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Abstract:

Protein functional interactions could explain the biological response of secoiridoids (SECs),
main phenolic compounds in virgin olive oil (VOQ). The aim was to assess protein-protein
interactions (PPIs) of the aorta gap junction alpha-1 (GJAL) and the heart peptidyl-prolyl cis-
trans isomerase (FKBP1A), plus the phosphorylated heart proteome, to describe new molecular
pathways in the Cardiovascular System in rats using nanoliquid chromatography coupled with
mass-spectrometry. PPIs modified by SECs and associated with GJAL in aorta rat tissue were
calpain, TUBALA, and HSPBL1. Those associated with FKBP1A in rat heart tissue included
SUCLG1, HSPE1, and TNNI3. In the heart, SECs modulated the phosphoproteome through the
main canonical pathways PISK/mTOR signaling (AKT1S1, GAB2) and Gap Junction signaling
(GAB2, GJAL). PPIs associated with GJAL and with FKBP1A, the phosphorylation of GAB2,
and the dephosphorylation of GJA1 and AKT1S1 in rat tissues are promising protein targets

promoting cardiovascular protection, to explain the health benefits of VOO.

Keywords: secoiridoids; protein-protein interactions; phosphoproteome; proteome; tissues
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INTRODUCTION

Phenolic compounds are minor components of virgin olive oil (VOO) %, whereas hydroxytyrosol
(HT) is the major phenolic compound in VOO in both its free and complex forms: esterified
derivatives with elenolic acid called secoiridoids (SECs) 2. During mechanical extraction of
VOO, hydrolysis reactions take place by endogenous B-glucosidases of the olive fruits,
releasing aglycone derivatives known as SECs. Chemically, SECs are characterized by the
presence of elenolic acid or some of its derivatives, and HT or tyrosol in their molecule 3. HT
and SECs present in VOO have shown a wide range of biological activities, such as antioxidant,
anticancer, and neuroprotective, also having cardiovascular beneficial effects 4.

With the rising need to identify a new mechanism of action explaining the health benefits of
VOO, proteomics is a novel and promising tool ©. In this context, scarce data are available in
terms of investigating the possible protective effects of phenolic compounds in VOO in
cardiovascular tissues such as the aorta and/or heart.

In a previous study conducted by our group based on descriptive proteomics, we demonstrated
that the proteome is modulated after HT or SEC diet supplementation in the heart tissue and
aortic tissue of healthy rats *. The study showed that there is a role for HT and SECs in the
regulation of proteins that are related to the proliferation and migration of endothelial cells and
the occlusion of blood vessels in aortic tissue and in the regulation of proteins related to heart
failure in heart tissue. Thus, in that study, SECs had higher fold change (FC) values compared
to HT, which was attributable to the higher concentration of HT biological metabolites detected
in rat heart tissue after an SEC diet *. In a healthy rat model, SEC diet supplementation was
compared to a control diet, and it was observed that two proteins were modified throughout the
entire proteome of the cardiovascular system: connexin 43 (Cx43; nomenclature based on the
predicted molecular mass), also known as the gap junction alpha-1 protein (GJAL; nomenclature
based on the gene sequence), which was significantly downregulated in aortic tissue (-1.7 FC);
and FK506 Binding Protein 12 (FKBP12), also known as peptidyl-prolyl cis-trans isomerase
(FKBP1A), which was significantly upregulated in heart tissue (+1.7 FC) .
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Cx43 is a large family of transmembrane proteins that are involved in the vascular remodeling
associated with atherosclerosis, which causes the exchange of ions and small metabolites
between the cytosol and extracellular space or between neighboring cells . During
atherosclerosis, Cx43 (GJAL) expression in intimal smooth muscle cells is sequentially
increased in the early atheroma stage ’. Additionally, GJA1 monocytic cell junctions are
significantly upregulated in patients with atherosclerosis, which is correlated with the

generation of gap and tight junctions that then have important roles in atherosclerosis 8.

FKBP1A is the predominant isoform associated with cardiac tissue in most mammalians °.
Unlike GJA1, the downregulation of FKBP1A is related to heart failure, hypertrophy of the left
ventricle, congestive heart failure, or systolic dysfunction in the heart. Consequently, FKBP1A
upregulation could have a positive effect, preventing abnormalities in the cardiac structure,

including a lack of compaction or thin ventricular walls °,

Thus, considering what we observed in our previous study—the downregulation of the protein
expression of GJA1 and the upregulation of FKBP1A with SEC diet supplementation “—the
specific biological functions and cellular-related mechanisms of these proteins need to be
elucidated. In addition to descriptive proteomics for heart and aortic tissues, functional
proteomics provides information on the conformation, modification, interaction, and subcellular
localization of proteins in a proteome-wide, unbiased, and high-throughput manner, revealing
biological functions and cellular mechanisms . Emerging methods such as crosslinking mass
spectrometry and advanced protein correlation profiling will enable future in situ analyses of
mechanosensing in terms of protein interactions. The use of these mass spectrometry toolsets
combined with post-translational modification (PTM) analyses, such as phosphorylation, will
ultimately move the field toward being able to obtain a comprehensive list of molecular
alterations in cellular mechanosensing 2. Therefore, protein—protein interactions (PPIs) and
phosphorylation, one of the main PTMs 3, will be key indicators of protein activity ** at the

specific time point at which they are analyzed.
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The main goal of this work was to go beyond traditional descriptive proteomics knowledge by
evaluating functional proteomics through an assessment of PPIs associated with GJA1 in rat
aortic tissue, PPIs associated with FKBP1A in rat heart tissue, and the phosphoproteomic profile

of rat heart tissue to elucidate how SECs are involved in cardiovascular disease prevention.
MATERIALS AND METHODS
Animals and diets

Eight female Wistar rats weighing 300-350 g were obtained from Charles River Laboratories
(Barcelona, Spain) and separated into two groups with different diets (four rats per group): the
control group (A) and the SEC group (B). The animal procedures were performed as in our
previous work 4 and were approved by the Animal Ethics Committee of the Universitat de

Lleida (CEEA 10-06/14, 31 July 2014).

For the SEC diet group, commercial feed pellets (Harlan Laboratories, Madison, W1, USA)
were crushed in an industrial mill and mixed with Milli-Q water containing the equivalent of 5
mg of SECs/kg rat weight in 16 g of crushed pellets (average daily consumption per rat). New
pellets were prepared and freeze-dried until use. The feed and animals were weighed every 2
days to adjust the weekly dose of the phenolic compounds to 5 mg/kg rat weight/day. The dose
administered was equivalent to a 0.81-mg/kg dose in humans, which equates to 48.6 mg for a

60-kg person, a dose achievable with phenol-rich olive oil.

After 21 days of diet supplementation, rats were sacrificed through an intracardiac puncture
after isoflurane anesthesia (IsoFlo, Veterinarian Esteve, Bologna, Italy). After blood collection,
rats were perfused using an isotonic solution of NaCl 0.9% to remove the remaining blood-
irrigating tissues, and then the heart and aorta were excised from the rats. All samples were

stored at —80 °C until analysis.

Preparation of the SEC phenolic extract
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SEC extract (from the olive cake) was prepared as previously reported 3414 with some
modifications. The phenolic composition of the SEC extract used can be found in Catalén et al.
415 Briefly, the phenolic composition of the SEC extract is mainly composed by dialdehydic
form of elenolic acid linked to hydroxytyrosol (3, 4-DHPEA-EDA; 40995.97 (1085.46) mg/kg
SEC extract) followed by HT (4176.82 (185.40) mg/kg SEC extract), isomer of oleuropein
aglycone (3,4- DHPEA-EALG6; 28.98 (274.01) mg/kg SEC extract), dialdehydic form of elenolic
acid linked to tyrosol (p-HPEA-EDA; 936.37 (60.66) mg/kg SEC extract), oleuropein (480.00
(70.33) mg/kg SEC extract), and aldehydic form of elenolic acid linked to tyrosol (p-HPEA-EA,
378.82 (21.63) mg/kg SEC extract)*. To calculate the administered dose of 5 mg/kg weight of
SECs, we used 3, 4-DHPEA-EDA, which is considered to be the main SEC derivate producing

HT.
Biochemical parameters

Total cholesterol (TC), triglycerides (TGs), high-density lipoprotein cholesterol (HDLc), non-
HDLc, and glucose were measured in the rat plasma through standardized methods using a
Cobas Mira Plus autoanalyzer (Roche Diagnostics, Spain). Insulin was measured using a
Mercodia Rat Insulin Enzyme-linked ImmunoSorbent Assay (ELISA; reference 10-1250-10)
from AD Bioinstruments S.L. (Barcelona, Spain). TC, TGs, HDLc, non-HDLc, and Glucose are

expressed as mg/dL, and insulin is expressed as Jg/L.
Protein—protein interactions (PPIs)

To examine the protein partners of FKBP1A and GJAL (in the tissue of rat hearts or aortas,
respectively), a coimmunoprecipitation (Co-I1P) experiment was completed in nondenaturing

conditions to preserve and thereafter analyze the potential PPIs.
Protein isolation from aorta and heart tissues

Heart and aorta tissues were carefully harvested, cleaned of connective tissue (in the case of the

aorta), snap-frozen, and stored at -80 °C until tissue lysis.
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Heart tissues were homogenized with a micropestle in protein extraction lysis buffer (1 mg heart
tissue/30 pL of protein extraction lysis buffer) provided by Pierce Crosslink
Immunoprecipitation kit 26147 plus a protease (cOmplete Mini 11836153001, Roche
Diagnostics GmbH, Germany) and phosphatase (cOmplete ULTRA Tablets, Mini, EDTA-free,
EASYpack 05892791001, Roche Diagnostics GmbH, Germany) inhibitor cocktail (1 tablet of
protease + 1 tablet of phosphatase inhibitor cocktail per 10 mL of lysis buffer). The homogenate
was then incubated at 4 °C with rotatory agitation for 2 h. Then the lysate was centrifuged at
13,000 x g for 10 min at 4 °C. The supernatant was recovered, and the total protein
concentration was measured using a Bradford assay. Samples were kept at -80 °C until the Co-

IP procedure.

Aortic tissues were ground into a powder using a ceramic mortar and pestle filled with liquid
nitrogen (-196 °C). The powder was transferred to a microcentrifuge tube, and then 400 pL of
protein extraction lysis buffer (the same buffer used for the heart tissue homogenization) was
added. The homogenate was then incubated at 4 °C with rotatory agitation for 2 h. Samples were
homogenized and centrifuged at 21,000 x g for 30 min at 4 °C to pelletize the cell debris. The
supernatant was recovered, and the total protein concentration was measured using a Bradford

assay. Finally, samples were kept at -80 °C until the Co-IP procedure.

Co-immunoprecipitation (Co-IP) assay

Here, 10 pg of commercial antibodies were covalently immobilized by crosslinking them with
protein A/G beads (following the antigen immunoprecipitation procedure of the Crosslink and
Immunoprecipitation Kit) (Pierce-Thermo Fisher Scientific). The antibody used for GJA1 in the
aortas was connexin 43 (F-7)/sc-271837 (Santa Cruz Biotechnology, USA), and the antibody
used for FKBP1A in heart tissue was FKBP12 (H-5)/sc-133067 (Santa Cruz Biotechnology,
USA). The antibodies were saturated with antigen to determine the levels of statistical
difference between partner proteins instead of simply the different expression levels of the

target bait proteins.
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For each immunoprecipitation assay, a preclearing assay (a fraction of the lysate that interacted
with the A/G beads in the absence of antibodies) was performed before incubation (with the
antigen) of the antibody linked to the protein A/G beads to eliminate nonspecific binding
proteins. In addition, the negative control was also analyzed to indicate the nonspecific binding

proteins.

Buffer exchange and protein digestion

To perform a buffer exchange after the Co-IP procedure, 100 pL of ammonium bicarbonate 50
mM Urea 2 M was added to the Co-IP eluates of the heart or aorta, loaded onto 10-kDa
Amicon® Ultra-0.5 devices, and centrifuged for 10 min at 21,000 x g. This step was repeated
three times until the final sample volume was about 40 uL. Then, the samples were reduced
with 4 mM dithiothreitol for 1 h at 37 °C, alkylated with 8 mM iodoacetamide for 30 min at 25

°C (in the dark), and digested overnight at 37 °C with trypsin (enzyme protein ratio of 1:100).

After digestion, samples were desalted on an Oasis hydrophilic—lipophilic balanced solid-phase
extraction column (Waters, Bedford, MA) using 75% acetonitrile (ACN), 25% water, and 0.1%
formic acid (FA) for elution. The eluted peptides were dried in a Speed-Vac and resuspended in

50 pL of 0.1% FA before an analysis using a nanoLC-(Orbitrap) MS/MS.

NanoLC-(Orbitrap) MS/MS analysis

Here, 18 pL of each sample was loaded on a trap nanocolumn (0.01 x 2 cm, 5 pm, Thermo
Fisher Scientific, San José, CA, USA) and separated onto a C-18 reversed-phase nanocolumn
(0.0075 x 12 cm, 3 um, Nikkyo Technos Co., Ltd., Japan). The chromatographic separation was
performed through a 90-min gradient with Milli-Q water (0.1% FA) and ACN (0.1% FA) as the
mobile phase (at 300 nL/min). Mass spectrometry analyses were performed on an LTQ-Orbitrap
Velos Pro (Thermo Fisher Scientific, Madrid, Spain) through an enhanced Fourier-transform
(FT) resolution spectrum (R = 30,000 full width at half maximum; FWHM). This was followed

by ion-trap tandem mass spectrometry data-dependent scanning of the 10 most intense parent
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ions, with a charge state rejection of 1 and a dynamic exclusion of 0.5 min at 35% normalized

collision energy using N2 as a collision gas.

Phosphoproteomic profiling

Protein extraction and quantification

All of the aortic tissue was used for PPI analyses, and phosphoproteomic profiling was
conducted only in heart tissue. Heart tissue was weighed (80 mg approximately) prior to cell
lysis and protein extraction (following the radioimmunoprecipitation assay buffer protocol)
(ThermoFisher Scientific, Barcelona, Spain). Briefly, heart tissue was frozen with liquid
nitrogen and mixed with 1 mL of radioimmunoprecipitation assay buffer and completely
homogenized with a BlueBender with frozen/drawn cycles. It was then agitated for 1 h at 4 °C
and centrifuged at 21,000 x g for 5 min. After centrifugation, samples were sonicated with a 30-
s pulse at 50% amplitude. The samples were then centrifuged at 21,000 x g for 15 min, and
supernatants were collected for protein precipitation with the addition of 10% trichloroacetic
acid/acetone. The protein pellets were resuspended in 6 M urea/50 mM ammonium bicarbonate

and quantified using Bradford’s method.

Protein digestion

Total proteins (500 pg) were reduced with 4 mM 1.4-dithiothreitol for 1 h at 37 °C and
alkylated with 8 mM iodoacetamide for 30 min at 25 °C in the dark. Afterward, samples were
digested overnight (pH 8.0, 37 °C) with sequencing-grade trypsin (Promega Biotech Ibérica SL,
Alcobendas, Madrid) at an enzyme/protein ratio of 1:50. Digestion was quenched through
acidification with 1% (v/v) FA, and peptides were desalted on an Oasis hydrophilic-lipophilic
balanced solid-phase extraction column (Waters, Bedford, MA) prior to phosphopeptide

enrichment.

Phosphopeptide Enrichment and Mass spectrometry analyses
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Peptide mixtures were enriched with TiO; particles according to the High-Select TiO;
Phosphopeptide Enrichment Kit protocol (ThermoFisher Scientific, Barcelona, Spain). Briefly,
peptides were suspended with Binding/Equilibration Buffer and were added to a TiO, Spin Tip
column, which had been previously conditioned. After phosphopeptide binding, the column was
washed, and the phosphopeptides were eluted with Elution Buffer. Samples were dried in a

speed vacuum and resuspended with 25 pL. of water + 0.1% FA.

Mass spectrometry analyses were performed on an Easyll nanoLC coupled to an LTQ-Orbitrap
Velos Pro (both from Thermo Fisher) using an enhanced FT resolution MS spectrum (R =
30,000 FHMW). This was followed by data-dependent FT-MS/MS acquisition (R = 7500
FHMW, 40% higher energy collision dissociation) from the 10 most intense parent ions, with a
charge state rejection of 1 and a dynamic exclusion of 0.5 min. Chromatographic separation was
performed in reversed-phase mode on a C-18 reversed-phase nanocolumn (75-um L.D.; 15-cm
length; 3-um particle diameter, Nikkyo Technos Co., Ltd., Japan) with a 180-min gradient using

Milli-Q water (0.1% FA) and ACN (0.1% FA) as a mobile phase at a flow rate of 300 nL/min.

Protein identification/quantification

For PPIs and phosphoproteomics analyses, the raw data files were analyzed with Proteome
Discoverer software v.1.4.0.288 (Thermo Fisher Scientific, Madrid, Spain). For protein
identification, all MS and MS/MS spectra were analyzed using the Mascot search engine
(version 2.5), which was set up to search for Rattus novergicus in the Swiss Prot database (8003
sequences) and the National Center for Biotechnology Information (NCBI) database (common
contaminants were used to remove possible false-positive findings). Two missed cleavages were
allowed, assuming trypsin digestion and a mass error of 0.8 Da for IT-MS/MS, 20 mmu for FT—
MS/MS, and 10.0 ppm for parent ions (FT-MS). The oxidation of methionine and acetylation of
the N-termini were set as dynamic modifications, and the carbamidomethylation of cysteine was
set as a static modification. For the phosphoproteomic experiments, the phosphorylation of
serine, threonine, and tyrosine was also set as a dynamic modification. The false discovery rate

and protein probabilities were calculated by Perclorator. For the PPI experiments, protein
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quantification was based on a label-free approach, using the average area of the three most
intense unique peptides for each protein normalized by the sum of all proteins after the proteins
were filtered, selecting only those proteins that were identified in at least 50% of at least 1 out
of 2 conditions. In addition, any highly abundant blood proteins identified in the PPI
experiments were eliminated, since these were the result of blood remaining after tissue
perfusion. The proteins identified in the PPI negative controls (Co-IP purification of tissue
extracts without antibodies) were also eliminated. For phosphoproteomics analyses,
quantification was performed using the label-free approach, but at the peptide level (using the

chromatographic peak area of the identified peptides).

The MS proteomics data were deposited in the ProteomeXchange Consortium via the PRIDE 1°

partner repository, with the dataset identifier PXD017841.

No western blot confirmation for proteins was conducted in this study due to the findings of
Aebersold R. et al., who confirmed that results obtained through MS-based proteomics (also
recognized by the journal Nature Methods as the “method of the year” for 2012 ') are vastly
superior to those obtained through western blot for several reasons: we thus felt it was not
necessary ‘8. Moreover, analyses of individual biological replicates (instead of pooled samples),
as was the case in our study, lead to higher statistical confidence about differentially expressed

proteins and make the use of additional methods to validate findings unnecessary.

Statistical Analyses

To discover the significant protein changes between the different conditions, Mass Profiler

Professional software v.14.5 (Agilent Technologies, Barcelona, Spain) was used. The data were
Log2-transformed and mean-centered for multivariate analyses (Principal Component Analysis
and Hierarchical Clustering Analysis) and univariate statistical analyses (Student’s t-test). Here,

p < 0.05 was considered to be statistically significant.

Before statistical analyses of the PPI results, the protein list was further filtered to avoid false-

positive findings by selecting only those proteins that were quantified in 100% of at least 1 out
11|51



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

of the 2 conditions. For the phosphoproteomics profiling results, the peptide list was further
filtered to avoid false-positive findings by selecting only those proteins that were quantified in
at least 75% of at least 1 out of the 2 conditions (568 peptides). Missing values were replaced
with a small value estimated as the limit of detection (10* area) to perform the statistical

analyses (p < 0.05).

Fold Change (FC) was calculated by dividing the average raw values for SEC group by CTRL

[13K13

group, except for FC<1, that was recalculated as 1/FC and indicated as “-““. This representation

was used to simplify FC magnitude interpretation (positive for absolute up-regulation and

negative for absolute down-regulation).

Clustering and pathway analyses

The initial functional evaluation was performed using the UniProt (www.uniprot.org) database,

with a focus on protein function and relevant biological processes.

Ingenuity Pathway Analysis (IPA software; Ingenuity System Inc., Redwood, CA, USA,;
www.ingenuity.com) was employed to examine the functional correlations within the SEC and
control groups. Datasets containing protein identifiers (UniProt-KB) and corresponding
expression values (FC) of the two comparative groups (SEC vs control) were uploaded. Each
protein identifier was mapped to its corresponding protein object in the Ingenuity Pathways
Knowledge Base. All mapped proteins were differentially expressed at p < 0.05 and overlapped
onto global molecular networks developed from information contained in the knowledge base.
The networks were then algorithmically generated based on their connectivity and “named” in
terms of the most prevalent functional group(s) present within them. The networks were ranked
by a score that defined the probability of a collection of nodes being equal to or greater than that
number achieved by chance alone. Canonical pathways, Diseases, BioFunctions, Ingenuity Tox

List, and Molecule Activity Predictor tools were overlapped on the networks.

RESULTS
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Serum lipid and glucose biomarkers in rats

After the SEC treatment, there were no significant differences found between female Wistar rats
fed 5 mg of SECs/kg rat weight/day compared to the control group fed only with the standard
diet in terms of the biochemical parameters of TC, TGs, HDLc, non-HDLc, glucose, or insulin

(Table 1).

PPls of FKBP1A in rat heart tissues and GJAL in rat aortic tissues

A list of the proteins identified in the study of FKBP1A in rat heart tissue (213 in total) and the
proteins identified in GJAL in rat aortic tissue (358 in total) is included in Supplementary
Table 1 and Supplementary Table 2, respectively. The Tables contain information regarding
protein identification (ID; UniProt accession number), protein name, coverage, Mascot Score,
Protein groups, Unique peptides identified, total peptides identified, the number of amino acids
in the protein sequence, protein molecular weight, and calculated isoelectric point. In addition,
quantification results are included, reported as the surface area of each of the 213 identified

proteins in the rat heart tissue or the 358 identified proteins in the rat aortic tissue.

The samples from each type of tissue were very similar, but the samples coming from the SEC
and control groups were different from each other. The similarity of samples indicates that all

analyses were successfully performed and all of the data could be statistically analyzed.

Thirteen significant proteins physically interacted with FKBP1A, but this differed depending on
the group (the SEC or control group) (p < 0.05). We observed a significant increase in TNNI3,
ACATL, HSPA5, HPRT1, ACYP2, HIST1H1D, ATP8, SUCLGL1, YWHAZ, and PHB2
proteins and a decrease in IGHG1, HSPEL, and CRIP2 proteins in the SEC group compared to
the control group. The significant proteins, their p-values, and their FCs (for both the SEC and

control groups) are detailed in Table 2.

Twenty-seven significant proteins interacted with GJAL, but this differed depending on the
group (the SEC or control group) (p < 0.05). We observed a significant increase in NDUFV2,

IGKC, Ig lambda-2 chain C region, IGH-1A, SELENBP1, and Ig heavy chain V region IR2
13|51
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proteins and a decrease in ERP29, DLD, CAPNS1, ARF3, TUBA1A, TUBALB, VCP,
YWHAQ, HSD17B4, YWHAB, ANXAZ2, DES, CNN1, YWHAZ, ACTN4, HSPB1, RPS18,
RAN, HBA1, DSTN, and CFL1 proteins in the SEC group compared to the control group. The
significant proteins, their p-values, and their FCs (for both the SEC and control groups) are

detailed in Table 3.

Using IPA software, we identified the subcellular localization of the significant proteins that
physically interacted with FKBP1A and GJAL, which was different depending on the group (the
SEC or control group). We found that in heart tissue, 61.5% of these proteins (eight proteins
that interacted with FKBP1A) were located in the cell cytoplasm, 7.7% (n = 1) were in the
nucleus, 7.7% (n = 1) were in the plasma membrane, and the remaining 23.1% (n = 3) did not
have any subcellular localization information available in this database (Table 2). In aortic
tissue, 70.4% of these proteins (19 proteins that interacted with GJA1) were located in the cell
cytoplasm, 7.4% (n = 2) were in the nucleus, 3.7% (n = 1) were in the plasma membrane, and
there was no available information in the IPA software for the remaining 18.5% (n = 5) (Table

3).
Cardiovascular Disease Network of PPIs in rat heart and aortic tissues

When the complete dataset of proteins that were differentially expressed in the heart was
analyzed, the predominant network found by IPA was “Cardiovascular Disease” (score = 18).
Eight of the thirteen proteins that interacted with FKBP1A were part of this network (HSPEL,
CRIP2, PHB2, ACATL, SUCLGL1, YWHAZ, HSPA5, and TNNI3). The predominant networks
of proteins that were differentially expressed in the aorta (found by IPA) were “Cardiovascular
Disease”, “Neurological Disease”, and “Cancer” (score = 24). Thirteen of the twenty-seven
proteins that interacted with GJA1 were part of this network (NDUFV2, ANXAZ2, DLD,
TUBALA, YWHAB, CALPAIN, CFL1, RAN, HSPB1, YWHAZ, DSTN/DSTNL1, VCP, and

HSD17B4).
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A graphical representation of the PPI network is shown in Figure 1 (heart tissue) and Figure 2
(aortic tissue). The modulated proteins (located in the cell compartments) are highlighted (red
means upregulated and green means downregulated), which indicates whether the proteins in
the SEC group were up- or downregulated compared to the control group. Violet lines indicate
the physical PPIs associated with FKBP1A in the heart or GJAL in the aorta, and the figure
shows how different proteins interact with each and how they are involved within the same

network.

Molecules and lines highlighted in orange or blue show predicted activation or inhibition,
respectively, which were obtained from IPA based on the expected effects between
transcriptional regulators and their target genes (information stored in the Ingenuity®

Knowledge Base).

As is shown in Figure 1, GATA4 and P38MAPK seemed to be the main activators of TNNI3 or
HSPADb, respectively, as observed in the heart tissue. Furthermore, Figure 2, which shows
aortic rat tissue, shows that the predicted activation of CTNNBL1 seemed to be regulated by
decreased calpain proteins; further, the predicted activation of TSC2 led to the inhibition of
CRYAB, HSPB1, and ANXAZ2. On the other hand, IPA showed that in our protein dataset,

CRYAB, Tpm1, MAPK14, and NOS2 were inhibited in aortic rat tissue.

Upstream regulators of PPIs in rat heart and aortic tissues were network interactions

The IPA upstream regulators identified a cascade of upstream transcriptional regulators, which
could explain the gene expression changes observed in the protein dataset. In heart tissue, the
top five upstream regulators in the protein dataset were MYC, GATA4, TNNI1, EPHX2, and
PDIA6. However, in aortic tissue, the top five upstream regulators in the protein dataset were
S100A1, KDR, TSC2, calpain, and NOS2. These regulators helped to illuminate the biological

activities occurring in the tissues and cells.

Major relevant diseases and biological functions of PPIs in rat heart and aortic tissue
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Table 4 lists the relevant diseases and biological functions of proteins in rat heart and aortic
tissue, including those proteins that physically interact with FKBP1A or GJA1 and are involved
mainly in the “Cardiovascular Disease” network. The main diseases and functions identified by
the PPI analysis were cardiovascular disease, cardiovascular system development and function,
metabolic disease, lipid metabolism, inflammatory disease, inflammatory response, cancer, free-
radical scavenging, neurological disease, immunological disease, gastrointestinal disease, and

hepatic system disease.
Heart phosphoproteomic profile of rats

A total of 635 phosphopeptides and 415 phosphorylated proteins were identified in the rat heart
tissue. After filtering the peptides by frequency (75% in at least one group), 568 phosphorylated
peptides were (confidently) found in the samples and were used for statistical purposes
(Supplementary Table 3). First, regarding an overall performance analysis, principal
component analysis and clustering showed that the overall samples were very similar, and no
outliers were detected. However, the samples coming from the SEC and control groups were
different from each other (data not shown). After a univariate statistical analysis (Student’s t-
test), 29 peptides were found to be significant (p < 0.05), differing between groups (Table 5).
The changes in expression levels for those proteins containing significant phosphopeptides
(assessed in previous work ) indicate the proteins identified that contained phosphopeptides.
No significant changes were found between the SEC and control groups, indicating that changes
in the functionality/activity of these proteins were not due to protein over- or subexpression. In
the rat hearts, we observed a significant increase in the phosphorylation of SRRM1, LRRCA47,
GAB2, MAP4, JPH2, RAPH1, NUFIP2, SVIL, PROB1, TNIK, PGAM1, NACA, and
HIST1H4B. In addition, there was a decrease in phosphorylation of DMTN, TCEAL, SZRD1,
MAP1A, HRC, MYLKS, EEF1D, OBSCN, PTGES3L, PGRMC1, CTNNA1, AKT1S1,
PPP1R2, CARHSP1, GJAL, and LOC683897 in the SEC group compared to the control group.
Significant phosphorylated peptide sequences, their corresponding proteins, their biological

processes, their molecular functions, their p-values, the phosphorylated FCs, and the serine
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phosphorylation sites for the SEC group versus the control group are detailed in Table 5. Using
IPA software, the subcellular localization of the phosphorylated proteins was identified. We
found that 55.17% (16 phosphorylated proteins) were located in the cell cytoplasm, and 20.69%
(6 phosphorylated proteins) were in the plasma membrane. Further, 10.34% (n = 3) were
mapped as nuclear phosphorylated proteins, and there was no subcellular localization
information available in the database for the remaining 13.79% (four phosphorylated proteins)

(Supplementary Figure 1).

The major canonical pathways of the phosphorylated proteins in the SEC group—which were
modified by SEC treatment—were compared to the control. The main phosphorylated proteins
involved in their regulation (obtained by IPA analysis) were Endometrial Cancer signaling
(CTNNAL, GAB2), Rapoport-Luebbering Glycolytic Shunt (PGAM1), Endocannabinoid
Developing Neuron pathway (AKT1S1, GAB2), 14-3-3-mediated signaling (AKT1S1, GAB2),
Ovarian Cancer signaling (GAB2, GJA1), mTOR signaling (AKT1S1, GAB2), and Gap Junction

signaling (GAB2, GJA1).

The integrated network between heart PPIs and phosphoproteome analyses

We then proceeded to establish a relationship between the PPIs associated with FKBP1A and
the main phosphorylated proteins: this was to integrate everything into a unique Network. The
top Cardiovascular Disease Network found by IPA was “Cardiovascular System Development

and Function” (Score = 23).

A graphical representation of the integrated network of heart FKBP1A PPIs + the heart
phosphoproteome is shown in Figure 3, in which modulated proteins (located in the cell
compartments) are highlighted in red or green (indicating whether the phosphorylated proteins
in the SEC group were up- or downregulated compared to the control group, respectively).
Moreover, violet lines indicate the physical PPIs with FKBP1A in rat hearts, showing how the

proteins were connected and how they were involved in the same network.

DISCUSSION
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The protective role against cardiovascular disease that SECs, mainly composed by 3, 4-
DHPEA-EDA, HT, 3,4- DHPEA-EA, p-HPEA-EDA, oleuropein, and p-HPEA-EA, exert has
been widely reported through in vitro and in vivo studies and clinical trials: this research has
focused mainly on SECs’ antioxidant capacity, their ability to modulate cellular antioxidant
defense mechanisms, and their anti-inflammatory activities. Secoiridoids have been
demonstrated to modulate different targets such as iNOS, NO, TNFa, MMP-2, MMP-9,
VCAM-1, and ICAM-1 and to modulate signaling pathways by altering, e.g., MAPK, NFkB,
and Nrf2/HO-1 >, Information is limited on the effects of SECs on a proteomic level;
however, one previous study of ours was based on descriptive proteomics and was the first to
confirm changes at the proteomic level in cardiovascular tissues (aorta and heart) related to the
proliferation and migration of endothelial cells and heart failure in female Wistar rats 4. Other
changes have also been reported after SEC dietary supplementation in rodent models in adipose
and liver tissue proteomes: these changes were related to lipid metabolism and an oxidative
stress response %, The present study is the first to go a step further and observe SECs’ effects on
PPIs associated with GJA1 in female rat aortas and with FKBP1A in female rat heart tissue.
Further, we explored the phosphoproteomic profile of key proteins in female rat heart tissue,
which may explain or implicate the up-/downregulation of proteins in the different major

canonical pathways: this may be related to cardiovascular disease.
Heart

In rat heart tissue affected by SEC consumption (compared to the control diet), eight of the
differentially expressed proteins had direct PPIs with FKBP1A (related to the cardiovascular
disease network). Two out of the eight proteins, HSPE1 and CRIP2, were downregulated in the
heart network. Meanwhile, the other six—PHB2, ACAT1, SUCLG1, HSPA5, TNNI3, and

YWHAZ—were upregulated in the heart network.

The mitochondrial 10-kDa heat shock protein (HSPEL) is a co-chaperonin implicated in

mitochondrial protein importation and macromolecular assembly. Together with Hsp60, it
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facilitates the correct folding of imported proteins. The role of this protein in heart tissue is
unknown, but some literature on cancer has shown that the repression of proteins related to cell
survival (such as HSPE1, HSPB1, and HSPAS) can suppress tumorigenic ability and the

motility/invasiveness of breast cancer cells through the overexpression of profilin-1 2.

Cysteine-rich protein 2 (CRIP2) is highly expressed during cardiovascular development and
can act to bridge the serum response factor and GATA proteins and to stimulate smooth muscle
target genes 2%, The expression of CRIP2 is upregulated in myocardial infarction, so a decrease
in this protein due to SECs could be associated with a potentially relevant gene in the pathology

of myocardial infarction 22,

Mitochondrial acetyl-CoA acetyltransferase (ACAT1) converts cellular cholesterol into
cholesteryl ester in response to cholesterol abundance. In atherosclerotic lesions, where
macrophages ingest excess cholesterol, the ability to esterify newly acquired cholesterol seems
to be important for cell survival. The inhibition of ACAT1 may bring about undesired
consequences, with the destabilization of cellular membrane functions due to cholesterol
accumulation leading to macrophage cell death 2. We found in this study that ACAT1
interacted with FKBP1A in heart tissue, and in a study by Denuc and coworkers, it was found
that ACAT1 interacted with GJA1 in the same tissue 2*, which suggests that FKBP1A and GJA1
could be integrated in a similar pathway (this was found in this study as well but in different

tissue). SECs thus induce an increase in ACAT1 protein concentrations.

The upregulation of mitochondrial Succinate-CoA ligase subunit alpha (SUCLG1) protects
cardiomyocytes from oxidative injury 2°. Here, SECs had a positive effect, inducing the

upregulation of the SUCLGL1 protein.

Endoplasmic reticulum chaperone BiP (HSPADS) plays a key role in protein folding in newly
formed proteins and in quality control in the endoplasmic reticulum lumen. Reduced levels of

HSPAS5 (or calcium overload in the endoplasmic reticulum (ER)) cause proteins to unfold and
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produce an ER stress response 2. As observed in our study, SECs may have beneficial effects

that help increase HSPAS levels.

Cardiac Troponin | (TNNI3) helps coordinate the contraction of the heart. It has been
demonstrated that TNNI3 mutation causes variable phenotypic expressions, such as restrictive
cardiomyopathy (RCMP) or hypertrophic cardiomyopathy (HCMP) #’. Therefore, SECs can

maintain elevated TNNI3 levels to prevent RCMP or HCMP.

It was recently demonstrated that 14-3-3 protein zeta/delta (YWHAZ), an adapter protein
implicated in the regulation of a large spectrum of both general and specialized signaling
pathways, is involved in cardiovascular disease %, but further studies are needed. Previous
studies in other tissues (not the heart or aorta) have led to differing results regarding its up- or
downregulation. The knockdown of YWHAZ promotes both in vitro and in vivo tumorigenesis
in bladder cancer and may be a novel biomarker for bladder cancer, an idea that deserves further
study . Another study conducted with rutin (a flavonoid-type phenolic compound) showed that
rutin treatment protects against UVA-induced increases in the total expression of proteins
involved in the inflammatory response, such as YWHAZ ¥ (this is similar to our results, where
SECs caused an increase in YWHAZ in heart tissue). Other studies of breast cancer have shown
an increase in YWHAZ ! or an overexpression of YWHAZ in adenocarcinoma of the
esophagogastric junction, where patients with YWHAZ-overexpressed tumors had worse
overall survival rates than did those with tumors with a lower expression. Given our results, it
may be useful as a prognosticator and potential therapeutic target and indicator 3 (in aortic
tissues, SECs decreased YWHAZ). However, other studies have shown no significant
differences between tumoral and normal gastric tissue in terms of YWHAZ gene expression,
which is similar to what we observed in our study . For this reason, and due to the discrepancy
observed in the up- or downregulation of YWHAZ in different tissues or pathologies, further

studies in different tissues should be performed.
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484  Prohibitin-2 (PHBZ2) is a novel antiproliferative protein that plays a role in cellular senescence,
485  apoptosis, and the maintenance of mitochondrial function in mammals. The name Prohibitin
486  refers to the negative effects of these proteins on cell proliferation. It has been observed in

487  previous studies that PHB2 is aberrantly expressed in cancers such as neuroblastoma, breast
488  cancer, liver cancer, ovarian cancer, and thyroid cancer 3, but its effects in cardiac tissue have
489  not been studied. For this reason, it is important to conduct new studies on its effects on the

490 heart and how SECs could have an effect by increasing its expression.
491  Aorta

492  Inthe aortic tissue of rats fed SECs (compared to the control diet), 13 of the total differentially
493  expressed proteins had a direct PPl with GJAL, as they related to the cardiovascular disease
494  network. One out of the thirteen proteins, NDUFV2, was upregulated in the aortic network.
495 Meanwhile, the other 12 proteins, ANXA2, DLD, TUBA1A, VCP, YWHAZ, YWHAB,

496  HSD17B4, Dstn/Dstnl1, HSPB1, RAN, CFL1, and Calpain, were downregulated in the aortic

497 network.

498  Mitochondrial NADH dehydrogenase (ubiquinone) flavoprotein 2 (NDUFV2) was the only
499  protein that was upregulated in the aortic network of rats given an SEC diet. NDUFV2 is a core
500  subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase (Complex I)
501  and is responsible for transferring electrons from NADH to the respiratory chain. PTMs of the
502  NDUFV2 subunit of complex I in the heart (specifically, the phosphorylation of Tyr118

503  residue) have been proposed to exert positive effects by inhibiting complex I activity and

504  ameliorating mitochondrial oxidative stress *°.

505  Different cell types, including smooth muscle cells and endothelial cells, express Annexin A2
506  (ANXAZ2). It has been suggested that an alteration in endothelial cells that leads to a reduction
507 in ANXAZ2 expression may lead to a predisposition to cardiovascular disease *°. Moreover,

508 lower ANXAZ2 levels are related to an increase in the plasma levels of PCSK9, and thus increase
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LDL-c levels and the risk of coronary heart disease *’. The role played by a decrease in ANXA2

in aortic tissue after SEC treatment should be studied in future research.

We observed a downregulation of mitochondrial dihydrolipoyl dehydrogenase (DLD) due to
SEC treatment: this protein is known to be associated with neurological diseases such as
Alzheimer's disease . The major network proteins derived from the aortic tissue analysis were
related both to neurological diseases and cardiovascular disease. However, the relation of DLD
to cardiovascular disease has not been described in the literature, and future studies will need to
interpret our results.

Tubulin alpha-1A chain (TUBAZ1A) is a structural constituent of the cytoskeleton and
participates in structural molecule activity. TUBALA has been identified in adipose tissue as a
novel candidate gene for obesity, which implies a role in fat cell functioning *. Therefore, SECs
could have a role in fat cell functioning through the modification of TUBAZL1A expression.
However, this is a speculative hypothesis, since no evidence has been published about the role
of TUBA1A in aortic tissue.

Valosin-containing protein (VCP), an ATPase associated with various cellular activities, is
ubiquitously expressed in cells and has been implicated in multisystem degenerative disorders.
VCP has been previously identified in heart tissue, and its downregulated expression has been
linked to hypertensive cardiomyopathy “°. Moreover, the overexpression of VCP in isolated
cardiac myocytes promotes cardiac survival through the activation of NF-xB and a dose-
dependent increase in inducible nitric oxide synthase (iNOS) expression . In our study, VCP
was downregulated after SEC treatment, which should mean it does not have cardioprotective

effects; however, more studies are necessary.

Unlike the YWHAZ overexpression observed in the heart tissue after SEC treatment, this
protein was downregulated in aortic tissue. As discussed above, due to discrepancies in terms of

its up- or downregulation (in different tissues), further studies should be performed.
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In addition, 14-3-3 protein beta/alpha (YWHAB) is an adapter protein implicated in the
regulation of a large spectrum of both general and specialized signaling pathways. YWHAB has
recently been proposed as a diagnostic biomarker and a therapeutic target for vascular
complications, as its inhibition may alleviate intimal hyperplasia following carotid artery injury,
therefore suppressing endothelial cell proliferation and migration #2, SECs could thus have

vascular beneficial effects, helping to decrease YWHAB levels.

Peroxisomal multifunctional enzyme type 2 (HSD17B4) is an enzyme acting in the peroxisomal
beta-oxidation pathway for fatty acids. HSD17B4 has been observed to be overexpressed in
prostate cancer cells. Moreover, the selective inhibition of HSD17B4 has been demonstrated to
inhibit cancer cell proliferation, suggesting that HSD17B4 is a novel biomarker and drug target
for cancer therapeutics . Here, the downregulation of HSD17B4 after SEC treatment shows

that phenolic compounds have a possible antineoplastic effect.

Heat shock protein beta-1 (HSPB1) is a small chaperone that plays a role in maintaining
denatured proteins in a folding-competent state and in maintaining redox homeostasis. HSPB1
exhibits robust expression in the myocardium and blood vessels, and for this reason, its role in
the cardiovascular system is important. HSPB1 and other HSPs are significantly more expressed
in stressed hearts; however, the possible beneficial or deleterious effects of cardiomyocytes
(through increased levels of HSPB1) remain unclear . Therefore, to correctly interpret the
meaning of the HSPB1 downregulation we observed after SEC treatment, more studies are

needed.

GTP-binding nuclear protein Ran (RAN), which is involved in nucleocytoplasmic transport,
plays a critical role in the import of cargo proteins into the nucleus. Here, it was downregulated
after SEC treatment. VVascular smooth muscle cell (VSMC) proliferation is a key component of
vascular pathologies, such as hypertension and atherosclerosis, and it can be modulated by a

mechanism that involves the stimulation of nuclear protein importation through interaction with
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Ran. This cellular signaling, which also implicates Hsp60, may be important in growth-based

vascular pathologies .

The destrin (DSTN) and cofilin-1 (CFL1) families are involved in the regulation of the actin
cytoskeleton and play crucial roles in development, tissue homeostasis, and disease 6. We
observed a decrease in cofilin-1 (CFL1) in the tissue of rats given SEC treatment; further, it has
been previously proven that CFL1 actin-binding protein deletion could inhibit NF-«xB activity

via cytoskeletal remodeling, modulating inflammation and blood pressure #'.

Calpains are a group of nonlysosomal Ca?*-dependent cysteine proteases with numerous
substrates. Calpains are involved in different physiological and pathological processes, such as
cell proliferation, migration, invasion, apoptosis, and signal transduction “¢. Calpain inhibition
was recently linked to the suppression of macrophage migration to adipose tissue, attenuating
adipose tissue inflammation and fibrosis . Here, the downregulation of Calpain small subunit-1
(Capnsl) after SEC treatment indicates it could be a possible new therapeutic target to reduce

obesity-induced adipose tissue inflammation.
Final remarks

In studying PPIs and the phosphoproteome in the same sample at the same time, some common
and important protein PTMs could be determined, including information on the protein’s state
of activity, localization, turnover, and interaction with other proteins *. However, there are
other PTMs that were not determined in this study but that could be important for determining
the state of activity, including acetylation, methylation, and glycosylation. Today, no proteomic
method exists that can determine all PTMs existing at the same time and in the same sample,
and this is something that should be rectified using high-throughput technologies in future

years.

On the one hand, increases in peptidyl-prolyl cis-trans isomerase (FKBP1A) in heart tissue (due
to SEC treatment) are key for the regulation of the intracellular signaling pathways involved in

ventricular trabeculation and compaction 3. On the other hand, decreases in the Gap junction
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alpha-1 protein (GJA) in the aortic tissue (due to SEC treatment) could regulate the

proliferation of endothelial cells, as well as the initiation and development of atherosclerosis *°.

Moreover, the downregulation of GJAL in aortic rat tissue (due to SEC treatment) was
confirmed through the phosphoproteome analysis conducted in the heart tissue, where we found
a significant downregulation in the phosphorylation of GJA1. In considering the ingenuity
analysis, we hypothesize that this reduction in the phosphorylation of GJAL in the heart could
have been due to the predicted inhibition of the cascade of members of the catenin family, such
as CTNNB1 and CTNNAL (found to be phosphorylated in our phosphoproteome analysis),
which happened through the inhibition of PKA, ERK1/2, and NOS2 (the same prediction we

observed in the reduction of the GJA1 protein in aortic tissue).

During the phosphoproteome analysis in the heart, we found a decrease in AKT1S1
phosphorylation and an increase in GAB2 phosphorylation. Both of these proteins are involved
in the activation of the canonical PI3K/mTOR signaling pathway and could play a protective
role in cardiomyocyte and cardiac functioning, as was shown in a recent study through low
concentrations of rutin treatment, another phenolic compound 2. Another important canonical
pathway that could be regulated by SECs is the Gap Junction signaling pathway, which is
regulated by an increase in GAB2 and a decrease in GJA1 phosphorylation. There are not many
relevant findings regarding GAB2 and its relation to Cardiovascular disease, but it is known that
GAB?2 in the myocardium is essential for both the maintenance of myocardial functioning and
the stabilization of cardiac capillary and endocardial endothelia in the postnatal heart 3.
Additionally, GJAL is predicted to be the top key driver of an astrocyte-enriched subnetwork
associated with Alzheimer's disease (AD) 4, and a reduction in this protein and the
phosphorylation of GJA1 through SEC treatment could be a promising pharmacological target

for AD.

The results of this study were obtained from a healthy rat model elucidating how SECs are
involved in cardiovascular disease prevention. A further step will be to confirm through a

cardiovascular disease rat model if SECs intake is also effective in cardiovascular disease
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treatment. Another key point in the present study is gender. This study was conducted in healthy

female Wistar rats, so further studies in male Wistar rats are needed to corroborate the results.

Summarizing, there were PPIs associated with FKBPL1A and GJAL, and the phosphoproteome
analysis conducted in this study through SEC treatment (mainly composed by 3, 4-DHPEA-
EDA) in healthy female rat tissues indicated promising proteins that could help identify new
drug targets that could mimic clinical benefits. This opens up the opportunity to test
physiologically relevant changes in the canonical PI3K/mTOR and Gap junction signaling
pathways (proposed to promote cardiovascular protection), which could explain the healthy

benefits of VOO.

ABBREVIATIONS USED

ACN, acetonitrile

Co-IP, co-immunoprecipitation

Cx43, connexin 43

ELISA, enzyme-linked immuno sorbent assay

FA, formic acid

FC, fold change

FHMW, full half-maximum width

FKBP1A, peptidyl-prolyl, cis-trans isomerase

GJAL, gap junction alpha-1 protein

HDLc, density lipoprotein cholesterol

HT, hydroxytyrosol

IPA, ingenuity pathway analysis

nLC-MS/MS, nano liquid chromatography coupled to tandem mass spectrometry
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PPI, protein-protein interactions

PTMs, post-translational modifications

SEC, secoiridoids

TC, total cholesterol

TG, triglycerides

VOO, virgin olive oil
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Supporting information Figure S1. Sub-cellular localization of the phosphorylated
proteins. Each category and the relative percentage of the phosphorylated proteins present in

that category is shown as a pie chart.
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FIGURE CAPTIONS

Figure 1. PPIs to FKBP1A in Heart Cardiovascular System Network after SEC
supplemented diets. PPIs differentially expressed in the heart tissue after the SEC diet and
other important proteins related to the same network. Proteins are represented in red or green

color if the protein is up- or downregulated, respectively.

Figure 2. PPIs to GJA1 in Aorta Cardiovascular System Network SEC supplemented
diets. PPIs differentially expressed in the aorta tissue after the SEC diet and other important
proteins related to the same network. Proteins are represented in red or green color if the protein

is up- or downregulated, respectively.

Figure 3. The integrated network between heart PPIs and its phosphoproteome analysis.
Interaction between the PPIs differentially expressed in the heart after the SEC diet and the
phosphorylated or dephosphorylated proteins, and other important proteins related to the same
network. Proteins are represented in red or green color if the protein is up- or downregulated,

respectively.
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Table 1. Biochemical Parameters in Female Wistar Rat Plasma After the Experiment.

. . Control group (n=4) Secoiridoid group (n=4) p between

Biochemical parameters Mean (SD) Mean (SD) groups
Glucose (mg/dL) 198.75 (2.75) 204.25 (18.46) 0.595
Insulin (ng/L) 0.608 (0.06) 1.768 (0.91) 0.103
Total Cholesterol (mg/dL) 72.39 (10.65) 66.02 (8.79) 0.392
Triglycerides (mg/dL) 51.10 (30.13) 54.39 (18.62) 0.859
HDL cholesterol (mg/dL) 60.94 (10.31) 56.17 (5.11) 0.438
Non-HDL cholesterol (mg/dL) 11.45 (1.70) 9.85 (4.98) 0.568

HDL, high-density lipoprotein; SD, standard deviation

Unpaired student t-test was used for analysis between two groups. A value of p<0.05 was considered statistically
significant.
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Table 2. Heart Significant Proteins From the Unpaired Student’s t-test Between SEC and Control Group that Interacts to FKBP1A.

FC

Gene MW (SEC versus
UniProt ID  Symbol Protein name (kDa) p control group)
P23693 Tnni3 Troponin I, cardiac muscle 2410 0.032* 243
P17764 Acatl Acetyl-CoA acetyltransferase, mitochondrial 4470  0.029* 4,52
P06761 Hspa5 78 kDa glucose-regulated protein 7230 0.021* 1.57
P27605 Hprtl Hypoxanthine-guanine phosphoribosyltransferase 2450 0.011* 2.74
P35745 Acyp?2 Acylphosphatase-2 10.90 <0.001* 2.58
P15865 Histlhld Histone H1.4 22.00 <0.001* 2.37
P11608 ATP8 ATP synthase protein 8 7.60 <0.001* 1.20
P13086 Suclgl Succinate--CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial 36.10 <0.001* 131
P63102 Ywhaz 14-3-3 protein zeta/delta 27.80 <0.001* 1,64
Q5XIH7 Phb2 Prohibitin-2 33.30 <0.001* 1.66
P20759 Ighgl Ig gamma-1 chain C region 35900 0.011* -1.83
P26772 Hspel 10 kDa heat shock protein, mitochondrial 1090 <0.001* -1.61
P36201 Crip2 Cysteine-rich protein 2 22.70  <0.001* -2.13

MW, molecular weight; FC, fold change, and SEC, secoiridoids.

*A value of p<0.05 was considered statistically significant.
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Table 3. Aorta Significant Proteins From the Unpaired Student’s t-test Between SEC and Control Group that Interacts to GJAL.

Gene FC (SEC versus

UniProt ID  symbol Protein name MW (kDa) p control group)
P19234 Ndufv2 ~ NADH dehydrogenase [ubiquinone] flavoprotein 2. mitochondrial 27.40 <0.001* 1.41
P01835 Igkc Ig kappa chain C region. B allele 11.60 <0.001* 1.64
P20767 N/A Ig lambda-2 chain C region 11.30 0.012* 1.72
P20761 Igh-la Ig gamma-2B chain C region 36.50 0.022* 213
Q8VIF7  Selenbpl Selenium-binding protein 1 52.50 0.033* 1.72
P01805 N/A Ig heavy chain V region IR2 16.00 0.037* 2.33
P52555 Erp29 Endoplasmic reticulum resident protein 29 28.60 <0.001* -1.48
Q6P6R2  Dld Dihydrolipoyl dehydrogenase. mitochondrial 54.00 <0.001* -16.00
Q64537  Capnsl Calpain small subunit 1 28.60 <0.001* -1.17
P61206 Arf3 ADP-ribosylation factor 3 20.60 <0.001* -16.00
P68370 Tubala  Tubulin alpha-1A chain 50.10 <0.001* -3.43
Q6P9V9  Tubalb  Tubulin alpha-1B chain 50.10 <0.001* -3.77
P46462  Vcp Transitional endoplasmic reticulum ATPase 89.30 0.002* -4.05
P68255 Ywhaq  14-3-3 protein theta 27.80 0.002* -1.96
P97852 Hsd17b4 Peroxisomal multifunctional enzyme type 2 79.40 0.004* -1.96
P35213 Ywhab  14-3-3 protein beta/alpha 28.00 0.004* -2.07
Q07936  Anxa2  Annexin A2 38.70 0.012* -2.19
P48675 Des Desmin 53.40 0.013* -2.11
Q08290  Cnnl Calponin-1 33.30 0.013* -2.54
P63102 Ywhaz  14-3-3 protein zeta/delta 27.80 0.014* -2.40
Q90QXQ0 Actn4 Alpha-actinin-4 104.80 0.024* -2.00
P42930 Hspbl Heat shock protein beta-1 22.90 0.025* -3.30
P62271 Rps18 40S ribosomal protein S18 17.70 0.029* -2.02
P62828 Ran GTP-binding nuclear protein Ran 24.40 0.034* -3.20
P01946 Hbal Hemoglobin subunit alpha-1/2 15.30 0.044* -1.76
Q7MOE3 Dstn Destrin 18.50 0.048* -2.68
P45592 Cfl1 Cofilin-1 18.50 0.049* -2.23

MW. molecular weight; FC. fold change. and SEC. secoiridoids.

*A value of p<0.05 was considered statistically significant.
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Table 4. Relevant Diseases and Biological Functions of the Proteins Involved in the Cardiovascular Disease Network

From Heart or Aorta Tissues Predicted by the Ingenuity Pathway Analysis Software.

Diseases and
Functions

Tissue

Cardiovascular
disease

Cardiovascular
System
Development and
Function

Metabolic Disease

Lipid Metabolism

Inflammatory
disease

Inflammatory
response

Cancer

Free Radical
Scavenging

Neurological disease

Immunological
disease

Gastrointestinal

disease

Hepatic system
disease

Heart

Aorta

KCNJ11, SUCLGL, IDH2, HSPEL],
ERN1, TNNI3, FKBP1A, P38 MAPK,
MYC, CRYAB, and GATA4

KCNJ11, RAB10, IDH2, ERN1,
YWHAZ, P38 MAPK, HSPAS5, TNNI3,
FKBP1A, MYC, CRYAB, and GATA4

SLC1A2, TFRC, KCNJ11, ACAT],
SUCLG1, YWHAZ, ERN1, 26s
Proteasome, IDH2, HSPAS5, TNNI3,
FKBP1A, and MYC

SUCLG]1, ACATI1, FKBP1A, HSPAS5,
and MYC

SLC1A2, TFRC, PHB2, RAB10,
MYO1C, ERNL, 26s Proteasome, HSPE1,
HSPAS5, TNNI3, FKBP1A, and CRYAB

SLC1A2, TFRC, PHB2, RAB10,
MYO1C, ERNL1, 26s Proteasome, HSPA5,
TNNI3, FKBP1A, and CRYAB

SLC1A2, TFRC, KCNJ11, SUCLGL1,
ACAT1, RAB10, IDH2, MYOL1C, Hsp90,
ERN1, YWHAZ, 26s Proteasome,
FKBP1A, HSPA5, MYC, CRYAB, and
GATA4

SLC1A2, TFRC, KCNJ11, SUCLGL],
ACAT1, PHB2, YWHAZ, HSPAS5,
FKBP1A, IDH2, MYC, CRYAB, and
GATA4

MYC, CRYAB, IDH2, Hsp90, YWHAZ,
26s Proteasome, TFRC, and FKBP1A

SLC1A2, TFRC, KCNJ11, SUCLG1,
ACAT1, YWHAZ, RAB10, IDH2,
MYOLC, FKBP1A, Hsp90, ERN1,
HSPAS5, and MYC

SLC1A2, TFRC, KCNJ11, SUCLG1,
ACAT1, YWHAZ, IDH2, RAB10,
MYOL1C, FKBP1A, Hsp90, ERN1,
HSPAS5, and MYC

KCNJ11, Tpml, IGFIR, TJP1, CACNALA, CACNAI1B,
GJAL, PRKCA, calpain, TUBA1A, MAPK14, NOS2,
TSC2, HSPB1, CRYAB, E2F1, and CTNNB1

KCKNJ11, Tpm1, CLIC4, ANXA2, IGFIR, CDHL1,
TJP1, CACNA1B, GJAL, PRKCA, NDUFV2, Mapk,
TSC2, NOS2, MAPK14, YWHAZ, HSPB1, CRYAB,
E2F1, and CTNNB1

KCKNJ11, ANXA2, IGF1IR, CACNA1A, CACNA1B,
PRKCA, TUBA1A, MAPK14, NOS2, TSC2, HSPBI1,
HSD17B4, BAD, E2F1, and CTNNB1

IGF1R, CDH1, TJP1, CACNA1A, CACNA1B, PRKCA,
Calpain, TUBA1A, MAPK14, NOS2, 26s Proteasome,
BAD, CRYAB, and CTNNB1

ANXA2, IGFIR, CDH1, GJAl, MAPK14, NOS2, and
26s Proteasome

KCKNJ11, Tpm1, CLIC4, ANXA2, IGF1R, CDH1,
TJP1, CACNALA, CACNAILB, GJAL, PRKCA, HGS,
TUBALA, MAPK14, NOS2, TSC2, HSPB1, Mapk,
NDUFV2, DLD, HSD17B4, VCP, 26s Proteasome,
YWHAZ, BAD, YWHAB, CRYAB, E2F1, CTNNB1,
RAN, and CFL1

ANXA2, PRKCA, Calpain, Mapk, YWHAZ, MAPK14,
NOS2, TSC2, HSPB1, CRYAB, and E2F1

KCKNJ11, ANXA2, IGF1R, CDH1, TJP1, CACNALA,
CACNALB, GJAL, PRKCA, Calpain, TUBA1A,
MAPK14, NOS2, TSC2, CHMP2B, HSPB1, Mapk,
NDUFV2, HSD17B4, VCP, 26s Proteasome, YWHAZ,
BAD, YWHAB, CRYAB, E2F1, CTNNBL, and RAN

Tpm1, ANXA2, CH1, TJP1, GJAL, PRKCA, VCP, 26s
Proteasome, YWHAZ, BAD, TUBA1A, NOS2, TSC2,
HSPB1, CRYAB, E2F1, CTNNB1, RAN, and CFL1

KCNJ11, CLIC4, ANXA2, IGFIR, CDH1, TJP1,
CACNALB, GJAL, CACNAL1A, VCP, HSD17B4, DLD,
YWHAZ, BAD, MAPK14, TUBA1A, NOS2, HGS,
PRKCA, HSPB1, TSC2, Mapk, NDUFV2, E2F1, RAN,
and CTNNB1

KCNJ11, CLIC4, ANXA2, IGFIR, CDH1, TJP1,
CACNALB, GJAL, CACNAL1A, VCP, HSD17B4, DLD,
YWHAZ, BAD, MAPK14, NOS2, TUBALA, HGS,
HSPBL1, TSC2, Mapk, NDUFV2, E2F1, RAN, and
CTNNB1

Proteins marked in bold are significant proteins with physical protein-protein interaction to FKBP1A (heart) or to
GJAL1 (aorta) found in the SEC group compared to control group.

Proteins marked no-bold are other proteins not found in our study but which are predicted to be involved in the same

network.
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Table 5. Significant Phosphorylated Proteins After the Phospho-proteomic Analysis of Heart Tissue.

Phosphorylation  Serine
. . . . R MW FC phospho
Peptide sequence UniProt ID Gene Protein name Molecular Function Biological process (kDa) p (SECversus  rylation
control group) site
TRTFSATVR QIWuU49 Carhspl Calcium-regulated heat mRNA 3'-UTR binding calcium-mediated signaling 112 0.0234 556.51 S5
stable protein 1 regulation of MRNA stability
RLSPSASPPR B2RYB3 Srrm1 Serine and arginine nr mMRNA processing 123 0.0243 248.80 S3;S7
repetitive matrix 1
QRRESGEGEEEVADSAR F1LT49 Lrrc47 Leucine-rich repeat- phenylalanine-tRNA ligase activity nr 198 0.0226 201.67 S5
containing 47 RNA binding
ASSCETYEYPTR F1LSR2 Gab2 GRB2-associated-binding  transmembrane receptor protein osteoclast differentiation 154  0.0242 193.58 S3
protein 2 tyrosine kinase adaptor activity positive regulation of cell population
proliferation
PI3K/mTOR signaling
LATTVSAPDLK Q5M7W5 Map4 Microtubule-associated microtubule binding microtubule cytoskeleton organization 120 0.0244 111.80 S6
protein 4 neuron projection development
TSLSSLR Q2PS20 Jph2 Junctophilin-2 calcium-release channel activity multicellular organism development 0.84  0.0251 43.72 S2
core promoter binding negative regulation of transcription, DNA-
DNA binding templated
phosphatidic acid binding positive regulation of ryanodine-sensitive
phosphatidylinositol binding calcium-release channel activity
phosphatidylserine binding regulation of cardiac muscle tissue development
TASAGTVSDAEVR D4ADX8 Raphl Ras association nr axon extension 1.34 0.0401 1.68 S3
(RalGDS/AF-6) and signal transduction
pleckstrin homology
domains 1
NDSWGSFDLR D3zC82 Nufip2 Nuclear FMR1- RNA binding nr 128 0.0237 1.66 S3
interacting protein 2
LPSPTVAR F1M155 Svil Supervillin actin filament binding cytoskeleton organization 092 0.0234 157 S3

skeletal muscle tissue development
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TGSLDESLSR

TTSISPALAR

HGESAWNLENR

DAPTTLAESPPSPK

RISGLIYEETR

ASVSDLSPR
STSPPPSPEVWAESR

KKEPAISSQNSPEAR

SKSPPKVPIVIQDDSLPT
GPPPQIR

F1IM6Z4

D322Q0

P25113

MOR9LO

P62804

Q5M7V8

D4A559

Q4KLLO

Q5XIA2

Probl

Tnik

Pgam1l

Naca

Histlh4db

Thrap3

Dmtn

Tceal

Szrdl

Uncharacterized protein

Similar to Traf2 and NCK
interacting kinase, splice
variant 4 (Predicted),
isoform CRA_a

Phosphoglycerate mutase

Nascent polypeptide-
associated complex
subunit alpha

Histone H4

Thyroid hormone
receptor-associated
protein 3

Dematin actin-binding
protein

Transcription elongation
factor A protein 1

SUZ domain-containing
protein 1

nr

ATP binding
protein serine/threonine kinase
activity

nr

nr

DNA binding
protein domain specific binding
protein heterodimerization activity

ATP binding

nuclear receptor transcription
coactivator activity
phosphoprotein binding

DNA binding

thyroid hormone receptor binding
transcription coactivator activity

actin filament binding

DNA binding
zinc ion binding

nr

nr

activation of protein kinase activity

MAPK cascade

neuron projection morphogenesis

signal transduction by protein phosphorylation

stress-activated protein kinase signaling cascade

nr

nr

cell differentiation

DNA nucleosome assembly
multicellular organism development
negative regulation of megakaryocyte
differentiation

ossification

protein heterotetramerization

circadian rhythm

mRNA processing and stabilization
catabolic process

positive regulation of circadian rhythm
splicing, via spliceosome

RNA splicing

actin filament bundle assembly
lamellipodium assembly

positive regulation of exoribonuclease activity
transcription, DNA-templated

nr

114

1.10

1.39

1.49

1.42

1.01

171

1.72

2.75

0.0211

0.0058

0.0286

0.0286

0.0286

0.0410

0.0241

0.0246

0.0265

1.54

1.53

8.70

16.71

6.81

1.36

-121.78

-251.45

-264.68
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ELALSSPEDLTQDFEELK

R

QLHGHHKPNSEDLGDSA

ESHFPR

DPGAVSPEPGKDHAAQG

PGR

GATPAEDDEDNDIDLFG
SDEEEEDKEAAR

LQVPGGDSDEESKTPSA
SPR

RPPPAMDDLDDDSDN

P34926

G3V8S6

E9PT87

Q68FR9

AO0A0G2JUP3

MOR7z4

Mapla

Hrc

Mylk3

Eefld

Obscn

Ptges3l

Microtubule-associated
protein 1A

Histidine rich calcium
binding protein, isoform
CRA b

Myosin light chain kinase
3

Elongation factor 1-delta

Obscurin, cytoskeletal
calmodulin and titin-
interacting RhoGEF

Prostaglandin E synthase
3-like

actin binding
collagen binding
microtubule binding
tubulin binding

calcium ion binding

ATP binding

calmodulin-dependent protein kinase
activity

myosin light chain kinase activity

DNA binding

guanyl-nucleotide exchange factor
activity

translation elongation factor activity

Rho guanyl-nucleotide exchange
factor activity

chaperone binding
Hsp90 protein binding

axonogenesis

dendrite development

microtubule cytoskeleton organization
negative regulation of microtubule
depolymerization

regulation of microtubule depolymerization

negative regulation of calcium ion import into
sarcoplasmic reticulum

cardiac myofibril assembly

cellular response to interleukin-1

protein phosphorylation

regulation of vascular permeability involved in
acute inflammatory response

sarcomere organization

sarcomerogenesis

cellular response to ionizing radiation
translational elongation

regulation of Rho protein signal transduction

chaperone-mediated protein complex assembly
protein folding

2.38

2.68

2.02

3.26

2.14

1.75

0.0244 -293.42
0.0258 -345.13
0.0216 -351.10
0.0325 -435.53
0.0245 -533.36
0.0335 -538.53
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S5; S6

S16

S6

S18

S8

S13



LLKEGEEPTVYSDDEEP
KDEAAR

P70580

TPEELDDSDFETEDFDVR  AO0A0G2JYF7

TEARSSDEENGPPSSPDL
DR

D3ZH75

TREQESSGEEDNDLSPEE AO0OA0H2UHAO
REK

DRSPSPLRGNVVPSPLPT Q9WU49
R

D4ACJ7
SKSESPKEPEQLR

Pgrmcl

Ctnnal

Aktlsl

Ppplr2

Carhspl

N/A

Membrane-associated
progesterone receptor
component 1

Catenin alpha 1

AKT1 substrate 1

Protein phosphatase
inhibitor 2

Calcium-regulated heat
stable protein 1

Uncharacterized protein

heme binding
steroid binding

actin filament binding
beta-catenin binding
cadherin binding

structural molecule activity

nr

protein phosphatase inhibitor activity

mRNA 3'-UTR binding

mRNA binding
RNA binding

axon guidance

memory

modification of synaptic structure

negative regulation of synapse organization
positive regulation of protein localization to
plasma membrane

actin filament organization

aging

axon regeneration

epithelial cell-cell adhesion

gap junction assembly

male gonad development

odontogenesis of dentin-containing tooth

negative regulation of cell size, protein kinase
activity, and TOR signaling
neurotrophin TRK receptor signaling pathway

regulation of signal transduction

calcium-mediated signaling
regulation of MRNA stability

nr

2.70

2.24

2.32

254

2.21

1.64

0.0240

0.0241

<0,001

<0,001

<0,001

<0,001

-801.76

-819.04

-2684.45

-5053.80

-5747.82

-2615.73
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S7

S3; S5
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QASEQNWANYSAEQNR

P08050

Gjal

Gap junction alpha-1
protein

beta-tubulin binding

connexin binding

disordered domain specific binding
gap junction channel activity
PDZ domain binding

protein domain specific binding
protein tyrosine kinase binding
scaffold protein binding

SH3 domain binding

signaling receptor binding
tubulin binding

heart development 1.98 0.0294 -92.99
apoptotic process

ATP transport

atrial ventricular junction remodeling

blood vessel morphogenesis

bone development and remodeling

cardiac conduction

cell-cell signaling

cell communication

chronic inflammatory

endothelium development

epithelial cell maturation

gap junction assembly

microtubule-based transport

negative regulation of cardiac muscle cell
proliferation, growth, cell population
proliferation, DNA biosynthetic process,
endothelial cell proliferation, gene expression,
and wound healing

neuron migration

osteoblast differentiation

positive regulation of behavioral fear response,
blood vessel diameter, communication by
chemical coupling, cold-induced thermogenesis,
cytosolic calcium ion concentration, gene
expression, glomerular filtration, insulin
secretion, osteoblast differentiation, protein
catabolic process, striated muscle tissue
development, and vasoconstriction

regulation of apoptotic process, atrial cardiac
muscle cell membrane depolarization, bicellular
tight junction assembly, bone mineralization and
remodeling, calcium ion transport,
transmembrane transporter activity, ventricular
cardiac muscle cell membrane depolarization
and repolarization

response to estradiol, fluid shear stress, glucose,
ischemia, lipopolysaccharide, peptide hormone,
pH, and retinoic acid

signal transduction

skeletal muscle tissue regeneration

T cell proliferation

transmembrane transport

vascular transport
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MOR7R2 LOC683897  Similar to Protein nr nr 2.54  0.0294 -119.84 S12

C60rf203
KTVQKDADEEDSDEETS

HLER

MW, molecular weight; FC, fold change, and SEC, secoiridoids; nr, not reported
Molecular function and Biological process source: UniProt (https://www.uniprot.org/).

*A value of p<0.05 was considered statistically significant.
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Figure 3
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