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Abstract

The current study determined the anti-atherosclerotic activity of Terminalia catappa using a diet-induced
murine model in vivo. Our in vivo murine model using atherogenic diet induced atherosclerosis.
Histological examinations of the diet-induced atherosclerosis indicated an atherogenic-related
phenotype. Treatment with Terminalia catappa decreased cholesterol deposits in the lumen of the blood
vessels in the aorta, heart, and liver. Protein interactome and metabolomic network in this study imply
potential mechanisms and biomarkers of atherosclerosis. Protein interactome demonstrated that actin
is the central switch of atherosclerosis through plaque rupture, thrombosis, macrophage, and cystic
fibrosis as potential pathogenic mechanisms. Metabolome mapping reveals that cholesterol metabolism
is directly connected to the aromatic amino acid pathway, fatty acids, lysophosphatidylcholine, citric
acid, creatine, and cholic acid metabolism. The current study suggests the comprehensive functional
profiles of atherosclerosis mechanisms. Our results propose that Terminalia catappa has the potential to
cease the progression of atherosclerosis.

Introduction

Atherosclerosis is a multifactorial chronic disease of plaque formation in the arteries.! Diverse
determinants demonstrated that hemodynamics, lipid concentration, smoking, inflammation, and energy

imbalance positively correlate with the disease, indicating a heterogeneous molecular profile.?
Prevention of atheromatous lesions is a critical target in the prophylaxis and cardiocirculatory disorders

with atherothrombotic complications.® Atherosclerosis is an inflammatory condition leading to the
development of ischemic heart diseases, cerebrovascular diseases, and peripheral vascular diseases.*

However, atherosclerosis initiation, progression, and termination are elusive at the molecular level.> We
introduced an in-depth analysis of the aorta, heart, and liver using histopathology, proteomics, and
metabolomics to identify significant components of atherosclerosis. In addition, we analyzed
histopathology using the atherogenic-diet-induced murine model in vivo, followed by pharmacological
rescue experiments.

Hyperlipidemia leads to the early development of atherosclerosis and cardiovascular complications.®
Incipient lipid accumulation in the artery wall initiates inflammatory signaling.” Endothelium was
modified through a local prothrombotic balance and inflammatory responses.®Endothelial injury is
induced by low-density lipoprotein cholesterol (LDL-C) oxidation and initiates the expression of
proinflammatory biomarkers.’

Terminalia catappa (Combretaceae) is a medicinal plant listed as a pharmacopeia vegetable in Asia and
Africa.’ Our previous in vivo study demonstrated that Terminalia catappa extracts could regulate total
cholesterol (TC), total triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and very low-density
lipoprotein cholesterol (VLDL-C). In addition, ametabolic biomarkers, including alanine transaminase,
aspartate aminotransferase, alkaline phosphatase, creatine kinase, and lactate dehydrogenase,
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decreased using Terminalia catappa extracts. In the current study, we determined the anti-
atherosclerotic roles of Terminalia catappa extracts in a diet-induced murine model based on
histopathology and protein/metabolite interactome mapping. The current study demonstrated that the
Terminalia catappa fruit extracts decreased cholesterol deposits in the lumen of the blood vessels in the
heart, aorta, and liver, shown by quantitative histological analysis.

Previously, our quantitative analysis data indicated that 7. catappa contains substantial amounts of
phenols, alkaloids, flavonoids, cardiac glycosides, and saponins. Atherogenic diet-induced
atherosclerosis was confirmed by a significant elevation in serum levels of TC, TG, LDL-C, VLDL-C, and a
decreased HDL-C compared to standard diet control. Concomitant administration by gastric intubation
of Terminalia catappa extracts and an atherogenic diet significantly suppressed the progression of
atherosclerosis by reducing TC, TG, LDL-C, and VLDL-C as increasing HDL cholesterol. In addition,
increased activities of ALT, AST, ALP, CK, and LDH under an atherogenic diet were significantly reversed
with ETC and ATC treatment. The efficacy of Terminalia catappais compatible with Atorvastatin as the
positive control.

The proteome and metabolome map shows that the pathogenesis of atherosclerosis is connected to
hyperlipidemia and hypercholesterolemia-induced unwavering energy disturbances, inflammation, and
oxidative stress. It is unarguable that atherosclerosis also occurs in some patients whose lipid level is
well-controlled, suggesting that other pathogenic factors may contribute to the phenomenon.

The current proteome and metabolome map demonstrates: (1) B-actin is a central regulator of
atherosclerosis, (2) a positive correlation exists between cystic fibrosis, and atherosclerosis, (3) proteins
and metabolites of thrombosis, plaque rupture, macrophages are essential players of atherosclerosis.
Atherosclerosis begins with an early inflammatory reaction, including an imbalance in energy
metabolism and an immune response induced by macrophages in the artery. The current interactome
indicates that altered lipid and glucose homeostasis may lead to energy imbalance, initiating the primary
atherosclerosis reactions.

We demonstrated that ethanolic and aqueous extracts of Terminalia catappa fruit exhibited anti-
atherosclerotic, anti-hyperlipidemic, and hypolipidemic activity in atherogenic diet-induced
atherosclerosis in vivo.

Materials and Methods

Atorvastatin, cholic acid, and cholesterol were obtained from Sigma-Aldrich, Milwaukee, WI, US. All other
chemicals were analytical grade.

Plant materials

Terminalia catappa Linn (T. catappa) fruits were obtained from Jimeta, Adamawa State, Nigeria, in
February 2015 (latitude 11055'N and longitude 11011°). Dr. Bristone B. and Professor Chimbe Konje,
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plant taxonomists, confirmed the identity of the herbarium specimens using taxonomic literature. The
fruit was preserved and deposited in the herbarium of Modibbo Adama University, Yola, Nigeria, with the
voucher number MAU/YL/BT/0420, providing a pressed, mounted sample for future research.

Animals

Male Wistar/albino rats (200-250 g, 7 weeks old) were procured from the Veterinary Research Institute
in Vom, Jos, Nigeria and housed five rats per cage. Animals were maintained on a standard diet from
Vital Feeds (Jos, Nigeria) and provided with ad libitum access to freshwater for six weeks. Before the
commencement of the experiment, a one-week acclimatization period to laboratory conditions was
allowed. Atherosclerosis was induced by administering an atherogenic diet containing 1.25% cholesterol,
0.5% cholic acid, 1 5% fat, and 83.25% standard pellet. All animal experiments adhered to the guidelines
outlined in the 8th edition of the "Guide for the Care and Use of Laboratory Animals" (2006, NIH). The
protocols were approved by the Animal Experimental Ethics Committee of the Modibbo Adama
University of Technology under approval number UAEC/YMAU/YL/0100 on January 4th, 2016, in
accordance with NIH guidelines for the care and use of laboratory animals.

Terminalia catappa fruit extraction

Terminalia catappa was prepared by slicing and shade drying to remove moisture, followed by
pulverization into a powder. This powder was then macerated in either ethanol or distilled water, filtered,
and concentrated to obtain semi-dried brown solids, which were stored in refrigeration. Post-extraction
drying methods included lyophilization or oven-drying, with variations in temperature and duration
depending on the solvent used for extraction.

Histopathological determination

For histological investigations, specimens of the liver, heart, and aorta were preserved in 10% buffered
formaldehyde solution, followed by sectioning, and embedding in paraffin wax using standard
methods."® The heart and liver were then sliced transversely at the arch and mid-thoracic levels. The
tissues were then fixed in Bruin's solution for a whole day before being subjected to a standard
histological analysis using graded alcohols. Using a microtome, tissue sections (6—8 pm thick) were cut,
placed on glass slides, and stained with hematoxylin and eosin. A light microscope (Optinity KB-600
microscope) and a digital camera (Optinity KCS3-3200SS, 32MP Exmor Sony Cmos Sensor) were used to
evaluate the tissue samples.

Construction of PPI network

Around one thousand proteins in the aorta, liver, and heart were identified. Psort
(http://psort.ims.utokyo.ac.jp/) and TargetP (http://www.cbs.dtu.dk/service/TargetP/) algorithms were
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used to demonstrate the subcellular localization of a given protein in the aorta, heart, and liver to filter
out false positives. Atherosclerotic proteins were included in the positive control list. The atherogenic
protein interactome was established using PPI software STRING 11 (http//:string-db.org/) by adding
1,000 identified proteins in the query. Protein interactome map demonstrated eight potential interactions,
including neighborhood (green), gene fusion (red), co-occurrence (dark blue), coexpression (black),
binding experiment (purple), database (blue), text mining (lime), and homology (cyan). Aorta, heart, and
liver proteins were collected based on their accession number, gene name, protein name, and model type
as selection criteria. All proteins in the aorta, heart, and liver were validated using the UniProt
Knowledgebase (UniProtKB). For atherosclerotic proteins, we collected > 200 interacting proteins
identified in atherosclerosis (Supporting Information Table S1). The proteins were identified using the
Database of Interacting Proteins (DIP), Human Protein Reference Database (HPRD), European Molecular
Biology Laboratory (EMBL)-European Bioinformatics Institute (EBI), and protein sequences of these
genes were obtained using FASTA (protein and DNA sequence alignment software package) from NCBI
(National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/). For the metabolomics
mapping, all known metabolites in atherosclerosis were analyzed using bioinformatics tools, including
OmicsNet software (https://www.omicsnet.ca/). OmicsNet is a visual network system to create a
network relationship among genes, proteins, miRNAs, metabolites, or transcription factors in three-
dimensional (3D) space. Hundereds metabolites in atherosclerosis were connected to aromatic acids,
creatine, succinic acid, APOE, citric acid, fucose, cholic acid, cholesterol, fatty acids, sphinganine, DHA
and lysoPC (Supporting Information Table S5). The metabolites were validated using their PubChem and
KEGG (Kyoto Encyclopedia of Genes and Genomes) identification number
(https://pubchem.ncbi.nlm.nih.gov/rest/pug). A comprehensive metabolome map (metabolite-protein
interaction) was established using an Omicsnet algorithm. The metabolome map validated the protein
interactome to uncover hidden interactions and molecular mechanisms. Further, using STRING software,
the proteins obtained from the metabolome map were used to generate the metabolite-protein
interactome network to elucidate the metabolite-related protein network.

Results

To determine the anti-atherosclerotic effects of Terminalia catappa, we examined the aorta, heart, and
liver tissues of the atherogenic diet/plant extracts-treated rats. Aorta from atherogenic diet-induced rats
showed the major arterial vessel with atrophic endothelial and smooth muscles and cholesterol plaques
in the lumen (Fig. 1). Under standard diet control, tissues showed a major arterial vessel with a free
lumen containing blood cells and intima of the endothelium free of any lipid deposit surrounding the
adventitial layer (Fig. TA). The plaques in the atherogenic group occlude over 40% of blood passage
(Fig. 1B). Administration of standard drug (Fig. 1C, Atorvastatin 10 mg/kg) under atherogenic condition

showed a lumen containing much-reduced cholesterol deposits with blood cell clusters.??

Terminalia catappa ethanol extracts (100 mg/kg) with an atherogenic diet indicated major arterial
vessels showing adventitia layers, endothelium, and fibrous media,. The lumen contains a certain
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amount of cholesterol plaques and clusters of blood cells. The plaques occlude part of the endothelial
surface, narrowing 30% of blood passage (Fig. 2). Administration of Terminalia catappa (Fig. 1E, 200
mg/kg ethanol extracts) with an atherogenic diet shows a major arterial vessel with endothelium, fibrous
media, and adventitia layers; the lumen contains less amount of cholesterol plaques occluding 20% of
blood passage. Administration of a higher concentration of Terminalia catappa (Fig. 1F, 300 mg/kg of
ethanol extracts) with an atherogenic diet shows major arterial vessels with endothelium, fibrous media,
and adventitia layers. In addition, the lumen contains much-decreased levels of cholesterol plaques with
a 5% narrowing of blood passage.

Co-administration of Terminalia catappa aqueous extracts (Fig. 1G, 100 mg/kg ATC) and atherogenic
diet showed hepatocyte tissue with coronary arteries of the endothelium, fibrous media, and adventitia
layers. The lumen contains cholesterol plaques and blood cell clusters. The plaques occlude the
endothelial surface with 30% narrowed blood passage. Aqueous extracts with an atherogenic diet

(Fig. TH, 200 mg/kg ATC) show cholesterol plaques occluding the endothelium with 20% narrowed blood
passage (Fig. 2, Supporting Information Table S6). Higher concentrations of aqueous extracts of
Terminalia catappa (Fig. 11, 300 mg/kg ATC) showed much-decreased cholesterol plaques with 10%
reduced blood passage. With positive control, the intima of the endothelial surface is free of plaques
with no occlusion of blood passage. Under standard diet conditions, Terminalia catappa (Fig. 1J, 300
mg/kg ETC; Fig. 1K, 300 mg/kg ATC) shows major arterial vessels with free lumen-containing blood cells
and no lipid deposits in their intima.

Heart sections of the atherogenic group showed cardiac tissue with coronary arteries containing
massive cholesterol plaques (Fig. TM). The cholesterol plaques occlude up to 70% of blood passage,
while the standard diet condition shows healthy cardiac tissue with coronary arteries containing free
blood cells (Fig. 1L). In addition, the intima is free of any lipid deposits.

Terminalia catappa treatment (100 mg/kg ETC) under an atherogenic diet shows cardiac tissue with
coronary arteries containing milder cholesterol plaques and blood cell clusters in the lumen (Fig. TN).
The cholesterol plaques occlude part of the endothelial surface with 20% reduced blood passage.
Terminalia catappa extracts (200 mg/kg ETC) demonstrated dose-dependent anti-atherosclerotic effects
indicating cardiac tissue with coronary arteries containing much-reduced cholesterol plaques and blood
cell clusters with 20% narrowed blood flow (Fig. 10). The highest dose of Terminalia catappa (300
mg/kg ETC with an atherogenic diet) shows minimum cholesterol plaques in the coronary artery and
increased blood clusters in the lumen (Fig. 1P). In addition, the cholesterol plaques occlude part of the
endothelial surface with less than 4% narrowing of blood passage. All histopahological data were
analyzed quantitatively (Fig. 1Q, Supporting Information Table S6).

The Terminalia catappa treatment effect on the cardiac tissue was determined. Histological examination
of Terminalia catappa treatment (Fig. 2A, 300 mg/kg ETC; Fig. 2B, 300 mg/kg ATC) under a standard diet
(Fig. 2C) showed healthy cardiac tissue. Co-administration of Terminalia catappa extracts (100 mg/kg
ATC) with an atherogenic diet shows cardiac tissue with coronary arteries containing mild cholesterol
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plaques and blood cell clusters in the lumen (Fig. 2D). The cholesterol plaques occlude most endothelial
surfaces with a 30% narrowing of blood passage. An increased dose of plant extracts (200 mg/kg ATC
with an atherogenic diet) shows cholesterol plaques occluding 20% of blood passage (Fig. 2E). The
highest dose (300 mg/kg ATC with an atherogenic diet) shows about 10% occlusion of blood passage
(Fig. 2F). Concomitant administration of Atorvastatin (10 mg/kg, positive control) with an atherogenic
diet shows coronary arteries containing no cholesterol deposits. However, blood cell clusters exist in the
lumen (Fig. 21). The intima of the endothelium is free of plaques with no occlusion of blood passage
under positive control. Administration of a standard diet with plant extracts (300 mg/kg ETC or ATC)
shows healthy cardiac tissues with coronary arteries containing blood cell clusters and no lipid deposits
in their intima.

Next, we examined the liver tissue of atherosclerotic rats. Histology demonstrated massive deposits of
cholesterol plaques in the lumen with 70% occlusion of blood passage (Fig. 2H and 2M), while under the
standard diet condition, the liver shows healthy hepatocyte tissue with blood vessels containing blood
cells within the lumen (Fig. 2G). The intima of the lumen is free of any lipid deposits (Fig. 2G). Treatment
with plant extracts (100 mg/kg ETC and atherogenic diet) shows moderate cholesterol plaques and
blood clusters in the lumen (Fig. 2J). The cholesterol plaques occlude more than half of the endothelial
surface. Dose-dependent improvement was shown that cholesterol plagques were reduced with a 40%
narrowing of the blood passage in the 200 mg/kg ETC/atherogenic diet group (Fig. 2K). The highest
dose (300 mg/kg ETC) decreased cholesterol plagques and improved blood passage (30% to 85%)

(Fig. 2L).

Co-administration of 100 mg/kg ATC with an atherogenic diet shows liver tissue with coronary arteries
containing cholesterol plaques and blood cell clusters in the lumen (Fig. 2N). The cholesterol plaques
occlude most endothelial surfaces with 30% reduced blood passage. ATC (200 mg/kg) with an
atherogenic diet shows cholesterol plaques blocking 20% of blood passage (Fig. 20). The highest dose
of ATC (300 mg/kg) with an atherogenic diet offers healthier liver tissue with fewer lipid deposits

(Fig. 2P). Concomitant administration of Atorvastatin (10 mg/kg) with an atherogenic diet shows healthy
hepatocytic tissue. The intima of the endothelium is free of plaques with no occlusion of blood passage.
Quantitative analysis of Terminalia catappa-treated tissues was shown in Fig. 2Q. The Y-axis represents
% occlusion, whereas the X-axis shows the designation of each condition.

Administration of a standard diet with 300 mg/kg ETC or ATC shows healthy hepatocytes with blood
vessels containing blood clusters in the lumen, indicating no toxicity of the plant extracts to the aorta,
heart, and liver. Plant extracts did not increase lipid deposits or plaques in their lumen intima.

Histopathological examinations of the aorta, heart, and liver demonstrated that atherogenic diet-induced
atherosclerotic lesions formed lipid deposits and plaque in the lumen of the artery, occluding up to 40%
(aorta), 70% (heart), and 70% (liver) of blood passage through the lumen respectively, compared to
standard diet control (Figs. 1 and 2, Supporting Information Table S6, S7). Our experiments confirmed
that co-administration of ETC and ATC (300 mg/kg) with an atherogenic diet effectively suppressed
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inflammation and lipid deposits. The anti-atherosclerotic effect of organic solvent extraction was more
evident than aqueous extraction in histopathological examinations. Rats treated with Atorvastatin under
an atherogenic diet condition led to no cholesterol deposits in the lumen of the arteries. In addition, rats
treated with ETC/ATC without an atherogenic diet showed normal histology in the aorta, heart, and liver,
indicating no toxicity of plant extracts toward these organs. Our data demonstrate that Terminalia
catappa contains molecules of anti-atherosclerotic, anti-hyperlipidemic, and hepatoprotective properties,
including reduced lipid deposits and improved blood passage.

Previously, our study demonstrated that Terminalia catappa extracts significantly (P < 0.05) decreased
the serum levels of total cholesterol (TC), total glycerides (TG), low-density lipoprotein (LDL), and very
low-density lipoprotein (VLDL) compared to the atherogenic control rats. In addition, the activities of
tissue enzyme biomarkers, including alanine transaminase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), creatine kinase (CK), and lactate dehydrogenase (LDH) were also
significantly (P < 0.05) decreased compared to atherogenic control. The current experiments
demonstrated that the plant extracts improved cholesterol deposits in the lumen of the blood vessels of
the aorta, heart, and liver.

Atherosclerosis interactome map

The comprehensive atherosclerosis interactome was established using atherosclerotic-specific proteins
from the current study and known proteins using STRING software (Fig. 3).2% The protein interactome
map demonstrated that atherosclerosis-related proteins might influence energy imbalance,
inflammation, cell cycle, cystic fibrosis, lipid concentration, and phosphorylation signaling when
upregulated or downregulated under various stress conditions (Supporting Information, Table S2).

Atherosclerosis mapping revealed that lipid-mediated transcription factors and phosphorylation
signaling could initiate protein signaling in atherosclerosis. The PPl map supported the idea that
interacting proteins under energy imbalance could be involved in inflammation in the aorta, heart, and
liver. The current study identified altered inflammation switch as the major pathological pathway
determined by the atherosclerosis network. Further, the atherosclerotic interactome could identify the
clinical target of inhibition for the anti-inflammatory and anti-hyperlipidemic networks (Supporting
Information S3).

The atherosclerosis-specific proteins in the map were divided into six groups based on their functional
regulatory roles, including k-means clustering (Supporting Information Table S4, Figure S1). Grouping the
protein interactions into clusters further confirmed the sub-network on their active roles, including
transcription, inflammation, lipid homeostasis, energy balance, amino acids metabolism, macrophage,
and salt concentration (Fig. 3).

Protein interactome was dissected into six different subnetworks, including podosome/macrophage
(Fig. 3A green; PARV, WAS, ITGA), lipid metabolism (Fig. 3B red; APOE, LPA, LCAT, APOAT1, LRP1),
transcription control (Fig. 3C blue; EGFR, PLCG, TRAF6, annexin V, MYD88, STAT3, p53), anion

Page 8/24



channel/salt concentration/cystic fibrosis (Fig. 3D pink; CFTR, EREG, RICTOR), inflammation switch
(Fig. 3E yellow; IL1A, ICAM1, NOS, FABP, TLR), and cell cycle (Fig. 3F black; CCNA2, CDK2, CDC6). A
functional description of proteins was presented in detail (Supporting Information Table S2).

The k-means algorithm was essential due to their unsupervised clustering method based on the adjacent
matrix that determines which molecules go to the group of pre-specified criteria (Supporting Information
Table S4, Figure S1).

Two proteins connected by multiple lines demonstrated that interactions were derived from more than
one source of information. For example, on segregating the network based on k-means clustering, the
members within each cluster were highly interconnected, reflecting a functional association indicating
crosstalk between networks.

Next, to understand the metabolite interactions in atherosclerosis, the metabolome map of all known
metabolites was established using various bioinformatic tools, including OmicsNet software (Fig. 4,
Supporting Information Table S5). Over 100 metabolites were collected from the databases that include
ZINC, SMPDB, and GDB-13, followed by interactome mapping of 53 specific metabolites related to
atherosclerosis to identify metabolite-proteome interactions. The metabolome map showed that
molecules were interconnected to the citric acid cycle, amino acid metabolism, lysoPC, cholesterol,
cholic acid, succinic acid, and creatine.

The metabolome map demonstrated that potential atherosclerosis mechanisms might include fatty acid
metabolism (palmitic acid, linolenic acid, DHA), altered aromatic amino acids (phenylalanine, tyrosine,
tryptophan), organic acid metabolism (succinic acid, citric acid, cholic acid), sphingolipid (sphinganine,
phytosphingosine), and cholesterol (Fig. 5).

Discussion

In the current study, we determined the anti-atherosclerotic roles of Terminalia catappa extracts in vivo
based on histopathology and protein/metabolite interactome mapping. First, we introduced an
atherosclerotic animal model using atherogenic diet-induced albino Wistar rats (n = 55, 5 x 11 groups).?*
Previously, our quantitative analysis demonstrated that Terminalia catappa contains substantial amount
of phenols, alkaloids, flavonoids, cardiac glycosides, and saponins. Atherosclerosis induced by an
atherogenic diet was confirmed by a marked increase in serum levels of total cholesterol (TC),
triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), very low-density lipoprotein cholesterol
(VLDL-C), and a decrease in high-density lipoprotein cholesterol (HDL-C) compared to rats on a standard

diet.

The concurrent administration of Terminalia catappa extracts with an atherogenic diet via gastric
intubation led to a significant inhibition of atherosclerosis progression. This effect was confirmed by
reductions in total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and
very low-density lipoprotein cholesterol (VLDL-C), coupled with an increase in high-density lipoprotein
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cholesterol (HDL). Additionally, the elevated activities of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), and lactate dehydrogenase
(LDH) were observed under the atherogenic diet with both ETC and ATC treatment, comparable to the
effects of Atorvastatin as a positive control. Importantly, rats administered the highest dose of
Terminalia catappa extracts exhibited no significant differences compared to those on a standard diet,
indicating the absence of cytotoxicity.

The current histopathological data showed that atherosclerotic plaques induced by an atherogenic diet
in the lumen of the aorta, heart, and liver were regressed by ETC and ATC treatment. Histopathologically,
we demonstrated that ethanolic and aqueous extracts of Terminalia catappa fruit exhibited anti-
atherosclerotic activities in atherogenic diet-induced atherosclerosis in vivo. The extract-administered
groups improved the lipid profile, enzyme biomarkers, histopathology, cardioprotective, coronary risk,
and atherogenic indexes. /n high amounts, T. catappa contains total phenolic compounds, flavonoids,
cardiac glycosides, alkaloids, and saponins, act individually or synergistically to elicit antioxidant
activities that may manifest in the form of anti-atherosclerotic effects.

New biomarkers in atherosclerosis

Atherosclerosis is recognized as an energy-imbalanced metabolic disease.® The pathogenesis of
atherosclerosis is connected to hyperlipidemia/hypercholesteremia-induced unwavering energy
disturbances, inflammation, and oxidative stress. It is unarguable that atherosclerosis also occurs in
some patients whose lipid level is well-controlled, suggesting that other pathogenic factors may
contribute to the phenomenon. The direct and indirect protein interactions constitute a functional
association of an essential survival complex in the aorta, heart, and liver.

The assembly of all known and unknown proteins and the genetic association in the cell results in a
protein network of proteome-wide functional connectivity. Thus, the protein network is an ideal scaffold
for data integration, visualization, and biomarker discovery. In addition, an in-depth understanding of the
molecular mechanism of the disease requires knowledge of all functional integration between the
expressed proteins and metabolites.

B-actin (ACTB) as a main switch of atherosclerosis

Unexpectedly, the current protein interactome demonstrated that B-actin could be a central regulator of
atherosclerosis through more than 84 connectomes, including VCL (vinculin), GAPDH (glyceraldehyde 3-
phosphate dehydrogenase), ANXAS5 (annexin A5), PARVA (a-parvin), ILK (integrin-like protein kinase),
WAS (wasp actin nucleation factor), MSN (moesin), and ACTN2 (a-actinin 2). (Fig. 3, Supporting

Information Table S1).26 B-actin and EGFR are connected to nitric oxide metabolism.?’

Nitric oxide synthase 2A (NOS2, inducible nitric oxide synthase) is connected to MYD88, fatty acid
binding protein 5, and IL1B.?8 Besides, phosphorylation regulators, including CCNA (cyclin A1), CDK2,
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CRK, and TICAMT, were also connected to NOS2A to respond to the intracellular concentration of nitric
oxide.?®

For artery homeostasis, nitric oxide synthase (NOS) regulates the cell's nitric oxide (NO) concentration.
NO maintains vascular structure by inhibiting blood clotting, preventing vascular smooth muscle cells
(SMCs) from over-proliferation. NO controls basal blood flow, vascular integrity, superoxide scavenging,
and protein nitration. Inducible NOS in immune cells, typically stimulated under oxidative stress,
generates a high NO level that can be cytotoxic and proinflammatory.

NO is angiogenic through enhancing endothelial migration and inducing reorganization of extracellular
matrix (ECM) proteins.3® NOS uncoupling caused by an insufficient substance (oxygen and arginine)
abrogates NO generation property.

The current interactome suggests that atherosclerosis also shows characteristics consistent with
chronic inflammation. Enhanced immune cells and elevated proinflammatory proteins result in structural
and functional changes in the aorta, heart, and liver.

Positive correlation between cystic fibrosis and
atherosclerosis

The current map demonstrated that atherosclerosis is connected to cystic fibrosis through CFTR (cystic
fibrosis transmembrane conductance regulator).3’ CFTR is an epithelial ion channel vital in regulating
epithelial ions, including chloride, water transport, and fluid homeostasis, linked to ATP hydrolysis. CFTR
is permeable to HCO3™ and the selectivity depends on the extracellular chloride concentration. CFTR
controls cystic fibrosis and atherosclerosis through transcription, energy, and inflammation through
critical regulators, including p53, GAPDH, CDH1, IL1B, MSN, CBL, ACTB, and SLC9A3R1 32 Cystic fibrosis
and atherosclerosis share common risk factors, including a high-fat diet, increased oxidative stress,
chronic inflammation, altered lipid metabolism, and diabetes. In addition, both conditions show
endothelial dysfunction and increased vascular stiffness. Studies suggest chronic inflammation induces
vascular disease through endothelial injury and increased arterial stiffness mechanism.

Thrombosis, atherosclerosis, and plaque rupture

Next, we dissected the atherosclerosis mechanism based on thrombosis and plaque rupture.3® HRG
(histidine-rich glycoprotein) binds several thrombosis-related ligands, including heme, heparin, heparan
sulfate, thrombospondin, plasminogen, and divalent metal ions.3* HRG binds heparin and
glycosaminoglycans in a zinc-dependent manner and heparan sulfate on the surface of the liver, lung,
kidney, and heart endothelial cells. The N-sulfated polysaccharide chain-HRG complex on the surface of
liver endothelial cells acts as an immune complex. An atherosclerotic plaque rupture exposes necrotic
core components to the circulation to generate a fibrin monolayer as a coagulation cascade.
Subsequently, circulating platelets and inflammasome lead to platelet activation and atherothrombosis.

Macrophage balance and atherosclerosis
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Atherosclerosis begins with an early inflammatory reaction, including an imbalance in energy

metabolism and an immune response induced by macrophages in the artery.2® The current interactome
map suggests that macrophage balance could initiate atherosclerosis.

Our interactome map shows that macrophage-related proteins, including CHI3L1, HBEGF, IL1A, ITGAM,
|.36

and NOS2, are related to atherosclerosis at the molecular leve
CHI3L1 (chitinase-3-like protein 1) has no chitinase activity; however, it plays a role in tissue remodeling
to respond to environmental changes.

HBEGF (heparin-binding EGF-like growth factor) is connected to EGFR, ERBB2, and ERBB4.%” It is
necessary for normal cardiac valve formation, heart function, and macrophage-mediated cellular
proliferation. HBEGF is a more potent mitogen for smooth muscle cells than EGF, showing higher affinity
toward EGF receptor, compared to EGF.

Activated macrophages produce IL1A (interleukin-1 alpha). IL-1 induces IL-2 release, stimulating
thymocyte proliferation, fibroblast growth factor activity, and B-cell maturation. IL-1 proteins are involved
in the inflammatory response, identified as endogenous pyrogens, and stimulate the release of
prostaglandin and collagenase from synovial cells.

ITGAM (integrin alpha-M) is implicated in adhesive interactions of monocytes, macrophages, and
granulocytes and in mediating the uptake of complement-coated particles.® It is identical to CR-3, the
receptor for the iC3b fragment of the third complement component. It recognizes the R-G-D peptide in
C3b. ITGAM is also a receptor for fibrinogen, factor X, and ICAM1. It recognizes the P1 and P2 peptides
of the fibrinogen gamma chain and regulates neutrophil migration. NOS2 (inducible nitric-oxide
synthase) generates nitric oxide (NO), a protein nitration and peroxynitrite synthesis messenger
molecule. NOS has nitrosylase activity to mediate cysteine nitrosylation of cytoplasmic target proteins,
including PTGS2 and COX2. As a component of the iNOS-S100A8/9 transnitrosylase complex involved in
the selective inflammatory stimulus-dependent S-nitrosylation of GAPDH on Cys-247 implicated in the

regulation of the GAIT complex activity.3°

Energy imbalance due to altered lipid/glucose homeostasis

The protein interactome map demonstrated that specific correlations might exist between lipid and
glucose metabolism shown by the interconnection of APOE, CBL, CCND2, CDH1, CDKN1B, CFTR,
cathepsin 5, EGF, GAPDH, glucose phosphate isomerase, fatty acid binding protein 5, and pro-platelet
basic protein (Supporting Information Table S1, S2).

Citric acid is the center of energy metabolism, responding to energy demands dynamically under chronic

oxidative stress.*? Inflammatory stimuli activate the macrophages, and two breakpoints in the TCA cycle
lead to the accumulation of intermediates. The citric acid in the TCA cycle in the macrophage under

inflammatory stimulation plays an essential role in the progression of atherosclerosis.*' A central hub of
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carbon metabolism in atherosclerosis consists of crucial elements, including ACTB, ITGAM, APOB,
APOE, SERPINET, STAT3, p53, TLR3, MYD88, and CDK2.4?

In conclusion, using a diet-induced atherosclerosis rat model, the current study tested the hypothesis of
the anti-atherosclerotic a roles of Terminalia catappa fruit extracts. Histological examinations
demonstrated that the aorta, heart, and liver improved cholesterol deposits in the lumen of the blood
vessels. Treatment with Terminalia catappa extracts demonstrated an improved histopathology., lipid
profile, enzyme biomarkers, cardioprotective index, and atherogenic index. The current study will guide
further investigation to propose a clinical application to treat vessel diseases, including

atherosclerosis.*3
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Figure 1

The aorta, heart, and liver tissues were examined histologically using hematoxylin and eosin staining
(H&E) under the atherogenic diet/plant extracts-treated conditions (scale bar=50 mm). Standard diet
showed a free lumen containing blood cells and intima of the endothelium without any lipid deposit (A).
The atherogenic conditions occlude over 40 % of blood passage by lipid plaques (B). Atorvastatin (10
mg/kg) was used as positive control and demonstrated much-decreased cholesterol deposits (C).

Terminalia catappaextracts (100 mg/kg ethanol extract) under an atherogenic condition showed
cholesterol plaques and clusters (D). A dose-dependent effect was observed when a higher
concentration of Terminalia catappa (200 mg/kg ethanol extracts) showed fewer cholesterol plaques
(E). The highest concentration of Terminalia catappa (300mg/kg of ethanol extracts) indicated much-
decreased levels (F). Co-administration of Terminalia catappa aqueous extracts (100 mg/kg ATC) and
atherogenic diet showed cholesterol plaques and blood cell clusters (G). Aqueous extracts with an
atherogenic diet (200 mg/kg ATC) show fewer cholesterol plaques (H). The highest concentrations of
Terminalia catappa(300mg/kg ATC) showed much-decreased cholesterol plaques (). Terminalia
catappa-only treatment showed no lipid deposits in their intima (J, 300 mg/kg ETC; K, 300 mg/kg ATC).
Under the standard diet condition, healthy cardiac tissue showed free blood cells and no lipid deposits
(L). Heart sections under the atherogenic condition showed massive cholesterol plaques (M). Terminalia
catappa (100 mg/kg ETC) showed milder cholesterol plaques and blood cell clusters in the lumen (N).
Dose-dependent (200 m/kg ETC) anti-atherosclerotic effects of Terminalia catappa were observed with
much-reduced cholesterol plaques and blood cell clusters (0). The highest dose of Terminalia catappa
(300 mg/kg ETC) shows minimum cholesterol plaques in the coronary artery (P). Quantitative analysis of
Terminalia catappa-treated tissues (Q). The Y-axis represents % occlusion, whereas the X-axis shows the
designation of each condition.
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Figure 2

Terminalia catappa extracts treatment under standard diet conditions showed healthy cardiac tissue (A.
300 mg/kg ETC; B. 300 mg/kg ATC), similar to a stand diet-only condition (C) (scale bar=50 mm). Plant
extracts (100 mg/kg ATC) with an atherogenic diet show cardiac tissue with coronary arteries containing
mild cholesterol plagues and blood cell clusters in the lumen (D). An increased dose of plant extracts
(200 mg/kg ATC with an atherogenic diet) shows cholesterol plaques occluding 20 % of blood passage
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(E). The highest dose (300 mg/kg) shows much-reduced occlusion of blood passage (F). Under the
standard diet, the liver shows healthy hepatocyte tissue with blood vessels containing blood cells within
the lumen (G). Atherogenic diet-induced massive deposits of cholesterol plaques in the lumen with 70%
occlusion of blood passage (H). Concomitant administration of Atorvastatin (10 mg/kg, positive control)
with an atherogenic diet shows no cholesterol deposits; however, blood cell clusters exist in the lumen
(1). Ethanol extracts (100 mg/kg) with an atherogenic diet show moderate cholesterol plagues and blood
clusters in the lumen (J). Decreased cholesterol plaques were observed with the 200 mg/kg
ETC/atherogenic diet group (K). The highest dose (300 mg/kg ETC) decreased cholesterol plaques and
improved blood passage from 15% to 85% (L). Atherogenic diet-induced massive deposits of cholesterol
plaques in the lumen with 70% occlusion of blood passage (H). Aqueous extracts (ATC 100 mg/kg) with
an atherogenic diet show cholesterol plaques and blood cell clusters in the lumen (N). ATC (200 mg/kg)
with an atherogenic diet shows cholesterol plaques occluding 20 % of blood passage (0). The highest
dose of ATC (300 mg/kg) with an atherogenic diet shows healthier liver tissue with much fewer lipid
deposits (P). Quantitative analysis of Terminalia catappa-treated tissues (Q). The Y-axis represents %
occlusion, whereas the X-axis shows the designation of each condition.
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Figure 3

The atherosclerosis interactome was established using STRING software. The protein interactome map
demonstrated that atherosclerosis-related proteins might influence energy imbalance, inflammation, cell
cycle, cystic fibrosis, lipid concentration, and phosphorylation signaling when upregulated or
downregulated under various stress conditions. The atherosclerosis-specific proteins in the map were
divided into six groups based on their functional regulatory roles, including k-means clustering. Protein
interactome was dissected into six different subnetworks; (A) podosome/macrophage (green; PARV,
WAS, ITGA), (B) lipid metabolism (red; APOE, LPA, LCAT, APOA1, LRP1), (C) transcription control (blue;
EGFR, PLCG, TRAF6, annexin V, MYD88, STAT3, p53), (D) anion channel/salt concentration/cystic fibrosis
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(pink; CFTR, EREG, RICTOR), (E) inflammation switch (yellow; IL1A, ICAM1, NOS, FABP, TLR), (F) cell cycle
(black; CCNA2, CDK2, CDCS6).
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Figure 4

The metabolome map was established using various bioinformatic tools, including OmicsNet software.
The metabolome map demonstrated that atherosclerotic metabolites were interconnected to the citric
acid cycle, amino acid metabolism, lysoPC, cholesterol, cholic acid, succinic acid, and creatine.
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Figure 5

The protein interactome and metabolome map demonstrated that potential atherosclerosis mechanisms
might include fatty acids (palmitic acid, linolenic acid, DHA), altered aromatic amino acids
(phenylalanine, tyrosine, tryptophan), organic acid metabolism (succinic acid, citric acid, cholic acid),
sphingolipid (sphinganine, phytosphingosine), and cholesterol.
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