP-1 might
also indicate an active role in vascular remodelling processes, which are essential for the
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maintenance of vascular integrity [29-31]. Conversely, the downregulation of genes such
as TGF-BI, associated with cell adhesion and migration, and PTX3, an acute-phase protein
linked to inflammation and CV risk, suggests that BP may elicit its beneficial effects through
the modulation of these signaling pathways [32,33]. When we analysed the signaling level,
Western blotting revealed a significant reduction in NF-«kB phosphorylation following the
combined administration of TNF-« and BP, consistent with previous findings from our
group in transfected cells [22]. However, transcriptomic analysis failed to demonstrate a
corresponding reversal of inflammatory and oxidative gene expression compared to the
TNF-« stimulated condition, suggesting the existence of additional mechanisms beyond
NF-«B phosphorylation.

In pursuit of clarifying the advantageous effects of BP on endothelial integrity in vitro,
we examined two pivotal proteins associated with improvements in endothelial cell func-
tion: p-ERK and p-AKT [34]. It is known that certain synthetic organic compounds, im-
plicated in various diseases, can increase ERK phosphorylation [35], while inhibiting this
pathway may contribute to plaque stability [36], paralleling our findings of reduced p-ERK
levels following BP treatment. In the context of AKT, its phosphorylation state is known
to be diminished by oxidized LDL, a contributor to CV diseases [37], whereas increased
phosphorylation of AKT in the nucleus is associated with cardioprotective effects [38],
reinforcing our observations of enhanced AKT phosphorylation in BP treatment.

STRING analysis of DEGs in C- and GD-HUVECs identified several proteins that
have direct implications in CV disease, forming a complex network of interactions that
underlie key pathophysiological processes of endothelial dysfunction. Genes such as E-
selectin, MMP-1, FGF5, and SERPIND1 play a pivotal role in the inflammatory and oxidative
pathways, facilitating the adhesion of leukocytes, degradation of interstitial collagens or
angiogenesis, and the coagulation cascade [30,31,39,40]. The dysregulation of these genes
in GD-HUVECs underlies the vascular complications commonly observed in diabetes,
providing a rationale for targeted therapeutic interventions such as BP to ameliorate CV
outcomes in pathological conditions. However, the GD-HUVECs’ response to BP was not
sufficient to account for the observed phenotypic changes, indicating their inability to fully
revert the pathological phenotype. Nevertheless, other peptides such as PEP1 from rice and
KQS-1 from adzuki bean have been suggested as potential natural anti-inflammatory and
antioxidant therapies after transcriptomic analysis of cultured cells [41,42]. These findings
emphasize the complexity of cellular responses and underscore the varying sensitivity
of C-HUVECs and GD-HUVECs to these treatments (BP and HT) and the need for a
comprehensive understanding of the multiple signaling pathways involved. Collectively,
these results suggest that BP may be more effective in preventive applications rather
than in therapeutic interventions. As a positive control, HT was able to reverse the pro-
inflammatory and pro-oxidant effect of TNF-«, thus confirming previous results about the
protective effects of HT against oxidative stress in HUVECs [43]. HT significantly reduced
reactive oxygen species (ROS) levels in these cells, thereby enhancing cell viability and
function. This antioxidant action is vital, as oxidative stress is a key factor in endothelial
dysfunction, which can lead to cardiovascular diseases. According to a previous study,
and confirming our results, HT treatment reduced the expression of endothelial adhesion
molecules, such as ICAM-1 and VCAM-1, which are important mediators of vascular
inflammation [44]. This suggests that HT could play a role in preventing atherosclerosis
by inhibiting leukocyte adhesion to the endothelium. Furthermore, it is of paramount
importance to highlight that the effects of HT on HUVECs were previously analysed in
several studies; however, the effects of both BP and HT on GD-HUVECs have not been
studied elsewhere. This way, our results open the possibility of further analysing the
differences between C- and GD-HUVECs.
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Following the in vitro studies, our focus aimed to decipher the underlying molec-
ular mechanisms and biological pathways influenced by BP intake in patients with CV
risk [19]. Notably, the FunRich analysis of our plasma proteomic data [27] highlighted the
involvement of inflammatory and oxidative pathways, including the Ras protein, which
is intricately linked to the secretion of pro-inflammatory cytokines IL-6 and IL-8. Con-
versely, Ras inhibition correlated with a downregulation of these interleukin genes [45].
Additionally, the MAPK pathway emerged as a promising therapeutic target [46], aligning
with our in vitro findings that implicate ERK —a component of the MAPK cascade—in the
modulation of our experimental outcomes [47].

These in vitro findings indicate that BP treatment modulated the expression of genes
and proteins involved in vascular stability and plaque formation, such as MMP-1, TGF-f1,
and p-ERK, which are known to influence vascular integrity [29,32,36]. Additionally, the
regulation of MT-RNR1 and MT-RNR2 suggests a potential role in modulating insulin
sensitivity and glucose homeostasis [28]. The preservation of vascular function might
also be mediated by the reduction in inflammatory markers such as PTX3, which further
contributes to the reduction in the CV risk [33]. However, these protective effects were
limited in our GD-HUVECS model, representing a pathological condition. Given that
these compounds (HT and BP) alone are insufficient to reverse established pathology, we
extended our investigation to evaluate the potential of BP as a preventive intervention in
volunteers at CV risk but not yet exhibiting pathological features.

Moreover, the quantitative plasma protein expression provided by the proteomic
analysis (ScaffoldQ software) of the human clinical study revealed differential expression of
CV-relevant proteins, including a significant increase in APOA1 and a decrease in APOA2,
post-consumption of BP-enriched ham. These findings suggest a beneficial modulation
of lipid transport and metabolism, which are critical factors in CV health. Our findings
align with the nuanced perspective presented by Remaley et al. [48], suggesting that de-
creased levels of APOA2 may confer a cardioprotective effect. Contrastingly, the increase
in APOA1 levels observed in our study corroborates its established role in promoting
CV health through mechanisms such as LDL oxidation inhibition, facilitating the clear-
ance of toxic metabolites, and exerting anti-inflammatory and antioxidant effects [49,50].
The APOB/APOAL1 ratio post-treatment, which reflects the balance of proatherogenic to
antiatherogenic lipoproteins, was reduced in our study post-treatment. This decrease is
supported by the literature as indicative of a reduced risk for atherosclerotic events, thereby
endorsing the CV benefits of the BP intervention [51,52]. Matrix metalloproteinases, particu-
larly MMP-8, have been implicated in CV pathophysiology, predominantly associated with
unstable atherosclerotic plaque phenotypes [53,54]. By our transcriptomic data (MMP-1),
a significant reduction in MMP-8 levels following BP consumption suggests a stabilizing
effect on vascular integrity, potentially mitigating the progression of atherosclerosis. These
data nicely complement the cardiometabolic improvement found by the regular consump-
tion of BP-enriched ham [19]. Interestingly, proteomics in in vitro experiments revealed
that the BP influenced various biochemical pathways in the cells [55], but further in vivo
proteomics investigations, such as the current study, are needed to estimate the clinical
relevance of this intake.

The in vitro models used in this study, which have been previously established and
optimized by our group [2,25], provide a reliable method to study the potential of com-
pounds from vegetal and animal origin in distinct scenarios resembling those found in
chronic endothelial dysfunction. In addition, we included in this study a treatment with HT
as a positive control, as it is considered a gold standard of antioxidant bioactive compound
from plant origin [56,57] and can reverse the TNF-« effect, particularly in C-HUVECs. The
combination of transcriptomic and proteomic techniques, along with advanced compu-
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tational tools, has become a cornerstone for understanding how bioactive compounds
interact with biological systems [58-60]. These methods are further strengthened by molec-
ular approaches like qPCR, Western blotting, and ELISA, which help validate the specific
targets identified in broader omics analyses [61,62]. In this study, we used these tools to
investigate the pathways influenced by BP, both in vitro and in vivo, finding alignment
between cellular models of early endothelial dysfunction and clinical data. While the
findings shed light on how BP can impact endothelial health and cardiovascular function,
they also highlight the complexity of these molecular interactions. Moving forward, it
will be important to expand the use of these techniques to explore the effects of BPs in a
wider range of pathological conditions and to confirm their therapeutic potential in larger,
more diverse populations. Future assays measuring mitochondrial function are granted
to elucidate the improvements in mitochondrial bioenergetics affected by both treatments.
The use of only three donors per group in the in vitro assay, while a limitation, actually
adds robustness to our study by demonstrating consistent treatment effects despite inherent
biological variability among primary cells. By adopting this integrated approach, we can
better understand and predict how these compounds might support CV health.

5. Conclusions

A thorough molecular analysis of the impact of BP from dry-cured ham on CV health,
assessing endothelial cells from both healthy and GD pregnancies, was performed. The
identification of pathways involved in atherosclerosis risk, as revealed by transcriptomic
and proteomic analysis, further supports the potential of BPs to exert a preventive effect
against vascular pathology.

To the best of our knowledge, this is the first study reporting the cardioprotective
effects of BP by affecting lipoproteins and MMPs. Our data are in agreement with those
reported by others who have shown the potential of HT as an antioxidant agent, and serve to
confirm the utility of such cellular models. These findings also reveal distinctions between
mechanisms underlying the effects of BP and HT. By increasing an understanding of how
BPs affect signaling proteins such as p-ERK, p-AKT, and p-NF-«B, this study highlights
the potential of these peptides as modulators of CV health. Moving forward, further
exploration of their molecular mechanisms will be crucial to translating these discoveries
into practical clinical applications, paving the way for new strategies in the prevention of
cardiovascular diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox14070772 /s1, Table S1. Profiling of the specific and significant
changes to hydroxytyrosol (n = 3), in HUVECs determined by differentially expressed genes (DEGs).
Figure S1. Relative expression of TNF-& and VCAM-1 in A) C-HUVECs and B) GD-HUVECs. TNF-x
expression was measured after 1 ng/mL TNF-« treatment for 6 h and/or 100 uM HT. Fold induction
for each gene was calculated versus control at the corresponding time point. Results represent
the average + SD of three independent experiments. Statistical significance was determined via
ANOVA followed by Tukey’s multiple comparison test. (*) Significantly different from the control.
*: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.005. Figure S2. Protein expression levels of p-AKT
and p-ERK were analysed by Western blot in C-HUVECs and GD-HUVECs. Protein expression
was measured after 1 ng/mL TNF-« treatment for 6 h and/or 100 uM HT. Figure S3. Differentially
expressed genes (DEGs) in 1 ng/mL TNFx compared to TNFe + 300 uM BP. (A) DEG volcano plot of
C-HUVECs. (B) DEG volcano plot of GD-HUVECs. Figure S4. FunRich analysis shows the possible
cellular localization of the proteins. FunRich: Functional Enrichment tool.
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LC-MS Liquid Chromatography/Mass Spectometry.
MAP3K12 Mitogen-activated Protein Kinase 12.

MMP Matrix Metalloproteinase.

MT-RNR1 Mitochondrially Encoded 125 RNA.

NMDA N-methyl-D-Aspartate.



Antioxidants 2025, 14, 772 19 of 21

PIK3C2A Phosphatidylinositol-4-Phosphate-3-kinase.

PPIs Protein—protein interactions.

q-PCR Quantitative PCR.

ROS Reactive Oxygen Species.

SDS-PAGE Sodium Dodecyl Sulfate-polyacrylamide Gel Electrophoresis.
TNF- Tumour Necrosis Factor-c.

VCAM-1 Vascular Cell Adhesion Molecule-1.

References

1. Martinez-Sanchez, S.M.; Gabaldén-Hernandez, ].A.; Montoro-Garcia, S. Unravelling the molecular mechanisms associated with
the role of food-derived bioactive peptides in promoting cardiovascular health. J. Funct. Foods 2019, 64, 103645. [CrossRef]

2. Pipino, C.; Bernabe-Garcia, A.; Cappellacci, I.; Stelling-Ferez, ].; Di Tomo, P,; Santalucfa, M.; Navalén, C.; Pandolfi, A.; Nicolas, FJ.
Effect of the Human Amniotic Membrane on the Umbilical Vein Endothelial Cells of Gestational Diabetic Mothers: New Insight
on Inflammation and Angiogenesis. Front. Bioeng. Biotechnol. 2022, 10, 854845. [CrossRef]

3. Flores, A.L; Pipino, C.; Jerman, U.D; Liarte, S.; Gindraux, E; Kreft, M.E.; Nicolds, EJ.; Pandolfi, A.; Tratnjek, L.; Giebel, B.; et al.
Perinatal derivatives: How to best characterize their multimodal functions in vitro. Part C: Inflammation, angiogenesis, and
wound healing. Front. Bioeng. Biotechnol. 2022, 10, 965006. [CrossRef]

4. Schiavone, V.; Romasco, T.; Di Pietrantonio, N.; Garzoli, S.; Palmerini, C.; Di Tomo, P.; Pipino, C.; Mandatori, D.; Fioravanti,
R.; Butturini, E.; et al. Essential Oils from Mediterranean Plants Inhibit In Vitro Monocyte Adhesion to Endothelial Cells from
Umbilical Cords of Females with Gestational Diabetes Mellitus. Int. J. Mol. Sci. 2023, 24, 7225. [CrossRef]

5. Noguera-Navarro, C.; Montoro-Garcia, S.; Orenes-Pifiero, E. Hydroxytyrosol: Its role in the prevention of cardiovascular diseases.
Heliyon 2023, 9, €12963. [CrossRef]

6.  Ellis, L.R; Boesch, C.; Dye, L. Effects of Anthocyanins on Cognition and Vascular Function: A Systematic Review. Mol. Nutr. Food
Res. 2024, 68, €2300502. [CrossRef]

7. Teodoro, A.J. Bioactive Compounds of Food: Their Role in the Prevention and Treatment of Diseases. Oxid. Med. Cell Longev.
2019, 2019, 3765986. [CrossRef]

8.  Chakrabarti, S.; Guha, S.; Majumder, K. Food-Derived Bioactive Peptides in Human Health: Challenges and Opportunities.
Nutrients 2018, 10, 1738. [CrossRef]

9.  Madhu, M,; Kumar, D,; Sirohi, R.; Tarafdar, A.; Dhewa, T.; Aluko, R.E.; Badgujar, P.C.; Awasthi, M.K. Bioactive peptides from meat:
Current status on production, biological activity, safety, and regulatory framework. Chemosphere 2022, 307, 135650. [CrossRef]

10. Hajfathalian, M.; Ghelichi, S.; Garcia-Moreno, P.J.; Moltke Sorensen, A.D.; Jacobsen, C. Peptides: Production, bioactivity,
functionality, and applications. Crit. Rev. Food Sci. Nutr. 2018, 58, 3097-3129. [CrossRef]

11.  Fan, H,; Shang, N.; Davidge, S.T.; Wu, J. Chicken Muscle-Derived ACE2-Upregulating Peptide VVHPKESF Reduces Blood
Pressure Associated with the ACE2/Ang (1-7)/MasR Axis in Spontaneously Hypertensive Rats. Mol. Nutr. Food Res. 2024, 68,
€2300524. [CrossRef]

12.  Smith, C. Sleep states and learning: A review of the animal literature. Neurosci. Biobehav. Rev. 1985, 9, 157-168. [CrossRef]
[PubMed]

13. Li, Y,; Feng, Z.; Wu, T,; You, H.; Wang, W.; Liu, X.; Ding, L. Quinoa Peptides Alleviate Obesity in Mice Induced by a High-Fat
Diet via Regulating of the PPAR-alpha/gamma Signaling Pathway and Gut Microbiota. Mol. Nutr. Food Res. 2023, 67, €2300258.
[CrossRef] [PubMed]

14. Du, ].; Xiao, M.; Sudo, N.; Liu, Q. Bioactive peptides of marine organisms: Roles in the reduction and control of cardiovascular
diseases. Food Sci. Nutr. 2024, 12, 5271-5284. [CrossRef] [PubMed]

15. Ichim, N.; Marin, E; Orenes-Pifiero, E. Potential Impact of Bioactive Peptides from Foods in the Treatment of Hypertension. Mol.
Nutr. Food Res. 2024, 68, €2400084. [CrossRef]

16. Mora, L.; Escudero, E.; Arihara, K.; Toldrd, F. Antihypertensive effect of peptides naturally generated during Iberian dry-cured
ham processing. Food Res. Int. 2015, 78, 71-78. [CrossRef]

17.  Gallego, M.; Mora, L.; Hayes, M.; Reig, M.; Toldr4, F. Peptides with Potential Cardioprotective Effects Derived from Dry-Cured
Ham Byproducts. . Agric. Food Chem. 2019, 67, 1115-1126. [CrossRef]

18. Heres, A.; Mora, L.; Toldr4, F. Bioactive and Sensory Di- and Tripeptides Generated during Dry-Curing of Pork Meat. Int. J. Mol.
Sci. 2023, 24, 1574. [CrossRef]

19. Montoro-Garcia, S.; Velasco-Soria, A.; Mora, L.; Carazo-Diaz, C.; Prieto-Merino, D.; Avellaneda, A.; Miranzo, D.; Casas-Pina, T.;

Toldr4, F.; Abellan-Aleman, J. Beneficial Impact of Pork Dry-Cured Ham Consumption on Blood Pressure and Cardiometabolic
Markers in Individuals with Cardiovascular Risk. Nutrients 2022, 14, 298. [CrossRef]


https://doi.org/10.1016/j.jff.2019.103645
https://doi.org/10.3389/fbioe.2022.854845
https://doi.org/10.3389/fbioe.2022.965006
https://doi.org/10.3390/ijms24087225
https://doi.org/10.1016/j.heliyon.2023.e12963
https://doi.org/10.1002/mnfr.202300502
https://doi.org/10.1155/2019/3765986
https://doi.org/10.3390/nu10111738
https://doi.org/10.1016/j.chemosphere.2022.135650
https://doi.org/10.1080/10408398.2017.1352564
https://doi.org/10.1002/mnfr.202300524
https://doi.org/10.1016/0149-7634(85)90042-9
https://www.ncbi.nlm.nih.gov/pubmed/3892377
https://doi.org/10.1002/mnfr.202300258
https://www.ncbi.nlm.nih.gov/pubmed/37759395
https://doi.org/10.1002/fsn3.4183
https://www.ncbi.nlm.nih.gov/pubmed/39139935
https://doi.org/10.1002/mnfr.202400084
https://doi.org/10.1016/j.foodres.2015.11.005
https://doi.org/10.1021/acs.jafc.8b05888
https://doi.org/10.3390/ijms24021574
https://doi.org/10.3390/nu14020298

Antioxidants 2025, 14, 772 20 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

Montoro-Garcia, S.; Zafrilla-Rentero, M.P.; Celdran-de Haro, EM.; Pifiero de Armas, ].J.; Toldr4, F.; Tejada-Portero, L. Effects
of dry-cured ham rich in bioactive peptides on cardiovascular health: A randomized controlled trial. . Funct. Foods 2017, 38,
160-167. [CrossRef]

Marusic, N.; Aristoy, M.C.; Toldr4, F. Nutritional pork meat compounds as affected by ham dry-curing. Meat Sci. 2013, 93, 53-60.
[CrossRef]

Martinez-Sanchez, S.M.; Pérez-Sanchez, H.; Gabaldén, J.A.; Abelldn-Aleman, J.; Montoro-Garcia, S. Multifunctional Peptides from
Spanish Dry-Cured Pork Ham: Endothelial Responses and Molecular Modeling Studies. Int. J. Mol. Sci. 2019, 20, 4204. [CrossRef]
Martinez-Sanchez, S.M.; Minguela, A.; Prieto-Merino, D.; Zafrilla-Rentero, M.P.; Abellan-Aleman, J.; Montoro-Garcia, S. The Effect
of Regular Intake of Dry-Cured Ham Rich in Bioactive Peptides on Inflammation, Platelet and Monocyte Activation Markers in
Humans. Nutrients 2017, 9, 321. [CrossRef]

Di Tomo, P,; Alessio, N.; Falone, S.; Pietrangelo, L.; Lanuti, P.; Cordone, V.; Santini, S.]J.; Di Pietrantonio, N.; Marchisio, M.; Protasi,
F; et al. Endothelial cells from umbilical cord of women affected by gestational diabetes: A suitable in vitro model to study
mechanisms of early vascular senescence in diabetes. FASEB J. 2021, 35, €21662. [CrossRef]

Di Fulvio, P;; Pandolfi, A.; Formoso, G.; Di Silvestre, S.; Di Tomo, P.; Giardinelli, A.; De Marco, A.; Di Pietro, N.; Taraborrelli, M.;
Sancilio, S.; et al. Features of endothelial dysfunction in umbilical cord vessels of women with gestational diabetes. Nutr. Metab.
Cardiovasc. Dis. 2014, 24, 1337-1345. [CrossRef]

Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P,;
et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res. 2021, 49, 10800. [CrossRef]

Fonseka, P; Pathan, M.; Chitti, S.V.; Kang, T.; Mathivanan, S. FunRich enables enrichment analysis of OMICs datasets. ]. Mol. Biol.
2021, 433, 166747. [CrossRef]

Merry, T.L.; Chan, A.; Woodhead, ].5.T.; Reynolds, ].C.; Kumagai, H.; Kim, S.J.; Lee, C. Mitochondrial-derived peptides in energy
metabolism. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E659-E666. [CrossRef]

DeLeon-Pennell, K.Y.; Meschiari, C.A.; Jung, M.; Lindsey, M.L. Matrix Metalloproteinases in Myocardial Infarction and Heart
Failure. Prog. Mol. Biol. Transl. Sci. 2017, 147, 75-100. [CrossRef]

Wang, X.; Khalil, R.A. Matrix Metalloproteinases, Vascular Remodeling, and Vascular Disease. Adv. Pharmacol. 2018, 81, 241-330.
[CrossRef]

Cabral-Pacheco, G.A.; Garza-Veloz, 1.; Castruita-De la Rosa, C.; Ramirez-Acuna, ].M.; Pérez-Romero, A.B.; Guerrero-Rodriguez,
J.F; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases.
Int. J. Mol. Sci. 2020, 21, 9739. [CrossRef]

Schwanekamp, J.A.; Lorts, A.; Sargent, M.A.; York, AJ.; Grimes, K.M.; Fischesser, D.M.; Gokey, ].].; Whitsett, ].A.; Conway,
S.J.; Molkentin, J.D. TGFBI functions similar to periostin but is uniquely dispensable during cardiac injury. PLoS ONE 2017, 12,
€0181945. [CrossRef]

Fornai, F,; Carrizzo, A.; Forte, M.; Ambrosio, M.; Damato, A.; Ferrucci, M.; Biagioni, F.; Busceti, C.; Puca, A.A.; Vecchione, C. The
inflammatory protein Pentraxin 3 in cardiovascular disease. Immun. Ageing 2016, 13, 25. [CrossRef]

Gallo, S.; Vitacolonna, A.; Bonzano, A.; Comoglio, P; Crepaldi, T. ERK: A Key Player in the Pathophysiology of Cardiac
Hypertrophy. Int. |. Mol. Sci. 2019, 20, 2164. [CrossRef]

Huang, EM.; Chang, Y.C; Lee, S.S.; Yang, M.L.; Kuan, Y.H. Expression of pro-inflammatory cytokines and mediators induced by
Bisphenol A via ERK-NFkappaB and JAK1/2-STAT3 pathways in macrophages. Environ. Toxicol. 2019, 34, 486—494. [CrossRef]
Sun, P; Tang, L.N.; Li, G.Z,; Xu, Z.L.; Xu, Q. H.; Wang, H.; Li, L. Effects of MiR-21 on the proliferation and migration of vascular
smooth muscle cells in rats with atherosclerosis via the Akt/ERK signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23,
2216-2222. [CrossRef]

Abeyrathna, P.; Su, Y. The critical role of Akt in cardiovascular function. Vascul. Pharmacol. 2015, 74, 38-48. [CrossRef]

Zeng, Y.; Du, WW,; Wu, Y,; Yang, Z.; Awan, EM,; Li, X,; Yang, W.; Zhang, C.; Yang, Q.; Yee, A.; et al. Circular RNA Binds To and
Activates AKT Phosphorylation and Nuclear Localization Reducing Apoptosis and Enhancing Cardiac Repair. Theranostics 2017,
7,3842-3855. [CrossRef]

Ley, K. The role of selectins in inflammation and disease. Trends Mol. Med. 2003, 9, 263-268. [CrossRef]

Panes, J.; Perry, M.; Granger, D.N. Leukocyte-endothelial cell adhesion: Avenues for therapeutic intervention. Br. |. Pharmacol.
1999, 12, 537-550. [CrossRef]

Qu, T; He, S.; Wu, Y,; Wang, Y.; Ni, C.; Wen, S.; Cui, B.; Cheng, Y.; Wen, L. Transcriptome Analysis Reveals the Inmunoregulatory
Activity of Rice Seed-Derived Peptide PEP1 on Dendritic Cells. Molecules 2023, 28, 5224. [CrossRef]

Shi, Z.; Dun, B.; Wei, Z.; Liu, C.; Tian, J.; Ren, G.; Yao, Y. Peptides Released from Extruded Adzuki Bean Protein through Simulated
Gastrointestinal Digestion Exhibit Anti-inflammatory Activity. J. Agric. Food Chem. 2021, 69, 7028-7036. [CrossRef]

Carluccio, M.A.; Martinelli, R.; Massaro, M.; Calabriso, N.; Scoditti, E.; Maffia, M.; Verri, T.; Gatta, V.; De Caterina, R. Nutrigenomic
Effect of Hydroxytyrosol in Vascular Endothelial Cells: A Transcriptomic Profile Analysis. Nutrients 2021, 13, 3990. [CrossRef]


https://doi.org/10.1016/j.jff.2017.09.012
https://doi.org/10.1016/j.meatsci.2012.07.014
https://doi.org/10.3390/ijms20174204
https://doi.org/10.3390/nu9040321
https://doi.org/10.1096/fj.202002072RR
https://doi.org/10.1016/j.numecd.2014.06.005
https://doi.org/10.1093/nar/gkab835
https://doi.org/10.1016/j.jmb.2020.166747
https://doi.org/10.1152/ajpendo.00249.2020
https://doi.org/10.1016/bs.pmbts.2017.02.001
https://doi.org/10.1016/bs.apha.2017.08.002
https://doi.org/10.3390/ijms21249739
https://doi.org/10.1371/journal.pone.0181945
https://doi.org/10.1186/s12979-016-0080-1
https://doi.org/10.3390/ijms20092164
https://doi.org/10.1002/tox.22702
https://doi.org/10.26355/eurrev_201903_17269
https://doi.org/10.1016/j.vph.2015.05.008
https://doi.org/10.7150/thno.19764
https://doi.org/10.1016/S1471-4914(03)00071-6
https://doi.org/10.1038/sj.bjp.0702328
https://doi.org/10.3390/molecules28135224
https://doi.org/10.1021/acs.jafc.1c01712
https://doi.org/10.3390/nu13113990

Antioxidants 2025, 14, 772 21 of 21

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Valls, R.M.; Farras, M.; Sudrez, M.; Fernandez-Castillejo, S.; Fit6, M.; Konstantinidou, V.; Fuentes, F.; Lopez-Miranda, J.; Giralt, M.;
Covas, MLI. Effects of functional olive oil enriched with its own phenolic compounds on endothelial function in hypertensive
patients. A randomised controlled trial. Food Chem. 2015, 167, 30-35. [CrossRef]

Sadeghi Shaker, M.; Rokni, M.; Mahmoudi, M.; Farhadji, E. Ras family signaling pathway in immunopathogenesis of inflammatory
rheumatic diseases. Front. Immunol. 2023, 14, 1151246. [CrossRef]

Zhang, Y; Ding, J.; Wang, Y.; Feng, X.; Du, M.; Liu, P. Guanxinkang Decoction Attenuates the Inflammation in Atherosclerosis by
Regulating Efferocytosis and MAPKs Signaling Pathway in LDLR(-/-) Mice and RAW264.7 Cells. Front. Pharmacol. 2021, 12,
731769. [CrossRef]

Kim, E.K.; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 2010, 1802,
396-405. [CrossRef]

Remaley, A.T. Apolipoprotein A-II: Still second fiddle in high-density lipoprotein metabolism? Arterioscler. Thromb. Vasc. Biol.
2013, 33, 166-167. [CrossRef]

Castro, A.P.P.; Hermsdorff, HH.M.; Milagres, L.C.; Albuquerque, FM.; Filgueiras, M.S.; Rocha, N.P.; Novaes, J.F. Increased
ApoB/ApoALl ratio is associated with excess weight, body adiposity, and altered lipid profile in children. |. Pediatr. 2019, 95,
238-246. [CrossRef]

Wang, Y.; Niimi, M.; Nishijima, K.; Waqar, A.B.; Yu, Y,; Koike, T.; Kitajima, S.; Liu, E.; Inoue, T.; Kohashi, M.; et al. Human
apolipoprotein A-II protects against diet-induced atherosclerosis in transgenic rabbits. Arterioscler Thromb. Vasc. Biol. 2013, 33,
224-231. [CrossRef]

Muscella, A.; Stefano, E.; Marsigliante, S. The effects of exercise training on lipid metabolism and coronary heart disease. Am. J.
Physiol. Heart Circ. Physiol. 2020, 319, H76-H88. [CrossRef]

Reynoso-Villalpando, G.L.; Sevillano-Collantes, C.; Valle, Y.; Moreno-Ruiz, I.; Padilla-Gutiérrez, J.R.; Del Cafizo-Gémez, EJ.
ApoB/ApoAl ratio and non-HDL-cholesterol /HDL-cholesterol ratio are associated to metabolic syndrome in patients with type
2 diabetes mellitus subjects and to ischemic cardiomyopathy in diabetic women. Endocrinol. Diabetes Nutr. (Engl. Ed) 2019, 66,
502-511. [CrossRef]

Ye, S. Putative targeting of matrix metalloproteinase-8 in atherosclerosis. Pharmacol. Ther. 2015, 147, 111-122. [CrossRef]

Kormi, I.; Nieminen, M.T.; Havulinna, A.S.; Zeller, T.; Blankenberg, S.; Tervahartiala, T.; Sorsa, T.; Salomaa, V.; Pussinen, PJ.
Matrix metalloproteinase-8 and tissue inhibitor of matrix metalloproteinase-1 predict incident cardiovascular disease events and
all-cause mortality in a population-based cohort. Eur. J. Prev. Cardiol. 2017, 24, 1136-1144. [CrossRef]

Krobthong, S.; Yingchutrakul, Y.; Wongtrakoongate, P.; Chuntakaruk, H.; Rungrotmongkol, T.; Chaichana, C.; Mahatnirunkul, T.;
Chomtong, T.; Choowongkomon, K.; Aonbangkhen, C. Proteomics and Molecular Docking Analyses Reveal the Bio-Chemical
and Molecular Mechanism Underlying the Hypolipidemic Activity of Nano-Liposomal Bioactive Peptides in 3T3-L1 Adipocytes.
Foods 2023, 12, 780. [CrossRef]

Marrero, A.D.; Castilla, L.; Bernal, M.; Manrique, I.; Posligua-Garcia, J.D.; Moya-Utrera, G.; Porras-Alcala, C.; Espartero, J.L.;
Sarabia, F.; Quesada, A.R;; et al. Inhibition of Endothelial Inflammatory Response by HT-C6, a Hydroxytyrosol Alkyl Ether
Derivative. Antioxidants 2023, 12, 1513. [CrossRef]

Wang, W.; Shang, C.; Zhang, W,; Jin, Z.; Yao, E; He, Y,; Wang, B.; Li, Y,; Zhang, J.; Lin, R. Hydroxytyrosol NO regulates
oxidative stress and NO production through SIRT1 in diabetic mice and vascular endothelial cells. Phytomedicine 2019, 52, 206-215.
[CrossRef]

Fedorov, IL; Lineva, V.I.; Tarasova, I.A.; Gorshkov, M.V. Mass Spectrometry-Based Chemical Proteomics for Drug Target
Discoveries. Biochemistry 2022, 87, 983-994. [CrossRef]

Olaniru, O.E.; Kadolsky, U.; Kannambath, S.; Vaikkinen, H.; Fung, K.; Dhami, P.; Persaud, S.J. Single-cell transcriptomic and
spatial landscapes of the developing human pancreas. Cell Metab. 2023, 35, 184-199.e5. [CrossRef]

Imran, M.A.S,; Carrera, M.; Pérez-Polo, S.; Pérez, ].; Barros, L.; Dios, S.; Gestal, C. Insights into Common Octopus (Octopus
vulgaris) Ink Proteome and Bioactive Peptides Using Proteomic Approaches. Mar. Drugs 2023, 21, 206. [CrossRef]

Kovacs, J.; van der Hoorn, R.A. Twelve ways to confirm targets of activity-based probes in plants. Bioorg. Med. Chem. 2016, 24,
3304-3311. [CrossRef] [PubMed]

Babu, M.; Snyder, M. Multi-Omics Profiling for Health. Mol. Cell Proteomics 2023, 22, 100561. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodchem.2014.06.107
https://doi.org/10.3389/fimmu.2023.1151246
https://doi.org/10.3389/fphar.2021.731769
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1161/ATVBAHA.112.300921
https://doi.org/10.1016/j.jped.2017.12.008
https://doi.org/10.1161/ATVBAHA.112.300445
https://doi.org/10.1152/ajpheart.00708.2019
https://doi.org/10.1016/j.endinu.2019.03.019
https://doi.org/10.1016/j.pharmthera.2014.11.007
https://doi.org/10.1177/2047487317706585
https://doi.org/10.3390/foods12040780
https://doi.org/10.3390/antiox12081513
https://doi.org/10.1016/j.phymed.2018.09.208
https://doi.org/10.1134/S0006297922090103
https://doi.org/10.1016/j.cmet.2022.11.009
https://doi.org/10.3390/md21040206
https://doi.org/10.1016/j.bmc.2016.05.036
https://www.ncbi.nlm.nih.gov/pubmed/27298004
https://doi.org/10.1016/j.mcpro.2023.100561
https://www.ncbi.nlm.nih.gov/pubmed/37119971

	Introduction 
	Materials and Methods 
	Isolation and Culture of Endothelial Cells 
	In Vitro Studies and Bioactive Compound Treatments 
	Western Blot 
	RNA Isolation and Quantitative PCR 
	RNA Sequencing and Analysis 
	Human Plasma Samples 
	Plasma Treatment and Protein Extraction 
	Liquid Chromatography in Reverse Phase Coupled to Mass Spectrometry (LC-MS) 
	Database Searching 
	Bioinformatics Analysis of Proteomics Data 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Functional Enrichment Analysis 
	Statistical Analysis 

	Results 
	Impact of Bioactive Peptides and Hydroxytyrosol on Inflammatory and Oxidative Pathways in Healthy and Diabetic HUVECs 
	Differential Gene Expression Analysis Induced by BT and HT 
	Proteomic Analysis of Plasma Samples Following BP Consumption 
	Functional Enrichment Analysis of Proteomics Data 
	Analysis of Protein–Protein Interactions (PPIs) via STRING 

	Discussion 
	Conclusions 
	References

