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CHOLESTEROL AND LIPOPROTEIN METABOLISM 
Cholesterol is an important component of cell membranes 

(1), as well as the precursor molecule for the synthesis of 

steroid hormones, vitamin D and bile salts. It is derived 

from the diet or synthesized within the body. The typical 

human diet contains 200–500 mg of cholesterol. 

Cholesterol also enters the intestine in bile (800–1200 mg 

day
−1

). The principal sites of cholesterol synthesis are the 

liver and the Central Nervous System (CNS). Cholesterol can 

be lost from the body mainly as the fractions of bile salts 

and intestinal cholesterol which are not absorbed. Both 

dietary cholesterol and that synthesized  de novo are 

transported through the circulation in lipoprotein particles. 

Cholesterol blood levels in humans are typically in the 

range 100–300 mg dl
−1

. The principal plasma lipoproteins 

are the chylomicrons, Very Low Density Lipoproteins 

(VLDLs), Low Density Lipoproteins (LDLs) and High Density 

Lipoproteins (HDLs) (2).  

Chylomicrons are synthesized in the intestinal mucosal cells 

directly from dietary fats, namely triglycerides, cholesterol 

and phospholipids, and apoprotein (apo) B48, which is 

synthesized in these cells. Their density is low because their 
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size is large (100 nm) and they contain large amounts of 

lipid (especially triglycerides). Their large size precludes 

penetration of the capillary membrane, so they are 

secreted by intestinal mucosa into the lymphatics and then 

enter the circulation by way of the thoracic duct. Once in 

the blood, chylomicrons acquire apo E and apo C-II and are 

progressively reduced in size by the action of lipoprotein 

lipase, which is bound to the capillary endothelium and 

catalyzes the removal of free fatty acids from the 

chylomicron triglyceride pool. The continued action of 

lipoprotein lipase leaves the chylomicron nearly depleted 

of triglyceride. The depleted chylomicron remnant particle 

exits this pathway by its uptake into the hepatocyte 

through a receptor-mediated process, with the 

chylomicron apo E serving as the ligand for the hepatic LDL 

receptor (LDLR). In the hepatocyte the chylomicron 

remnant releases its contents (ie, the remaining 

triglycerides, cholesteryl esters, phospholipids, and 

apoproteins). The hepatocyte reassembles these 

chylomicron remnant–derived products, along with 

endogenous triglycerides and cholesteryl esters, into VLDLs 

and secretes them into the circulation for the next phase of 
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delivery of lipids to the periphery. Like chylomicrons, VLDLs 

are also triglyceride-rich and contain apo C-II and apo E. 

However, unlike chylomicrons, they contain fewer 

triglycerides, are smaller, and now carry apo B-100 instead 

of apo B-48. Lipoprotein lipase reduces VLDL triglyceride 

content further, leaving the particles progressively smaller, 

more dense, and more cholesterol-enriched as it moves 

down this cascade to intermediate density lipoprotein 

(IDL). Hydrolysis of IDL triglycerides to free fatty acids is 

mediated by another lipase, hepatic lipase, and LDL soon 

appears as the terminal particle in this pathway. Actually, 

about one third of the VLDL is cleared by the hepatic LDLR, 

whereas two thirds pass down this cascade, terminating as 

LDL. The transition of VLDL to IDL is accompanied by the 

transfer of apo C-II (to HDL) and is also removed (again to 

HDL) during the transition of IDL to LDL apo E. Hence, LDL 

contains only apo B-100, like the upstream precursor 

particles (IDL and VLDL) (3). 

 The forward movement of lipids to the peripheral cells is 

the key pathway for delivery of free fatty acids. It is also the 

only pathway for delivering cholesterol.  
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The metabolic balance of cholesterol is achieved by reverse 

cholesterol transport (RCT), a multi-step process mediated 

by HDLs which consists in the transfer of excess cholesterol 

arriving at the tissues back to the liver. HDLs are 

synthesized in the cells of intestinal mucosa and liver and 

secreted as a disk-shaped nascent HDL particles containing 

only a small amount of phospholipid and apo A-I 

(preβ−HDLs). Preβ−HDL gains unesterified (free) 

cholesterol from peripheral cells by an aqueous diffusion 

pathway from the cell membrane to the particle. The efflux 

of cholesterol is facilitated by the binding of the nascent 

HDL particle to cell-surface receptors (e.g. scavenger 

receptor B1 [SRB1]). Free cholesterol, being amphipathic, is 

absorbed onto the surface of the HDL from a “donor” cell 

membrane. Lecithin-cholesterol acyltransferase (LCAT), 

activated by apo A-I, catalyzes cholesterol esterification, 

causing the lipophilic cholesteryl ester molecule to enter 

the core of the HDL particle, thereby freeing up space on 

the surface of the particle for further cholesterol 

adsorption. HDL gradually matures to its spherical shape 

(α-HDL). Along with cholesterol absorption, HDL 

accumulates apo C-II and apo E from the VLDL and IDL. 
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Removal of lipids from the mature α-HDL particle occurs by 

two pathways, a direct pathway and an indirect pathway. 

The direct pathway mainly involves a selective lipid uptake 

pathway mediated by SR-B1 (4). The indirect pathway is 

characterized by the transfer of cholesteryl esters from α-

HDL to apo B–containing lipoproteins (VLDL, IDL, and LDL) 

mediated by cholesteryl ester transfer protein (CETP) (6). 

Since cholesterol removal by HDL is accomplished by 

shuttling to these particles, their uptake by the liver is 

essential for the disposal of HDL cholesterol. In the liver, 

the hepatocytes expressing LDLR on their cell surface 

recognize apo B as well as apo E. Thus, hepatic LDLR 

mediates the uptake of chylomicron remnant, VLDL, IDL, 

and LDL.  

Figure 1 (Fig. 1) (7) summarizes the scheme for synthesis, 

interaction and degradation of lipoproteins. 
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Fig. 1 Lipoprotein synthesis and metabolism  

Abbreviations: LpL, Lipoprotein lipase; HL, hepatic lipase; CE, 

cholesteryl ester; A, B48, C, and E, apolipoproteins; B, apo B-100; TG, 

triglyceride; PL, phospholipid; FFA, free fatty acid; CM Rem, 

chylomicron remnant (Gilbert-Barnes E, Barnes L, 2000). 
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LDLR 

As previously discussed, the LDLR is the primary pathway 

for removal of cholesterol from the circulation and its 

activity is accurately regulated by intracellular cholesterol 

levels. The discovery of the LDLR had its roots in the study 

of the mechanisms responsible for familial 

hypercholesterolemia (FH), an autosomal dominant 

metabolic disorder in which patients are characterized by 

plasma cholesterol levels ranging from 300 mg dL
-1

 to as 

high as 1500 mg dL
-1

 (8). Patients with FH are at increased 

risk of cardiovascular disease and those with the highest 

cholesterol levels often have advanced atherosclerosis 

before 10 years of age. FH was first recognized as a genetic 

disorder over 70 years ago when it was observed that 

extreme hypercholesterolemia that was accompanied by 

xanthomas (cholesterol deposits in tendons and skin) and 

angina was an inherited disorder. In the early 1970s 

Goldstein and Brown demonstrated that fibroblasts 

isolated from patients with homozygous FH had defective 

feedback inhibition of the enzyme 3-hydroxy-3-

methylglutaryl CoA reductase (HMGCR), the rate-limiting 

enzyme for cholesterol synthesis. In 1974 they were able to 
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demonstrate the existence of a LDLR by showing that 

fibroblasts from patients with homozygous FH were unable 

to bind LDL at the cell surface. The following year they 

showed that the LDLR regulated HMGCR activity by 

controlling the cellular uptake of exogenous cholesterol 

rather than through signaling via a second messenger as 

they originally hypothesized. The LDLR internalized LDL 

from plasma leading to release of cholesterol into the cell 

which appeared to be responsible for the feedback 

inhibition of HMGCR that they had observed in their earlier 

studies.  

The LDLR protein was isolated and sequenced in 1982 and 

the gene cloned in 1985 (9, 10). In the population, reduced 

LDLR activity frequently contributes to 

hypercholesterolemia which over time leads to the 

development of atherosclerosis.  

The transcription of LDLR is primarily under the control of 

the transcription factor Sterol regulatory element-binding 

protein 2 (SREBP-2) (11). SREBP-2 is an endoplasmic 

reticulum transmembrane protein that exists in a complex 

with the sterol-sensing proteins SREBP cleavage–activating 

protein and insulin-induced gene 1. The SREBP/SREBP 
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cleavage−acGvaGng protein complex moves to the Golgi 

apparatus when the intracellular cholesterol concentration 

decreases. Proteases in the Golgi cleave SREBP-2 to release 

the active SREBP-2 transcription factor, which translocates 

to the nucleus and stimulates transcription of LDLR 

(12). Like many other plasma membrane receptors, LDLR is 

transported to the plasma membrane via the endoplasmic 

reticulum–Golgi pathway. LDL-bound LDLR is endocytosed 

through a clathrin-dependent pathway and, after releasing 

its cargo in the late endosome, the LDLR is either recycled 

back to the plasma membrane or degraded in the lysosome 

(13). 

In addition to SREBP pathway, LDLR is also regulated by 

post-translational mechanisms that determine its stability. 

One of those involves the activity of Proprotein convertase 

subtilisin/kexin type 9 (PCSK9) (see next paragraph), which 

binds directly to the extracellular domain of the LDLR and 

alters its stability and trafficking by interfering with its 

recycling after endocytosis, thereby promoting its 

lysosomal degradation (14 - 16). 

Moreover, the nuclear receptors Liver X receptor (LXR) 

LXRα and LXRβ work with SREBPs to maintain cholesterol 
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homeostasis. When cellular cholesterol levels rise, 

oxysterols are formed and serve as ligands for LXRs (17).
 

Activation of LXR by oxysterols induces the expression of 

genes encoding proteins essential for cholesterol efflux 

from cells, including ATP-binding cassette transporter A1 

(ABCA1) and ATP-binding cassette transporter G1 (ABCG1), 

phospholipid transfer protein, ADP-ribosylation factor-like 

7, and apo E (18, 19).
 
The expression of these factors 

promotes the transfer of excess intracellular cholesterol to 

extracellular acceptors, such as apo A-I, apo E, and HDL, 

thereby facilitating reverse cholesterol transport from 

peripheral tissues (20 - 22). 
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PCSK9 

Seidah et al. (23) first characterized PCSK9, which is 

expressed in hepatocytes, kidney, mesenchymal cells, 

intestinal ileum and colon epithelia as well as in embryonic 

brain telencephalon neurons. Shortly thereafter, it was 

reported that single-point gain-of-function mutations 

(ser127-to-arg and F216L) in the PCSK9 gene are associated 

with autosomal dominant hypercholesterolemia (24). 

Experimental studies established the central role of PCSK9 

in regulation of cholesterol homeostasis by enhancing the 

endosomal and lysosomal degradation of cell surface 

receptors that regulate lipid metabolism in a non-

enzymatic fashion (25).  

PCSK9 is synthesized as a 73-kDa zymogen of 692 amino 

acids and contains a signal peptide, a prodomain (residues 

31 to 152) and a catalytic domain (residues 153 to 451) 

followed by a C-terminal domain (residues 452 to 692) (26). 

PCSK9 undergoes intramolecular autocatalytic processing in 

the endoplasmic reticulum to form a 14-kDa prodomain 

and a 63-kDa mature PCSK9 (27). After cleavage, the 

prodomain remains closely attached to the catalytic 

domain of PCSK9 blocking the substrate-binding site (23, 28 
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- 30). Autocatalytic cleavage is required for trafficking 

PCSK9 from the endoplasmic reticulum (ER) to the 

secretory pathway (31). In the extracellular pathway, PCSK9 

is secreted from the trans-Golgi network and internalized 

together with the LDLR in clathrin-coated endosomes, 

promoting degradation of LDLR (31). In the intracellular 

pathway, PCSK9 is directly sorted to lysosomes together 

with LDLR, leading to its degradation (Fig. 2) (25, 32). 

Secretion of the prodomain together with a catalytically 

inactive PCSK9 was shown to promote regular degradation 

of LDLR, suggesting that secreted PCSK9 acts as a 

chaperone rather than as a catalytic enzyme (33, 34).  

As described in the previous paragraph, the major part of 

circulating LDL-cholesterol (LDL-C) is removed from the 

plasma by hepatic uptake. This process is mediated via 

LDLR that internalizes bound LDL particles by endocytosis 

(35). After intracellular dissociation, the LDLR recycles to 

the cell surface for reuse. Low intracellular cholesterol 

levels activate the sterol regulatory element binding 

protein-2 (SREBP-2), leading to increased LDLR gene 

expression, which enhances LDL-C clearance from the 

circulation (36). Of note, SREBP-2 also induces expression 



                              
 

21 
 

of PCSK9, leading to LDLR degradation, thus limiting hepatic 

cholesterol uptake and increasing circulating LDL-C (36). 

This highly coordinated expression pattern contributes to a 

self-regulatory system preventing excessive cholesterol 

uptake in order to preserve cholesterol homeostasis. 

 

             

 

Fig. 2 The PCSK9 protein acts through endogenous and exogenous 

mechanisms.  

Exogenously, circulating PCSK9 protein binds to the LDLR. Once 

internalized into the liver cell, the PCSK9 protein directs the LDLR to 

the lysosome for degradation. Intrinsically, PCSK9, which is secreted 

from the Golgi apparatus, binds the LDLR before it reaches the cell 
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surface, leading it to lysosomal degradation (Brautbar A, Ballantyne 

CM, 2011). 
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PATHOGENESIS OF ATHEROSCLEROSIS 

Abnormalities in lipid metabolism play a critical role in the 

development of atherosclerosis.  

Atherosclerosis is a chronic disease characterized by the 

narrowing of arteries caused by a buildup of plaque and it 

is the major cause of death and morbidity in the United 

States and the industrial world, being the underlying cause 

of heart attack, stroke, and peripheral vascular disease  

(37). In particular, the discovery by Virchow more than 100 

years ago that atheroma contained a yellow fatty 

substance, later identified as cholesterol, suggested a role 

for lipids in the pathogenesis of atherosclerosis (38).  

Atherosclerosis is a complex disease, involving many cell 

types and circulating mediators and resulting in an 

inflammatory state. The key stages of atherosclerosis 

development have been briefly described in the following 

paragraphs. 

 

Initiation and Fatty Streak Phase of Atherosclerotic 

Lesions 

Endothelial cells of arteries respond to mechanical and 

molecular stimuli to regulate tone (39), hemostasis (40), 
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and inflammation (41) throughout the circulation. 

Endothelial cell dysfunction is an initial step in 

atherosclerotic lesion formation and is more likely to occur 

at arterial curves and branches that are subjected to low 

shear stress and disturbed blood flow (42, 43). These 

mechanical stimuli activate signaling pathways leading to a 

dysfunctional endothelium, that is barrier compromised, 

prothrombotic, and proinflammatory (44). In regions 

resistant to atherosclerosis, the transcription factors 

Kruppel-like factors (KLF) 2 and 4 are activated in a process 

which enhances expression of endothelial nitric oxide 

synthase (eNOS) (45 – 47). The increased nitric oxide (NO) 

production promotes endothelial cell migration and 

survival thereby maintaining an effective barrier (48). In 

addition, the expression of superoxide dismutase (SOD) is 

increased to reduce cellular oxidative stress (46). In 

atherosclerosis susceptible regions, reduced expression of 

eNOS and SOD leads to compromised endothelial barrier 

integrity (Fig. 3) (49), leading to increased accumulation 

and retention of subendothelial atherogenic apo B-

containing lipoproteins (LDL) and remnants of VLDL and 

chylomicrons (50, 51). KLF2, KLF4, and NO production 
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inhibit activation of the nuclear factor kappa B (NF-κB) 

pathway. Increased NF-κB activation in atherosclerosis 

susceptible areas leads to endothelial cell activation (Fig. 3) 

(49), as evidenced by increased expression of monocyte 

adherence proteins (Vascular Cell Adhesion Molecule 1, 

VCAM-1; Intercellular Adhesion Molecule 1, ICAM-1; P-

selectin) and proinflammatory receptors (toll-like receptor 

2, TLR2) and cytokines (Monocyte Chemoattractant Protein 

1, MCP-1; Interleukin 8, IL-8) (47, 52, 53). In addition, 

endothelial cell activation leads to increased production of 

reactive oxygen species (54) that can cause oxidative 

modification of apo B-containing lipoproteins. Besides 

mechanical stimuli, endothelial cell activation is increased 

by various molecular stimuli, including oxidized LDL, 

cytokines, advanced glycosylation end products, and 

pathogen-associated molecules (55 - 58). In contrast, an 

atheroprotective function of HDL is to prevent endothelial 

activation and enhance NO production to maintain barrier 

integrity (59).  
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Fig. 3 Initiation of atherosclerotic lesion  

Schematic view of the cascade of events leading to the accumulation 

and retention of subendothelial LDL and remnants of VLDL and 

chylomicrons, with formation of the fatty streak. 
(Linton MR F et al for De Groot LJ, Chrousos G, Dungan K, et al 2000 - 

2015). 
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Activation of endothelial cells causes a monocyte 

recruitment cascade involving rolling, adhesion, activation 

and transendothelial migration (Fig. 3) (49). Selectins, 

especially P-selectin, mediate the initial rolling interaction 

of monocytes with the endothelium. Monocyte adherence 

is then promoted by endothelial cell immunoglobulin-G 

proteins including VCAM-1 and ICAM-1 (60). Potent 

chemoattractant factors such as MCP-1 and IL-8 then 

induce migration of monocytes into the subendothelial 

space (61-63). Intimal macrophages also result from 

proliferation of monocyte/macrophages, especially in more 

advanced lesions (64). Although macrophages are the main 

infiltrating cells, other cells contribute to development of 

lesions including dendritic cells,mast cells  and T cells (Fig. 

3) (49). T cells regulate the proinflammatory phenotype of 

macrophages. Antigen-specific activated T helper 1 (Th-1) 

cells produce interferon (IFN) that converts macrophages 

to a proinflammatory M1 phenotype. Regulatory T (T-reg) 

cells produce anti-inflammatory cytokines (e.g. 

Transforming Growth Factor β, TGF-β) and inhibit 

activation of Th-1 cells leading more anti-inflammatory M2 
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macrophages. During the initial fatty streak phase of 

atherosclerosis (Fig. 3) (49), the monocyte-derived 

macrophages internalize the retained apo B-containing 

lipoproteins, which are degraded in lysosomes, where 

excess free cholesterol is trafficked to the ER to be 

esterified by acyl CoA:cholesterol acyltransferase (ACAT), 

and the resulting CE is packaged into cytoplasmic lipid 

droplets, which are characteristic of foam cells (65, 66). 

Modification of apo B lipoproteins via oxidation and 

glycation enhances their uptake through a number of 

receptors not down-regulated by cholesterol including 

CD36, scavenger receptor A, and lectin-like receptor family 

(67, 68). Enzyme-mediated aggregation of apo B 

lipoproteins enhances uptake via phagocytosis (69, 70). In 

addition, native remnant lipoproteins can induce foam cell 

formation via a number of apo E receptors (LRP1 and 

VLDLR). 

The triggering of macrophage inflammatory pathways is 

also a critical event in lesion development. Inflammatory 

M1 phenotype macrophages exhibit increased oxidative 

stress, impaired cholesterol efflux and enhanced 

cytokine/chemokine secretion, leading to more 
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LDL/remnant oxidation, endothelial cell activation, 

monocyte recruitment, and foam cell formation (71-76) . 

Macrophage foam cell formation and cholesterol 

dependent inflammatory receptor signaling can be reduced 

by the removal of cholesterol by atheroprotective HDL and 

apo A-I via a number of mechanisms including ABCA1, 

ABCG1, Scavenger receptor class B member 1 (SR-BI), and 

aqueous diffusion (77-80). Lipid-poor apo A-I stimulates 

efflux via ABCA1, whereas lipidated apo A-I or mature HDL 

are the main drivers of efflux via ABCA1, ABCG1, SR-BI, and 

aqueous diffusion (77, 81-83).  

 

Progression to Advanced Atherosclerotic Lesions 

Fatty streaks do not result in clinical complications and can 

even undergo regression. However, once smooth muscle 

cells infiltrate and the lesions become more advanced, 

regression is less likely to occur (84, 85). Small populations 

of vascular smooth muscle cells (VSMCs) already present in 

the intima proliferate in response to growth factors 

produced by inflammatory macrophages (86). In addition, 

macrophage-derived chemoattractants cause tunica media 
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smooth muscle cells to migrate into the intima and 

proliferate (Fig. 4) (49). Critical smooth muscle cell 

chemoattractants and growth factors include Platelet-

derived growth factor (PDGF) isoforms (87), matrix 

metalloproteinases (88), fibroblast growth factors (FGF) 

(89), and heparin-binding epidermal growth factor (HB-

EGF) (90) (Fig. 4) (49). The accumulating VSMCs produce a 

complex extracellular matrix composed of collagen, 

proteoglycans, and elastin to form a fibrous cap over a core 

comprised of foam cells. As lesions advance, substantial 

extracellular lipid accumulates in the core, in part due to 

large CE-rich particles arising from dead macrophage foam 

cells (91, 92). 
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Fig. 4 Progression to advanced atherosclerotic lesions  

This stage is mediated by VSMC  proliferation and  accumulation, to 

form a fibrous cap over a core of foam cells through the production 

of extracellular matrix. (Linton MR F et al for De Groot LJ, Chrousos G, 

Dungan K, et al 2000 - 2015). 
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Vulnerable Plaque Formation and Rupture 

The advanced atherosclerotic lesion is essentially a 

nonresolving inflammatory condition leading to formation 

of the vulnerable plaque, increasing the risk of plaque 

rupture. The vulnerable plaque is characterized by two 

fundamental morphological changes: 1) Formation of a 

necrotic core and 2) Thinning of the fibrous cap. Sections of 

the atheroma with a deteriorated fibrous cap are subject to 

rupture (Fig. 5) (49, 93, 94). Plaque rupture leads to acute 

exposure of procoagulant and prothrombotic factors from 

the necrotic core of the lesion to platelets and 

procoagulant factors in the lumen, thereby causing 

thrombus formation (Fig. 5) (49, 93, 94). Thrombus 

formation accounts for the majority of clinical events with 

acute occlusive thrombosis causing myocardial infarction, 

unstable angina, sudden cardiac death, and stroke (93, 94). 
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Fig. 5 Vulnerable plaque formation 

In advanced lesions, plaque is characterized by the formation of a 

necrotic core and a thin fibrous cap. Deteriorated fibrous caps are 

subject to rupture, with the increased risk of thrombus formation 

(Linton MR F et al for De Groot LJ, Chrousos G, Dungan K, et al 2000 - 

2015). 
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ARTERIAL INJURY RESPONSE: NEOINTIMAL HYPERPLASIA 

Once the atherosclerotic plaque develops in a way which 

interferes with blood flow, the only current treatments 

available to alleviate vascular occlusion are limited to 

surgical procedures such as transluminal coronary 

angioplasty, percutaneous delivery of balloon-expanded 

stents, directional coronary atherectomy and coronary 

bypass surgery. Unfortunately, a common undesirable 

outcome of these interventions is represented by 

restenosis secondary to neointimal hyperplasia, which 

remains a major problem after this kind of procedures (95). 

Neointimal formation can be suppressed by the topical 

administration of antiproliferative drugs. In percutaneous 

coronary intervention the concept of  "local drug delivery" 

has been used for almost a decade with great success. In 

recent years, drug-eluting stents and drug coated balloons 

(96) have also been increasingly used in the treatment of 

peripheral arterial disease, even though further validations 

in large randomized trials are needed. 

The development of neointimal hyperplasia is a complex 

process initiated by injury and exposure of the VSMC to 

circulating blood elements. The process is further 
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characterized by platelet aggregation, leukocyte 

chemotaxis, VSMC proliferation and migration, 

extracellular matrix (ECM) changes, and, finally, endothelial 

cell proliferation.  

The carotid artery balloon injury model in rats is an 

important method to study the molecular and cellular 

mechanisms involved in neointimal formation and vascular 

remodeling (97). This approach consists of isolating a 

segment of carotid artery vasculature in an anesthetized 

laboratory rat, creating an arteriotomy incision in the 

external carotid branch through which the balloon catheter 

is inserted, advancement of the catheter through the 

common carotid artery, repeated inflation and withdrawal 

of the catheter to induce endothelial cell loss and mural 

distension, and removal of the catheter with closure of the 

arteriotomy and resumption of blood flow through the 

common carotid artery and internal carotid artery branch. 

The initiating event in neointimal hyperplasia is endothelial 

denudation, which exposes the underlying VSMC to 

circulating blood elements activating a cascade of events 

culminating in neointimal formation (98). After endothelial 

loss, platelets aggregate and adhere to the site of injury. 
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After platelet aggregation and adherence, leukocyte 

chemotaxis occurs. Leukocytes are responsible for the 

secretion of many cytokines and growth factors that 

influence the subsequent events in neointimal hyperplasia 

(99). One example is macrophages that produce PDGF and 

interleukin-1 (IL-1), which both promote VSMC 

proliferation and are released in the arterial wall during the 

repair process (100, 101). In conjunction with leukocyte 

chemotaxis, VSMC proliferation and migration are the 

fundamental characteristics of neointimal hyperplasia. This 

proliferation is, in part, initially mediated by the release of 

basic fibroblast growth factor (bFGF), which is a potent 

mitogen for VSMC in vivo (102). Proliferation begins as 

early as 24 hours after injury and continues for several 

weeks (103). Under the influence of PDGF, VSMC begin 

migrating to the intima between 1 to 3 days after injury 

(104). Other growth factors such as TGF-β and angiotensin 

II might also promote intimal thickening. 

 The ECM generally acts as a barrier to VSMC migration 

from the media to the intima; however, after injury the 

ECM is modified to allow for the movement of cells. 

Migration and matrix reconfiguration are associated with 
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an increase in the expression and activity of matrix-

degrading enzymes (105, 106). Among these proteolytic 

enzymes, two families seem to be important in this regard, 

the matrix metalloproteases (MMP), and the enzymes of 

the plasmin system. 

Finally, to restore the barrier of the endothelium disrupted 

by injury, endothelial proliferation must occur. Concurrent 

with VSMC proliferation and migration, endothelial 

regeneration begins through stimulation by bFGF. This 

regeneration begins from the ends of the denuded area 

and approaches the center within several weeks, restoring 

endothelial continuity. 
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MOUSE MODELS FOR THE STUDY OF ATHEROSCLEROSIS  

Research on genetically-modified mouse models is crucial 

to provide insights into the role of genes and 

environmental factors in atherosclerotic process. 

Wild-type mice are quite resistant to atherosclerosis as a 

result of high levels of antiatherosclerotic HDL and low 

levels of proatherogenic LDL and VLDL. Therefore, the 

current mouse models for atherosclerosis are based on 

perturbations of lipoprotein metabolism through dietary or 

genetic manipulations. One of the most commonly used 

mouse models is represented by apo E–deficient mice (apo 

E
-/- 

mice), in which targeted deletion of the apoE gene leads 

to severe hypercholesterolemia and spontaneous 

atherosclerosis, and LDLR–deficient mice (LDLR
-/-

 mice or 

LDLR KO mice), in which atherosclerosis develops especially 

when animals are fed a lipid-rich diet. 

 

Apo E
 -/-

  mice 

Apo E is synthesized in the liver and in macrophages and 

exerts important  antiatherogenic functions. As a 

constituent of plasma lipoproteins it serves as a ligand for 
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the cell-surface lipoprotein receptors such as LDLR and 

LDLR-related proteins (LRPs) (107), thereby promoting the 

uptake of atherogenic particles from the circulation. 

Consequently, homozygous deletion of the apoE gene in 

mice results in a pronounced increase in the plasma levels 

of LDL and VLDL attributable to the failure of LDLR- and 

LRP- mediated clearance of these lipoproteins. Therefore, 

the phenotype of apo E
-/-

 mice is characterized by the 

spontaneous development of atherosclerotic lesions, even 

on a standard chow diet which is low in its fat content (< 40 

g kg
-1

) and does not contain cholesterol. Lesions of apo E
-/-

 

mice resemble their human counterparts and develop over 

time from initial fatty streaks to complex lesions. The 

development of lesions can be strongly accelerated by a 

high-fat, high-cholesterol (HFC) diet (108). Because of the 

rapid development of atherosclerosis, the apo E
-/-

 model 

has been used widely, despite considerable limitations. An 

important limitation linked to the complete absence of apo 

E protein is that the model is dominated by high levels of 

plasma cholesterol. For instance, on a chow diet plasma 

cholesterol concentrations are about 8 mmol L
-1

, compared 

with 2 mmol L
-1

 for the wild-type C57Bl/6 mouse, and can 
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become >70 mmol L
-1

 on a HFC diet (109). Another limit is 

that most plasma cholesterol is confined to VLDL and not to 

LDL particles as in humans.  

 

 LDLR
-/-

 mice 

In humans, mutations in the gene for the LDLR cause 

familial hypercholesterolemia.  Mice which lack the gene 

for LDLR show a moderately elevated plasma cholesterol 

level when maintained on a standard chow diet (about 5 

mmol L
-1

 versus 2 mmol L
-1

 in wild-type animals), and they 

develop atherosclerosis only slowly. On HFC diet feeding, 

LDLR
-/-

 mice show strongly elevated plasma cholesterol (> 

25 mmol L
-1

) and rapid development of atherosclerosis 

(107). The plasma lipoprotein profile of LDLR
-/-

 mice 

resembles that of humans, with the cholesterol being 

confined mainly to the LDL fraction. Interestingly, LDLR
-/-

 

mice coupled with an apo B-editing deficiency (LDLR
-/-

/ apo 

BEC 
-/-

 mice) (110) or combined with human apo B100 

transgenic mice (LDLR
-/-

/apo B
+/+

) (111) show a large 

increase in plasma LDL cholesterol and develop 
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atherosclerosis on a low-fat diet. The morphology of the 

lesions in LDLR
-/-

 mice is similar to that of apo E
-/-

 mice, with 

the plaques developing in a time-dependent manner. In the 

light of these evidences, the LDLR 
-/-

 mouse represents a 

more moderate model than the apo E
-/-

 mouse, mainly 

because of the milder degree of hyperlipidemia (112, 113). 
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PCSK9 ANIMAL MODELS 

PCSK9 
-/-

 mice 

PCSK9 knockout results in viable and fertile mice exhibiting 

severe hypocholesterolemia (114, 115),with an ≈40% and 

≈80% drop in total cholesterol and LDL-C, respectively 

(PCSK9
-/-

 or PCSK9 KO mice) (116). In comparison, liver-

specific  PCSK9
-/-

 mice exhibit ≈27% less circulating 

cholesterol, suggesting that liver PCSK9 contributes to 

≈70% of the cholesterol phenotype (116). Interestingly, the 

liver-specific loss of PCSK9 expression (115) resulted in its 

complete absence from circulation, demonstrating that 

hepatocytes are the primary source of plasma PCSK9 

(117). In mice fed a high-fat, high-cholesterol diet, gene 

inactivation of PCSK9 significantly reduced aortic 

cholesteryl esters, which were markedly increased by 

overexpression of PCSK9, resulting in accelerated 

development of atherosclerotic plaque (118). Effects which 

are comparable  were observed in apo E-deficient mice 

expressing null, normal, or high levels of PCSK9 (118). 

Interestingly, circulating LDL-C levels differed only slightly 

among  these animals, and it is unclear whether the slightly 
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higher LDL-C level found in transgenic mice is the only 

cause of the marked increase in plaque burden observed in 

these animals (118). In LDLR
-/-

 mice expressing null, normal, 

or high levels of PCSK9, the circulating cholesterol levels 

and aortic accumulation of cholesteryl esters were similar 

to those of wild-type mice, indicating that the harmful 

effect of PCSK9 on atherogenesis is mediated mainly by 

degradation of LDLR (118).  

 

 



                              
 

44 
 

 

L-HOMOARGININE: A NOVEL PROTECTIVE AGENT 

AGAINST CARDIOVASCULAR DISEASE  

 

L-homoarginine synthesis  

L-Homoarginine is a nonproteinogenic amino acid 

structurally related to L-arginine. Circulating L-

homoarginine concentrations have been linked to single-

nucleotide polymorphisms (SNPs) in several population-

based studies. Genome-wide association studies (GWAS) 

from the Gutenberg Health Study first identified an 

association between L-homoarginine plasma 

concentrations and SNPs related to the L-arginine:glycine 

amidinotransferase (AGAT) gene on chromosome 15 (119). 

The leading  SNP rs1288775 encodes for the exchange of A 

->T, resulting in the missense mutation Gln110His within 

the second exon of the AGAT gene. Carriers of two AA 

alleles showed higher plasma concentrations, that is [2.24 

(1.75, 2.95) µmol L
-1

]
 
[mean (interquartile range)], whereas 

L-homoarginine was lower in AT carriers [2.08 (1.55, 2.54) 

µmol L
-1

] and lowest in TT carriers [1.80 (1.40, 2.28) µmol L
-

1
], representing a gene dose-dependent decrease by 16 and 
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24%, respectively. The minor allele frequency was 6% for 

AA carriers. GWAS from patients of the Ludwigshafen RIsk 

and Cardiovascular Health (LURIC) study and from 

participants of the Young Finns Study confirmed the strong 

association between circulating L-homoarginine and SNPs 

related to the AGAT gene (120). AGAT was demonstrated 

to be the rate-limiting enzyme of creatine synthesis. In 

kidney, AGAT catalyzes the transfer of L-arginine’s 

guanidino group to glycine producing guanidinoacetate and 

ornithine (Fig. 6) (121). In the liver, methylation of 

guanidinoacetate is catalyzed by guanidinoacetate N-

methyltransferase (GAMT), resulting in creatine formation 

(122). Creatine represents a rapidly available energy buffer 

especially in heart and brain. AGAT knockout mice are 

lacking creatine and guanidinoacetate. AGAT deficient mice 

display a lean phenotype with muscular dystrophy, which is 

completely reversible on creatine supplementation (123, 

124). Further metabolic analysis revealed that humans and 

mice with AGAT deficiency are inefficient at synthesizing L-

homoarginine from L-arginine and L-lysine (119, 125).  

AGAT is able to transfer the guanidine group from L-

arginine not only to glycine but also to L-lysine, thereby 
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producing not only guanidinoacetate but also L-

homoarginine, respectively (Fig. 6) (121). 

It is noteworthy that L-homoarginine was identified as a 

component of different species of Lathyrus (grass pea) as 

well (126). 

  

     

 

Fig. 6 Synthesis of L-homoarginine  

L-homoargine mainly derives from the action of AGAT enzyme, which 

is able to transfer the guanidine group from L-arginine to L-lysine, 

thereby producing L-homoarginine (Atzler D, Schwedhelm E, Choe 

CU, 2015). 
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L-homoarginine physiology 

Recent studies have indicated that homoarginine is 

involved in vascular function and disease. In particular, 

because of its structural similarity with L-arginine, L-

homoarginine is able to interfere with L-arginine pathways. 

Probably the most important function of L-arginine is to 

serve as substrate for NO synthesis. Several studies showed 

that L-homoarginine can represent an alternative substrate 

for NOS (127, 128), even though weaker than L-arginine. 

Consistently, studies conducted in mice (129) revealed 

lower maximal NO levels, but more sustained NO formation 

after L-homoarginine supplementation compared with 

arginine. Circulating nitrate concentrations, an indirect 

measure for NOS activity, were increased even 8h after L-

homoarginine treatment, whereas nitrate levels in arginine 

supplemented mice returned to baseline after 4h (129).  

In particular, Radomski et al. studied the physiological role 

of L-homoarginine in human platelets. In this context, L-

homoarginine was found to inhibit aggregation of human 

platelets stimulated with collagen similarly to L-arginine 

(130). However, the physiological relevance of these 
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findings needs further validation because L-homoarginine 

was effective only in supraphysiological concentrations.  

In addition to these findings, several groups have shown 

that homoarginine is able to inhibit the enzyme arginase, 

suggesting increased L-arginine levels and subsequently 

increased NO formation (127, 131). Compared to L-

arginine, L-homoarginine plasma concentrations in vivo are 

relatively low and high concentrations were required in 

vitro for arginase inhibition. Therefore, further 

investigations are needed to clarify L-homoarginine’s 

physiological significance as an endogenous metabolite of 

the NO pathway. 

 

Role of L-homoarginine in cardiovascular disease (CVD) 

In healthy humans, circulating concentrations of L-

homoarginine are about 2 to 3 µmol L
-1

 with age-related 

and sex-related differences. Reference ranges for serum L-

homoarginine obtained from healthy participants of the 

population-based Study of Health in Pomerania were 1.41–

5.00 and 1.20–5.53 µmol L
-1

 (2.5th; 97.5th percentile), for 

men and women, respectively (133). In 2010, Marz et al. 

(133) published data from the LURIC and 4D (Die Deutsche 
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Diabetes Dialyse) studies, showing a strong association 

between low L-homoarginine serum levels and increased 

cardiovascular and all-cause mortality. Cross-sectional 

analyses of these studies linked L-homoarginine to markers 

of endothelial function (i.e., intercellular adhesion 

molecule-1 and vascular cell adhesion molecule-1), 

suggesting that L-homoarginine might improve endothelial 

function.  The association of L-homoarginine with overall 

mortality and cardiovascular death in a population of older 

age has been recently confirmed by the results from the 

Hoorn study (134). 

Low L-homoarginine was shown to predict fatal strokes in 

the LURIC study and was associated with sudden cardiac 

death or death due to heart failure in the 4D study (135, 

136). To elucidate the clinical phenotypes involved, 

circulating L-homoarginine was associated with 

angiographic ejection fraction and laboratory parameters 

of heart failure, specifically N-terminal pro B-type 

natriuretic peptide, suggesting a positive correlation 

between L-homoarginine and myocardial function. Taken 

together, angiographic, laboratory, and clinical parameters 

of heart failure are associated with L-homoarginine levels, 
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but the underlying pathophysiological mechanism remains 

unclear. Some authors suggest that low L-homoarginine 

levels might indicate reduced intracellular energy stores, 

which is a hallmark of heart failure (137). Clinical studies 

have confirmed cellular and molecular causal associations 

of L-homoarginine with creatine (135, 123). As described, 

phosphorylated creatine serves as a spatial and temporal 

energy buffer and key components of the 

creatine:phosphocreatine system are downregulated in the 

failing heart (137). In line with this observation, a moderate 

elevation of intracellular creatine protects mice from acute 

myocardial infarction (138). Murine studies and cell culture 

experiments have shown that levels of both creatine and 

homoarginine are dependent on AGAT and, therefore, 

positively correlate with each other (119, 123). Association 

studies in humans have confirmed this finding (119, 120). 

Therefore, it was hypothesized that circulating L-

homoarginine might indicate the status of intracellular 

energy stores in heart failure. However, recent results 

suggest that the association of creatine and heart failure is 

not as trivial as presumed. In this context, Phillips et al. 

(139) reported that chronically increased myocardial 
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creatine leads to the development of progressive 

hypertrophy and heart failure, suggesting rather a bell-

shaped association of creatine. Lygate et al. (140) 

furthermore reported that creatine-deficient mice revealed 

an unaltered response to chronic myocardial infarction, 

suggesting that creatine might be a dispensable metabolite 

for left ventricular remodeling and development of chronic 

heart failure following myocardial infarction. Thus, the 

relevance of creatine and L-homoarginine within cardiac 

energetics in heart failure remains unclear. Other studies 

have suggested an increased risk of cerebrovascular 

disease in patients with chronic kidney disease (141). A 

large meta-analysis revealed that the overall risk ratio for 

patients with reduced estimated glomerular filtration rate 

of less than 60 ml/min/1.73 m
2
 was 1.43 (confidence 

interval 1.31–1.57, P<0.001) (142). Cross-sectional analyses 

of the Leeds Stroke cohort, LURIC study, and 4D study 

revealed positive correlations of circulating L-homoarginine 

with parameters of kidney function, that is creatinine levels 

and estimated glomerular filtration rate (119, 133, 135). 

Given that AGAT is mainly expressed in the kidney, renal 

dysfunction and damage might be associated with reduced 
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AGAT expression and, therefore, reduced L-homoarginine 

production. The involvement of L-homoarginine in renal 

NO metabolism might also be an explanation for the 

association of L-homoarginine with renal function. NOS, 

which is expressed in the kidney, regulates renal 

hemodynamics and is regulated in response to injury [30]. 

Therefore, interplay between L-homoarginine, renal 

hemodynamics, kidney damage, and finally mortality is 

highly relevant (143). 

In the Hoorn cohort of older participants as well as in 

patients undergoing coronary angiography (LURIC), 

circulating L-homoarginine positively correlated with 

systolic and diastolic blood pressure (134, 144). An increase 

of L-homoarginine levels by about 0.5 µmol L
-1

 was 

associated with an increase of systolic blood pressure by 

3.9 mmHg. Given that an increase of systolic blood 

pressure by 20 or 10 mmHg diastolic is associated with 

doubling of cardiovascular mortality (145), it is very unlikely 

that blood pressure changes are involved in mediating the 

beneficial effects of L-homoarginine in vascular disease. In 

addition to smoking and hypertension, associations 

between L-homoarginine and metabolic parameters have 
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been described. Positive correlations were found with body 

mass index (BMI) and triglyceride levels, but not with low-

density lipoprotein or high-density lipoprotein cholesterol 

levels. In the LURIC study, no correlation was found 

between L-homoarginine and parameters of glucose 

metabolism (i.e., hemoglobin A1c and diabetes), whereas 

results from the Hoorn study (144) indicated a positive 

correlation between L-homoarginine with hemoglobin A1c. 

Because of the conflicting data between the studies, it 

remains unclear whether L-homoarginine has a causal 

effect on blood pressure and metabolic parameters or 

whether these effects are mediated by creatine 

metabolism. 

 

DIETARY FISH COMPONENTS: EFFECT ON 

CARDIOVASCULAR DISEASE  

Lowering LDL-C is a central goal in the prevention of 

cardiovascular disease. Although genetic factors and aging 

are important in determining the overall risk, many are the 

evidences indicating the crucial role of molecules derived 

from food, the so-called nutraceuticals, which appeared to 

play a role in the prevention and treatment of CVD (146). 
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Marine environment, in particular the ocean, is enhancing 

its importance as a source for novel compounds, which 

may serve in improving health of the worldwide 

population. 

Observational studies reported in the 1970s showed that 

the Greenland Inuit populations had a low incidence of 

coronary artery disease that was related to their traditional 

lifestyle and in particular their distinctive dietary habits, 

characterized by the consumption of cold-water marine 

fish and artic mammals, rich in W-3 (or n-3) 

polyunsaturated fatty acids (PUFAs), particularly 

eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic 

acid (DHA, 22:6 n-3) (147-149). Subsequently, prospective 

epidemiological studies reported that high fish 

consumption was associated with a lower mortality from 

coronary artery disease (150, 151) and several data 

highlighted that n-3 PUFAs are able to affect lipid profile 

(152-154), arrhythmia (155), platelet activity (156, 157), 

endothelial function (158, 159), inflammation (160), and 

blood pressure (161), as displayed in figure 7 (Fig. 7) (162) . 

This said, it is possible that the potential benefits of fish 

consumption could, in addition to n-3 PUFAs, be attributed 
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to other nutrients, such as minerals, vitamins and proteins 

(163) (Fig. 7) (162), as emerged by recent clinical trials. 

In particular, published data have demonstrated the 

importance of fish protein hydrolysates containing 

bioactive peptides for the prevention/management of 

cardiovascular disease, being able to affect the lipid profile 

and blood pressure (164) (Fig. 7) (162). 

 

      

 

Fig. 7 Importance of fish-derived n-3 PUFAs and bioactive peptides 

for cardiovascular health. 

These molecules are able to exert multiple beneficial effects on lipid 

profile, blood pressure, inflammation and platelet aggregation. 

(Chiesa G et al, 2016). 
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Fish Proteins and Dyslipidemias 

In studies conducted in animals, it was observed that 

proteins from different fish species are able to exert 

hypocholesterolemic activity when compared with casein 

as protein source (165). The mechanisms responsible for 

this hypocholesterolemic effect have not been fully 

elucidated. The amino acid composition of dietary proteins 

probably influences plasma cholesterol levels. On this 

respect, dietary proteins with a low ratio of methionine-

glycine and lysine-arginine, such as fish proteins, seem to 

favor a hypocholesterolemic effect (166, 167), in contrast 

with bovine casein, which tends to increase cholesterol 

levels and is characterized by a high ratio of methionine-

glycine and lysine-arginine (168). The mechanisms 

responsible for the hypocholesterolemic effect of fish 

proteins include increased hepatic LDLR expression (169, 

170). Moreover, administration of fish protein  

hydrolysates to rats was shown to lead to an increased 

hepatic cholesterol 7α-hydroxylase expression and higher 

cholesterol and bile acids fecal content compared with 

casein-fed animals (171). In this study, a 

hypotriglyceridemic effect by fish protein hydrolysate was 
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observed as well. In addition, consumption of a cod-fish 

protein supplement by overweight adults had no effect on 

triglycerides or HDL-C levels, but significantly decreased 

serum LDL-C levels from baseline (172). 

Given these evidences, further studies are required on 

larger cohorts and for longer time spans in order to confirm 

the hypocholesterolemic effect of fish protein intake.  

 

Fish Proteins and hypertension 

 Peptides from different food sources have been 

demonstrated to exert antihypertensive activity both in 

experimental models and in human volunteers (173). The 

discovery of antihypertensive peptides from marine 

organisms started in the early 1990s, when “Katsuobushi”, 

a Japanese seasoning prepared from bonito, a fish from 

tuna family, was examined for its potential to inhibit the 

activity of angiotensin-converting enzyme (ACE). Fujita et 

al. (174) developed a thermolysin hydrolysate from 

“Katsuobushi”. This hydrolysate was administered to 

normotensive human subjects and to patients with mild or 

moderate hypertension in a small-scale clinical trial. The 
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hydrolysate contained the previously described ACE 

inhibitory peptide LKPNM (175). 

A significant decrease of both systolic and diastolic blood 

pressure was reported (176). Potent ACE inhibitory 

peptides derived from salmon were also found to possess 

strong antihypertensive effect in spontaneously 

hypertensive rats (SHR) (177).  

Fish-derived bioactive peptides have enormous potential 

and have been utilized in the production of pharmaceutical 

products with an active functional role and effect on 

health; for example, blood pressure lowering capsules have 

been manufactured that contain Katsuobushi Oligopeptide 

LKPNM which is converted into its active form (LKP) by 

digestive enzymes (Vasotensin 120TTM by Metagenics, 

Aliso Viejo, CA, USA; PeptACETM Peptides 90 by Natural 

Factors, Monroe, WA, USA) (178). 
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MICRORNAS: ROLE IN LIPOPROTEIN METABOLISM AND 

ATHEROSCLEROSIS 

A class of short non-coding RNAs, termed microRNAs 

(miRNAs), has recently emerged. MiRNAs act as critical 

regulators of a wide variety of physiologic functions, from 

development and metabolic regulation to aging and 

disease progression (179).  

MiRNA transcripts are encoded both in intergenic regions 

and within introns of genes and can be transcribed either 

through their own promoters or in concert with their host 

genes. In the canonical miRNA biogenesis pathway, a 

primary miRNA transcript (pri-miRNA) is transcribed by the 

Polymerase II enzyme, after which it undergoes processing 

by the Drosha/DGCG8 complex to generate a precursor 

miRNA transcript (pre-miRNA). Following export to the 

cytoplasm, a pre-miRNA undergoes further cleavage by 

DICER to generate a mature miRNA duplex of 20-23 

nucleotides in length. Argonaute proteins then help to 

mediate the separation of the miRNA strands and 

incorporation into the RNA-induced silencing complex 

(RISC). Within the RISC, miRNAs bind partially 

complementary target sites, primarily within messenger 
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RNA (mRNA) 3’ untranslated regions (3’UTRs), resulting in 

translational repression and/or mRNA destabilization (180, 

181) (Fig. 8) (182). Since the seed region required for 

miRNA target recognition is small, individual miRNAs have 

the capacity to regulate over 100 mRNA targets (183, 184) 

and some miRNAs have been demonstrated to target 

numerous genes within interrelated pathways to facilitate 

complex physiologic changes. miRNAs could also play an 

important role in the communication process among 

organs, since it has been shown that they are transported 

through the blood stream in exosomes (185), apoptotic 

bodies (186), HDL particles (187) and in complexes with 

Argonaute 2 (Ago2) (188). These circulating miRNAs are 

able to regulate the expression of target mRNAs after the 

uptake by recipient cells (189, 190). In addition, the 

stability of miRNAs within the blood and the relative ease 

with which their expression can be measured, suggest that 

circulating miRNAs may be utilized as biomarkers of disease 

development and progression. Indeed, circulating pools of 

numerous miRNAs have been found to be dysregulated in a 

wide variety of different disease states including 

cardiovascular diseases, such as hypertension, coronary 
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artery disease, myocardial infarction, and heart attack 

(191).  

 

                                                                      

 

Fig. 8. MiRNA biogenesis  

MiRNA genes are transcribed to form a capped and polyadenylated 

transcript primary miRNA (pri-miRNA). It is cleaved by the RNase III 

Drosha and DGCR8 up to a hairpin-like precursor miRNA (pre-miRNA). 

The pre-miRNA is exported from the nucleus into the cytoplasm, 

where it is further cleaved by the RNase III Dicer up to an imperfect 

duplex of miRNA (guide strand) and miRNA* (passenger strand). One 
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of the strands (often guiding strand) incorporates into RISC complex. 

miRNA-loaded RISC recognizes its target mRNA leading to 

translational inhibition and/or degradation of the mRNA.  

Abbreviations: RNA Pol, RNA polymerase; Ago2, Argonaute 2. (Winter 

J, 2009). 
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MiRNA regulation of HDL metabolism 

HDL particles are the key system able to remove excess 

cholesterol from peripheral cells through RCT (see General 

Introduction).  

Recent studies indicated miRNAs as important regulators of 

RCT, including HDL biogenesis, cellular cholesterol efflux, 

and biliary secretion, as summarized in figure 9 (Fig.9) 

(192). In particular, miR-33 acts on ABCA1 at the level of 

the liver and the macrophages which are in the 

atherosclerotic plaque, thus interfering with HDL 

biogenesis and cholesterol efflux. Another important target 

of miR-33 is represented by cytochrome P450 

7A1 (CYP7A1), involved in bile acid synthesis and secretion. 

Consistent with these findings, recent reports in different 

animal models have shown that the therapeutic inhibition 

of miR-33 increases circulating HDL levels and determines 

regression of atherosclerotic lesions (193, 194). 
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Fig. 9 Action of miRNAs on genes involved in HDL metabolism 
 

(Rotllan N et al, 2016) 
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MiRNA regulation of LDL metabolism 

High levels of LDL-C are the primary risk factor for the 

development of atherosclerotic plaques. For this reason, 

miRNAs regulating LDL-C metabolism may act on promising 

therapeutic targets for patients at risk of CVD (Fig. 10) 

(192).  An example is represented by miR-30c. Increased 

levels of miR-30c have been shown to reduce plasma lipids. 

These effects are due in part to its targeting action on 

microsomal transfer protein  (MTP), which is involved in 

VLDL secretion. In support of these evidences, 

overexpression of miR-30c  was shown to reduce plaque 

formation in apo E-deficient mice, while inhibition of miR-

30c led to more severe hyperlipidemia and atherosclerotic 

plaque formation (195). 
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Fig. 10 Action of miRNAs on genes involved in LDL metabolism 

(Rotllan N et al, 2016) 
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Therapeutic implications of miRNAs in atherosclerosis and 

CVD 

As described in the previous paragraphs, several miRNAs 

are important regulators of genes involved in cholesterol 

metabolism and in atherosclerosis. 

Therefore, approaches to modulate either positively or 

negatively the expression of miRNAs for therapeutic 

purposes appeared to be promising. For those miRNAs that 

are downregulated under disease states, forced miRNA re-

expression strategy is used to recover miRNA expression, 

whereas for those miRNAs upregulated, anti-miRNA 

strategy is employed to suppress their expression. An 

example of anti-miRNA strategy is the inhibition of miR-

148a, which has been demonstrated to alter plasma LDL-C 

levels by increasing LDLR activity. This mechanism is similar 

to that of statins and other approaches demonstrated to be 

effective in human patients. (196, 197). Furthermore, 

inhibition of miR-148a, or other miRNAs that target ABCA1, 

would be expected to both promote HDL biogenesis in the 

liver and enhance cholesterol efflux in arterial 

macrophages, which may be of greater clinical relevance 

than simply altering circulating HDL levels.  
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SCOPE OF THE THESIS 

Chapter 2: L-homoarginine administration reduces 

neointimal hyperplasia in balloon-injured rat carotids. 

L-homoarginine has recently emerged as a novel 

cardiovascular risk factor, since data from clinical studies 

have indicated that low homoarginine concentrations 

independently predict mortality from cardiovascular 

disease.  

The possible role of L-homoarginine on smooth muscle cell 

proliferation and migration that can occur after arterial 

balloon angioplasty has never been explored. To this aim, 

we investigated the effect of L-homoarginine 

administration in a rat model of carotid balloon injury. 

 

Chapter 3: A salmon protein hydrolysate exerts lipid-

independent anti-atherosclerotic activity in Apo E-

deficient mice. 

Fish consumption is considered health beneficial as it 

decreases cardiovascular disease risk through effects on 

plasma lipids and inflammation. We investigated the effect 

of a salmon protein hydrolysate on atherosclerosis 
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development in apo E-deficient mice fed a high-fat diet 

with 5% salmon protein hydrolysate for 12 weeks. 

 

Chapter 4: MiRNA expression profiles of tissues involved 

in cholesterol metabolism from athero-prone and athero-

resistant mouse models. 

MiRNAs constitute a class of small non-coding RNAs which 

act as potent post-transcriptional regulators of gene 

expression. In recent years, several miRNAs have been 

directly linked to the regulation of key genes involved in 

cholesterol metabolism and atherosclerosis development. 

We proposed to identify miRNA expression profiles of 

tissues involved in cholesterol metabolism in both 

physiological and pathological conditions of dyslipidemias 

and atherosclerosis development in order to identify 

members of transcriptional regulatory circuits potentially 

involved in cholesterol metabolism and regulated by 

miRNAs. These findings are expected to contribute to the 

definition of a panel of biomarkers of atherosclerosis 

development. 
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LETTER TO THE EDITOR 

 

Identifying new players in cardiovascular health is crucial to 

improve risk prediction and to establish novel targets of 

treatment (1). Recent studies have indicated a particular 

relevance of L-homoarginine (homoarginine) metabolism in 

cardiovascular health (2–4). Homoarginine is an arginine 

homologue whose physiological role is unknown, that 

differs from arginine by an additional methylene group. 

Because of this structural similarity, homoarginine may be 

a substrate, alternative to arginine, for nitric oxide synthase 

(NOS) (5). Additionally, it may also indirectly increase nitric 

oxide (NO) production by inhibiting arginase activity, thus 

raising arginine availability (6). In support of these 

evidences, homoarginine levels have been associated with 

endothelial function (3, 7). Data from clinical studies have 

indicated that low homoarginine concentrations 

independently predict mortality from cardiovascular 

disease, including sudden cardiac death, heart failure, and 

fatal ischaemic stroke (4, 8–11). Two independent 

Genome-Wide Association Studies (GWAS) documented a 

strong association between serum homoarginine 
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concentration and the region on chromosome 15 

containing the arginine: glycine amidinotransferase (AGAT) 

gene (12, 13). AGAT plays a central role in energy 

metabolism by catalysing the conversion of arginine and 

glycine to ornithine and guanidinoacetate, which is 

subsequently methylated to creatine. However, when 

AGAT uses lysine instead of glycine, homoarginine is 

formed (14). Interestingly, AGAT knockout mice are 

characterised by extremely low levels of homoarginine and, 

when experimental ischemic stroke was induced, these 

mice had larger infarct volumes and worse neurological 

deficits compared to controls. Importantly, these features 

were attenuated by homoarginine supplementation (12). 

The possible role of homoarginine on smooth muscle cell 

proliferation and migration that can occur after arterial 

balloon angioplasty has never been explored. To this aim, 

balloon injury was performed in the left carotid artery of 

Sprague-Dawley rats, followed by the insertion of a cannula 

into the right jugular vein for continuous i. v. drug 

administration (15). Thirty-six male Sprague-Dawley rats 

were randomly divided into three treatment groups: group 

1, infused with saline (CTR); group 2, infused with L-
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arginine (30 mg/kg/day in saline, ARG); group 3, infused 

with L-homoarginine (30 mg/kg/day in saline, HOMO). The 

intravenous infusion lasted 14 days, starting from the day 

of arterial injury, and was achieved by connecting the 

cannula to an osmotic infusion pump containing 2 ml of the 

solutions described above. Systolic blood pressure was 

measured by tail cuff volume-oscillometric method in 

conscious animals, before and 14 days after balloon injury. 

At the end of drug treatments, blood was collected, rats 

were humanly sacrificed and carotids harvested for 

analyses (see thrombosis-online.com). No signs of toxicity 

by treatments were detected. Homoarginine-treated rats 

showed a significant reduction of vessel intimal/medial 

area ratio compared to controls (p<0.05;  Figure 1 A). This 

inhibition of neointimal hyperplasia was similar to that 

observed in the ARG group, where the intimal/medial ratio 

was also lower than that measured in control rats, 

supporting previous results (15) (Figure 1 A). No differences 

were observed in the medial area among the three 

experimental groups (data not shown). A significant 

decrease of neointimal cell proliferation was observed in 

homoarginine and arginine-treated rats compared to 
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controls (Figure 1 B), whereas only a trend towards 

increased cell apoptosis was observed (15.5 ± 5.1 %, 14.7 ± 

4.5 %, 10.3 ± 5.1 % in ARG, HOMO, CTR, respectively, 

p>0.05). Homoarginine, arginine and ornithine 

concentrations were measured in blood collected from 

fasted rats at the end of the treatments. Homoarginine 

serum levels were dramatically high in homoarginine-

treated rats compared to CTR and ARG groups (38.5 ± 8.4 

μM, 1.2 ± 0.1 μM, 1.1 ± 0.3 μM in HOMO, ARG, CTR groups, 

respectively; p<0.0001). Arginine concentration was 

measured in plasma to avoid confounding effects caused by 

the release of arginine from platelets (16). In both ARG and 

HOMO groups, arginine plasma levels were moderately, 

but significantly increased compared to controls (137.3 ± 

15.6 μM, 139.3 ± 25.9 μM, and 116.2 ± 12.9 μM in ARG, 

HOMO and CTR groups, respectively; p<0.05). The observed 

increase of arginine by homoarginine treatment is in line 

with previous observations suggesting that homoarginine 

may interfere with arginine metabolism by inhibiting 

arginase activity (6). No differences were detected in 

systolic blood pressure among the rats at baseline (data not 

shown), as well as at the end of treatment (156 ± 15 
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mmHg, 159 ± 11 mmHg, and 143 ± 14 mmHg in CTR, ARG, 

and HOMO groups, respectively, p>0.05). The lack of effect 

by treatments on blood pressure could be consequent to 

the moderate variations in arginine levels among groups. 

To evaluate if homoarginine and arginine treatments could 

result in higher NO availability, nitrite serum 

concentrations were measured as index of intracellular NO 

production and endothelial NO synthase activity (17). ARG 

and HOMO groups had higher levels of nitrite compared to 

saline-treated rats (2.4 ± 1.2 μM, 2.2 ± 0.8 μM, and 1.1 ± 

0.4 μM in L-ARG, HOMO and CTR groups, respectively; 

p<0.05). Possible changes by treatment of eNOS, iNOS and 

Arginase I expression were evaluated. As shown in Figure 1 

B-D, no significant differences were observed among 

groups for all these parameters. These results suggest that 

the higher nitrite levels in ARG and HOMO groups are not 

consequent to increased enzyme activity, but to higher 

substrate availability, as previously shown with arginine 

treatments in similar experimental settings (18). These 

results support the hypothesis that homoarginine may 

exert its antiproliferative effect by increasing NO release 

from vascular cells (19). Finally, in the HOMO group a 
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significant increase in serum concentration of ornithine 

was observed compared to CTR and ARG groups (91.0 ± 

12.9 μM, 73.8 ± 11.7 μM, and 69.4 ± 9.2 μM in HOMO, ARG 

and CTR, respectively; p<0.05). The observed increase of 

ornithine levels may contribute to the antiproliferative 

effect observed in homoarginine-treated rats, since 

ornithine has been shown to increase NO availability, 

acting as arginase inhibitor (6,19). In summary, the present 

study shows, for the first time, that an in vivo 

administration of homoarginine is able to inhibit neointimal 

formation, at least in part, by inhibiting cell proliferation 

and by increasing both arginine availability and NO 

production. Taken together these results corroborate 

previous clinical evidences showing an association between 

homoarginine levels, endothelial function and 

cardiovascular health (3, 4, 10, 11). Moreover, our data 

suggest homoarginine as a therapeutic/nutraceutical 

option for cardiovascular protection. 
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Figure 1 Homoarginine treatment inhibited neointimal hyperplasia 

in balloon-injured rat carotids. 

A) Representative photomicrographs of cross-sections of the left 

carotid artery harvested from saline- (CTR), arginine- (ARG) and 

homoarginine- (HOMO) treated rats. Ratio of intimal to medial areas 
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measured in CTR, ARG and HOMO groups 14 days after balloon injury 

is shown, and data are expressed as: mean ± SD (n=12). B) 

Representative photomicrographs of immunostaining for 

bromodeoxyuridine (BrdU) and inducible NO synthase (iNOS) using 

specific antibodies. Histograms represent the percentage of BrdU 

positive cells and iNOS positive area measured in left carotids of CTR, 

ARG and HOMO groups. Data are expressed as: mean ± SD (n=5). C) 

Protein expression of total endothelial NOS (eNOS) and Ser 1177 

phosphorilated eNOS (p-eNOS) in uninjured right carotids of saline-, 

ARG- and HOMO-treated rats. Representative Western blots of total 

eNOS and p-eNOS, and mean expression values are shown. Data are 

relative to the levels in CTR animals set as 1 and expressed as mean 

±SD (n=5). D) Relative mRNA concentrations of Arginase I (ArgI), iNOS 

and eNOS in right carotids harvested from saline-, ARG- and HOMO-

treated rats, normalized to reference gene Ppia. Data are relative to 

the levels in CTR animals set as 1 and expressed as mean ± SD (n=5). 

*p<0.05 vs CTR. 
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SUPPLEMENTARY METHODS 

Animals and experimental protocol  

Procedures involving animals and their care, as well as 

animal monitoring during treatment, were conducted in 

accordance with institutional guidelines that are in 

compliance with national (D.L. No. 26, March 4, 2014, G.U. 

No. 61 March 14, 2014) and international laws and policies 

(EEC Council Directive 2010/63, September 22, 2010: Guide 

for the Care and Use of Laboratory Animals, United States 

National Research Council, 2011).  

 

Blood pressure measurement  

Systolic blood pressure was measured by tail cuff volume-

oscillometric method in conscious animals, before and 14 

days after balloon injury, using a BP-2000 Blood Pressure 

Analysis System™ (2Biological Instruments, Besozzo, 

Varese, Italy).  

 

Morphometric analysis  

Harvested left carotids were fixed for 30 min in 10% 

formalin, placed overnight at 4°C in 20% sucrose, and then 

embedded in OCT compound (Sakura Finetek Europe B.V., 
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Alphen aan den Rijn, The Netherlands). Serial cryosections 

(7 μm thick) were cut and stained with hematoxylin and 

eosin (Bio-Optica, Milano, Italy). The Aperio ScanScope GL 

Slide Scanner (Aperio Technologies, Vista, CA, USA) 

equipped with a Nikon 20x/0.75 Plan Apochromat objective 

producing a 0.25 μm/pixel scanning resolution with a 40x 

magnification was used to acquire images (1). The Aperio 

ImageScope software (version 8.2.5.1263) was used to 

measure intimal and medial area of the cross-sections and 

the ratio of the neointimal area to that of the media was 

calculated.   

 

Immunohistochemical analysis  

To evaluate DNA synthesis in vascular cells, five rats from 

each experimental group were injected with 

bromodeoxyuridine (BrdU, 100 mg/kg, intraperitoneally) 24 

hours and 1 hour before sacrifice (2). Harvested left 

carotids were processed as described above. Cryosections 

were incubated overnight at 4°C with a murine monoclonal 

antiBrdU antibody (Bu20a clone, Dako Italia, Cernusco sul 

Naviglio, Italy). After washing with PBS, sections were 

incubated with the secondary antibody (ImmPRESS 
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Reagent Kit, Anti-mouse Ig, Vector Laboratories, 

Burlingame, USA) and then visualized with 3,3’-

diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich, 

Milano, Italy). The sections were counterstained with Gill’s 

hematoxylin (Bio-Optica, Milano, Italy). To assess the 

expression of iNOS in the neointima and the presence of 

vascular cell apoptosis, cryosections were incubated 

overnight at 4°C with a rabbit polyclonal antiiNOS primary 

antibody (LifeSpan BioSciences, Seattle, USA) and with a 

rabbit polyclonal anti-cleaved caspase-3 (Asp175) antibody 

(Cell Signaling, Danvers, USA), respectively. After washing, 

slides were incubated for 30 min with the secondary 

antibody (ImmPRESS Reagent Kit, Anti-rabbit Ig, Vector 

Laboratories, Burlingame, USA) and immunostaining was 

visualized by using DAB. Sections were counterstained with 

Gill’s hematoxylin solution. All cryosections were acquired 

with the Aperio ScanScope GL Slide Scanner, as described 

above. BrdU-positive rate was defined as the percentage of 

BrdU-positive cells in 200 cells of neointima in random 

fields under high magnification. The percentage of DAB-

positive area was evaluated using ImageScope software, 

Aperio (Aperio Technologies, Vista, USA).  
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Biochemical measurements  

Plasma arginine and serum homoarginine and ornithine 

concentrations were measured in samples stored at -80°C 

by a high-performance liquid chromatography method, as 

previously described (3-5). Intra-assay and interassay CVs 

were below 10%. Serum levels of nitrite were measured 

using the assay based on the Griess reaction, as described 

by Wang et al (6). Briefly, serum samples were diluted four 

times and 3 deproteinized. Supernatants were mixed with 

the Griess reagent (0.1% naphthylethylenediamide 

dihydrochloride, 1% sulphanilamide in 5% phosphoric acid) 

and incubated for 10 min at room temperature. The 

absorbance was then measured and compared to a sodium 

nitrite calibration curve. The nitrite serum levels were 

expressed in µM.  

 

RNA extraction and quantitative PCR 

Total RNA was isolated from right (uninjured) carotid 

arteries using the NucleoSpin RNA extraction kit 

(Macherey-Nagel, Duren, Germany) according to the 

manufacturer’s instructions. RNA concentration and purity 
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were estimated evaluating the ratio of optical density at 

260 and 280 nm (Nanodrop 1000, ThermoScientific, 

Wilgminton, DE). Total RNA was reverse transcribed with 

random hexamer primers and MultiScribe reverse 

transcriptase (Life Technologies, Carlsbad, CA) following 

the manufacturer’s instructions. Gene expression was 

evaluated by quantitative PCR on a CFX Connect 96 thermal 

cycler by using an iTaq Universal SYBR® Green Supermix 

(Biorad, Segrate, Italy). The following specific primer pairs 

(all in 5’→3’ order) were used: Arginase 1 (Arg1, 

TGGACCCAGTATTCACCCCG, 

AGTCCTGAAAGTAGCCCTGTCTT), Inducible Nitric Oxide 

Synthase (iNOS, AGGGAGTGTTGTTCCAGGTG, 

TCTGCAGGATGTCTTGAACG) and Endothelial Nitric Oxide 

Synthase (eNOS, CTGCAGGACAGCACAGGAAA, 

ACCGTGATGGCTGAACGAAG). Expression levels were 

normalized to housekeeping gene Peptidylprolyl Isomerase 

A (Ppia, AGCACTGGGGAGAAAGGATT, 

AGCCACTCAGTCTTGGCAGT), used as reference. Efficiency 

and melting curve were calculated for each primer pair. 

Fold changes were calculated with the ΔΔCt method.  
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Western blotting analysis  

Right (uninjured) carotid arteries were lysed using an Ultra-

Turrax T25 in ice-cold RIPA buffer (50 mM Tris–Cl pH 8.0, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 

sodium dodecyl sulfate) supplemented with 2x Protease 

Inhibitor Cocktail (Sigma-Aldrich, Seelze, Germany) and 2x 

HaltTM Phosphatase Inhibitor Cocktail (Thermo Scientific, 

Waltham, MA). Lysates were sonicated and the protein 4 

concentration was determined as previously described (7). 

4 fractionated by SDS–PAGE in 12% acrylamide gels and 

then transferred onto Hybond-C extra nitrocellulose 

membranes (Amersham, Buckinghamshire, UK). The 

following antibodies (Cell Signaling, Danvers, MA) were 

used at 1:1000 dilution for overnight hybridization at 4°C: 

eNOS (#9570) and Phospho-eNOS Ser1177 (p-eNOS, 

#9570). Membranes were then washed and further 

incubated with 1:5000 horseradish peroxidase-conjugated 

anti-rabbit IgG (#7074). The signal was detected with the 

Pierce ECL Western Blotting Substrate (Thermo Scientific). 

Bands were quantified with Image Studio (LI-COR, Lincoln, 

NE).  

 



                              
 

129 
 

Statistical Analysis  

Results are expressed as mean ± SD. Statistical analysis was 

performed using Systat 13 Software (Systat Software Inc., 

San Jose, USA). Differences among the experimental groups 

were determined with analysis of variance (ANOVA) and 

when significant differences were found, a Tukey test was 

performed. A value of P<0.05 was considered statistically 

significant. 
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ABSTRACT 

Fish consumption is considered health beneficial as it 

decreases cardiovascular disease (CVD)-risk through effects 

on plasma lipids and inflammation. We investigated a 

salmon protein hydrolysate (SPH) that is hypothesized to 

influence lipid metabolism and to have anti-atherosclerotic 

and anti-inflammatory properties. 24 female 

apolipoprotein apo E 
-/-

 mice were divided into two groups 

and fed a high-fat diet with or without 5% (w/w) SPH for 12 

weeks. The atherosclerotic plaque area in aortic sinus and 

arch, plasma lipid profile, fatty acid composition, hepatic 

enzyme activities and gene expression were determined. A 

significantly reduced atherosclerotic plaque area in the 

aortic arch and aortic sinus was found in the 12 apo E 
-/-

 

mice fed 5% SPH for 12 weeks compared to the 12 casein-

fed control mice. Immunohistochemical characterization of 

atherosclerotic lesions in aortic sinus displayed no 

differences in plaque composition between mice fed SPH 

compared to controls. However, reduced mRNA level of 

Icam1 in the aortic arch was found. The plasma content of 

arachidonic acid (C20:4n-6) and oleic acid (C18:1n-9) were 

increased and decreased, respectively. SPH-feeding 
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decreased the plasma concentration of IL-1β, IL-6, TNF-α 

and GM-CSF, whereas plasma cholesterol and 

triacylglycerols (TAG) were unchanged, accompanied by 

unchanged mitochondrial fatty acid oxidation and acyl-

CoA:cholesterol acyltransferase (ACAT)-activity. These data 

show that a 5% (w/w) SPH diet reduces atherosclerosis in 

apo E 
-/-

 mice and attenuate risk factors related to 

atherosclerotic disorders by acting both at vascular and 

systemic levels, and not directly related to changes in 

plasma lipids or fatty acids. 
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INTRODUCTION 

Cardiovascular disease (CVD) is responsible for 

approximately 16–17 million deaths annually, making it the 

leading cause of mortality in Western countries (1), (2). The 

disease encompasses conditions such as coronary artery 

disease, carotid and cerebral atherosclerotic disease and 

peripheral artery atherosclerosis resulting in chronic and 

acute ischemia in affected organs. The underlying 

pathological process is lipid accumulation leading to 

atherosclerosis, a slowly progressing chronic disorder of 

large and medium-sized arteries that can lead to 

intravascular thrombosis with subsequent development of 

complications like myocardial infarction (MI), stroke and 

acute ischemia of the limb (3). In the last years, 

inflammation has emerged as an additional key factor in 

the development of atherosclerosis and seems to be 

involved in all stages, from the small inflammatory infiltrate 

in the early lesions, to the inflammatory phenotype 

characterizing an unstable and rupture-prone 

atherosclerotic lesion (4). In fact, today atherosclerosis is 

regarded as a disorder characterized by a status of non-

resolved inflammation, with bidirectional interaction 
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between lipids and inflammation as a major phenotype. 

Inflammation in atherosclerosis leads to activation of 

endothelial cells, enhanced expression of adhesion 

molecules, inflammatory cytokines and macrophage 

accumulation. 

Liver is the main organ regulating lipid metabolism, 

affecting blood lipids, especially plasma triacylglycerols 

(TAG) (5). Recently, investigators have suggested that the 

liver plays a key role in the inflammatory state of an 

individual (6, 7) and that dietary cholesterol absorbed by 

the liver contributes to inflammation (8). Research into 

atherosclerosis has led to many compelling discoveries 

about the mechanisms of the disease and together with 

lipid abnormalities and chronic inflammation, oxidative 

stress has a crucial involvement in the initiation and 

progression of atherosclerosis (9). 

Improvement of life style and dietary habits can reduce 

some risk factors such as high levels of low density 

lipoprotein (LDL)-cholesterol, TAG and inflammatory 

molecules (10). Fish consumption is consider health 

beneficial as it lowers plasma lipids and attenuates 

inflammation (11). This is linked to the long-chained n-3 



                              
 

138 
 

polyunsaturated fatty acids (PUFA) content, in particular 

eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA). However, fish protein is a rich source of bioactive 

peptides with valuable nutraceutical and pharmaceutical 

potentials beyond that of n-3 PUFAs (11). Fish protein 

hydrolysates are generated by enzymatic conversion of fish 

proteins into smaller peptides, which normally contain 2–

20 amino acids. In recent years, fish protein hydrolysates 

have attracted much attention from food scientists due to 

a highly balanced amino acid composition, as well as the 

presence of bioactive peptides (12). The organic acid 

taurine is mainly found in marine proteins, and is suggested 

to induce cholesterol-lowering effect by increasing 

excretion through bile, thus potentially exerting an anti-

atherosclerotic effect (13). Recent studies show TAG-

lowering effects (14, 15), antioxidant capacity (12), 

antihypertensive (11) and cholesterol-lowering effects (16, 

17) and potential to reduce markers of reactive oxygen 

species (18) from fish protein. Therefore, fish protein 

hydrolysates have been implicated in several processes 

with potential anti-atherogenic effects. In this study, we 

examined the anti-atherosclerotic potential of a salmon 
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protein hydrolysate (SPH) on atherosclerotic development 

in apolipoprotein E-knockout (apo E
−/−

) mice. 

 

MATERIALS AND METHODS 

Experimental Design 

The study was conducted according to national (D.L. 116, 

G.U. Suppl. 40, February 18, 1992, Circolare No. 8, G.U July 

1994) and international laws and policies (EEC Council 

Directive 2010/63, September 22, 2010: Guide for the Care 

and Use of Laboratory Animals, United States National 

Research Council, 2011). The Italian Ministry of Health 

approved the protocol (n° 04/2012). 

24 female apo E
−/−

 mice from the breeding strain C57BL/6, 

8 weeks old, were purchased from Charles River 

Laboratories (Calco, Italy), and kept under standard 

laboratory conditions (12 hours light cycle, temperature 

22±1°C, humidity 55±5%), with free access to standard 

chow and tap water. After 1 week of acclimatization under 

these conditions, mice were randomly divided into two 

groups of 12 mice. Although apo E
−/−

 mice spontaneously 

develop atherosclerosis, both groups were fed a high-fat 

diet (23.7% w/w) consisting of 21,3% lard (Ten Kate Vetten 
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BV, Musselkanaal, Netherlands) and 2.4% soy oil (Dyets. 

Inc., Betlehem, PA, USA) to accelerate the atherosclerotic 

formation. The control diet contained 21% w/w casein as 

protein source, whereas 5% casein was replaced with an 

equal amount of salmon protein hydrolysate (SPH) (Marine 

Bioproducts, Storebø, Norway) in the intervention diet. The 

SPH was produced by enzymatic hydrolysis from salmon 

by-products (spine) using controlled autolysis with an 

alkaline protease and a neutral protease, and the resulting 

protein hydrolysate was then subjected to a second 

enzymatic treatment with an acid protease A. The final 

hydrolysate was fractionated using micro- and ultra- 

filtration and the size distribution of the peptides was 

analysed. The final preparation consisted of peptides <1200 

Da and 25% of the peptides were below 200 Da. The diets 

were isocaloric containing 21% protein, 24% fat, 42% 

carbohydrates and 6% micronutrients, and administered 

for 12 weeks. Other diet ingredients were from Dyets. Inc., 

and the full composition of the diets, as well as amino acid 

composition, is given in Table S1. 
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Harvesting of Tissue 

During the treatment period, blood samples were collected 

at day 1 and after 77 days from the retro-orbital plexus into 

tubes containing 0.1% (w/v) EDTA after an overnight fast. 

Blood samples were chilled on ice for at least 15 minutes 

and stored at −80°C unGl analyses. 

After 12 weeks of treatment, mice were sacrificed under 

general anaesthesia with 2% isoflurane (Forane, from 

Abbot Laboratories Ltd, Illinois, USA) and blood was 

removed by perfusion with phosphate-buffered saline 

(PBS). Aorta was rapidly dissected from the aortic root to 

the iliac bifurcation, periadventitial fat and connective 

tissue was removed as much as possible. Aorta was 

longitudinally opened pinned flat on a black wax surface in 

ice-cold PBS, photographed unstained (19) for subsequent 

plaque quantification (see En face analysis), and then 

immediately put in a tissue-freezing medium, snap-frozen 

in liquid nitrogen and stored at −80°C. For 

histological/immunohistochemical analysis, six hearts from 

each group were removed, fixed in 10% formalin for 30 min 

and transferred into PBS containing 20% sucrose (w/v) 

overnight at 4°C before being embedded in OCT compound 
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(Sakura Finetek Euope B.V., Alphen aan den Rijn, The 

Netherlands) and stored at −80°C. An equal subset of 

hearts and all livers were immediately snap-frozen in liquid 

nitrogen for subsequent analyses. 

 

En Face Analysis 

Aorta images were recorded with a stereomicroscope-

dedicated camera (IC80 HD camera, MZ6 microscope, Leica 

Microsystems, Germany) and analysed using ImageJ image 

processing program (http://rsb.info.nih.gov/ij/). An 

operator blinded to dietary treatment quantified the 

atherosclerotic plaques. 

 

Aortic Sinus Histology/immunohistochemistry 

Serial cryosections (7 µm thick) of the aortic sinus were cut. 

Approximately 25 slides with 3 cryosections/slide were 

obtained, spanning the three cusps of the aortic valves. 

Every fifth slide was fixed and stained with hematoxylin 

and eosin (Bio-Optica, Milano, Italy) to detect plaque area. 

Plaque area was calculated as the mean area of those 

sections showing the three cusps of the aortic valves. 

Adjacent slides were stained to characterize plaque 
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composition. Specifically, Masson’s Trichrome (04-010802, 

Bio-Optica, Milano, Italy) was used to detect extracellular 

matrix deposition and Oil red O staining (Sigma-Aldrich, St. 

Louis, MO, USA) was used to detect intraplaque neutral 

lipids. 

Macrophages and T-lymphocytes were detected using an 

anti-F4/80 antibody (ab6640, Abcam, Cambridge, UK), and 

an anti-CD3 antibody (ab16669, Abcam, Cambridge, UK), 

respectively. A biotinylated secondary antibody was used 

for streptavidine-biotin-complex peroxidase staining 

(Vectastain Abc Kit, Vector Laboratories, Peterborough, 

UK). 3,3′-Diaminobenzidine was used as chromogen 

(Sigma-Aldrich, St. Louis, MO, USA), and sections were 

counterstained with hematoxylin (Gill’s Hematoxylin, Bio-

Optica, Milano, Italy). To acquire and process digital images 

an Aperio ScanScope GL Slide Scanner (Aperio 

Technologies, Vista, CA, USA), equipped with a Nikon 

20×/0.75 Plan Apochromat objective producing a 0.25 

µm/pixel scanning resolution with a 40× magnification and 

the Aperio ImageScope software (version 8.2.5.1263) was 

used. A blinded operator to the study quantified plaque 

area, extracellular matrix and lipid deposition, as well as 
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inflammatory cell infiltrate. The amount of extracellular 

matrix, lipids, macrophages and T-lymphocytes was 

expressed as percent of the stained area over the total 

plaque area. 

 

Plasma Lipid and Fatty Acid Composition Measurements 

Enzymatically measurements of plasma lipids were 

performed with an automated method for direct 

measurement of lipids on a Hitachi 917 system (Roche 

Diagnostics GmbH, Mannheim, Germany) using 

triacylglycerol (GPO-PAP), total- and free cholesterol kits 

(CHOD-PAP) from Roche Diagnostics, and phospholipids FS 

kit and a non-esterified fatty acids (NEFA) kit from DiaSys 

(Diagnostic Systems GmbH, Holzheim, Germany). Total 

plasma fatty acid composition was analyzed as previously 

described (20). 

 

Gene Expression in Liver, Heart and Aorta 

Total cellular RNA was purified from 20 mg liver, total 

homogenized heart and pooled aorta samples from six 

mice using the RNeasy kit and the protocol for purification 

of total RNA from animal cells and fibrous tissue (Qiagen 
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GmbH, Hilden, Germany), as described by Vigerust et al. 

and Strand et al., respectively (21, 22). cDNA was obtained 

as described by Strand et al. (22). Real-time PCR was 

performed on an ABI prism 7900 H sequence detection 

system (Applied Biosystems, Foster City, CA, USA) using 

384-well multiply PCR plates (Sarstedt Inc., Newton, NC, 

USA) and probes and primers from Applied Biosystems, 

Foster City, CA, USA as described by Strand et al. (22). The 

primers used are listed in Table S2. Six different reference 

genes were included for liver: 18s (Kit-FAM-TAMRA 

(Reference RT-CKFT-18s)) from Eurogentec (Seraing, 

Belgium), ribosomal protein, large, P0 (Rplp0, AX-061958-

00-0100), hypoxanthine guanine phosphoribosyltransferase 

1 (Hprt1, AX-045271-00), ribosomal protein, large, 32 

(Rpl32, AX-055111-00), polymerase (RNA)II(DNA directed) 

polypeptide A, (Polr2a, AX-046005-00) and TATA-box 

binding protein (Tbp, AX-041188-00) all five from Thermo 

Fisher Scientific Inc. (Waltham, MA, USA). For the heart  

18s, Rplp0 and Hprt1 were used, and for 

aorta 18s, Rplp0, Rpl32 and Hprt1. The software GeNorm 

(http://www.gene-quantification.de/hkg.html) was used to 

evaluate the reference genes, and data normalized to 
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Rplp0 and Rpl32 for liver, Hprt1 for heart 

and Rplp0 and Hprt1 for aorta, are presented. 

 

Hepatic Enzyme Activities 

Livers were homogenized and the post-nuclear fraction 

isolated as described earlier (23). The assay for carnitine 

palmitoyltransferase (CPT)-2 was performed according to 

Bremer (24) and Skorve et al (25), but with some 

modifications: the reaction mix contained 17.5 mM HEPES 

pH 7.5, 52.5 mM KCl, 5 mM KCN, 100 mM palmitoyl-CoA 

and 0.01% Triton X-100. The reaction was initiated with 100 

µM [methyl-14C]-L-carnitine (1100 cpm/ηmol), and 35 µg 

total protein was used. Palmitoyl-CoA oxidation was 

measured in the post-nuclear fraction from liver as acid-

soluble products (26). The activity of fatty acyl-CoA oxidase 

(ACOX)-1 and acyl-CoA: cholesterol transferase (ACAT) 

were measured in post-nuclear fractions as described by 

Madsen et al. (26) and Field et al. (27), respectively. 
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Measurements of Plasma Inflammatory Markers 

Levels of interleukin (IL)-1β, IL-6, IL-10, tumor necrosis 

factor (TNF)-α and granulocyte-macrophage colony-

stimulating factor (GM-CSF) were analyzed on plasma 

samples collected at day 77 of treatment by Multiplex 

suspension technology using a customized Bio-Plex Pro 

Mouse assay (Bio-Rad Laboratories, Hercules, CA). 

 

Statistical Analysis 

The results are presented as mean with standard deviation 

(SD) for 4–12 mice per group. Normal distribution was 

assessed by the Kolmogorov-Smirnov test. Unpaired 

Student’s t-test was used to evaluate statistical differences 

between groups; Mann-Whitney test was applied when 

data were not normally distributed. A value of P<0.05 was 

considered statistically significant. Statistical analyses were 

performed using Prism Software (GraphPad Prism version 

5.0; GraphPad Prism, San Diego, CA, USA). 

 

RESULTS 

The SPH-diet Decreased Atherosclerotic Plaque 

Development 
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After 12 weeks on a high-fat diet, 5% SPH-fed mice 

displayed a weight gain similar to the control group. At 

sacrifice, the average weight gain was 5.98±1.78 g (mean ± 

SD) in controls and 5.04±0.88 g in SPH mice (P>0.05). A 

significantly lower plaque development was observed in 

the aortic arch in SPH-fed mice compared to control mice 

(0.55±0.33 vs. 1.63±0.99×10
6
 µm

2
; Fig. 1, corresponding to 

0.91±0.55 vs. 2.72±1.72% of the aortic surface covered by 

plaque). There were no differences in thoracic (1.08±0.47 

vs. 0.85±0.41×10
6
 µm

2
; Fig. 1, corresponding to 1.71±0.84 

vs. 1.41±0.68% of the aortic surface covered by plaque) or 

abdominal aorta sections (0.81±0.53 vs. 

0.78±0.53×10
6
 µm

2
; Fig. 1, corresponding to 1.36±0.89 vs. 

1.29±0.88% of the aortic surface covered by plaque). 
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Fig. 1 Atherosclerotic plaque level in apo E
−/− mice fed a high-fat 

diet (control) or a diet with 5% SPH. 

After 12 weeks of dietary treatment, whole aorta was collected 

and en-face analysis was performed to quantify aortic surface 

covered by atherosclerotic plaques. Bars represent means ± SD of 12 

mice for each diet. Unpaired t-test was used to detect statistical 

significance (*P<0.05). 
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A significant reduction in lesion area was observed at the 

aortic sinus of mice fed SPH compared to controls 

(1.27±0.41×10
5
 µm

2
 vs. 2.02±0.31×10

5
 µm

2
; Fig. 2A–C). 

Plaque stability is an important factor concerning the 

severity of atherosclerosis. However, 

histological/immunohistochemical characterization of 

atherosclerotic lesions displayed no significant difference in 

plaque composition between mice fed SPH and controls, 

showing a comparable percentage of area occupied by 

extracellular matrix (34.56±0.56% vs. 30.31±18.25%; Fig. 

2D–F), lipids (74.06±7.48% vs. 79.68±6.45%; Fig. 2G–I), 

macrophages (64.47±4.47% vs. 60.57±3.71%; Fig. 2J–L), 

and lymphocytes (27.36±11.73% vs. 22.62±7.24%; Fig. 2M–

O). 
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Fig. 2  Histological and immunohistochemical characterization of 

plaques in the aortic sinus in apo E
−/−

 mice fed a high-fat diet 

(control) or a diet with 5% SPH for 12 weeks. 

Representative photomicrographs and quantification of maximum 

plaque area (panels A–C). Representative photomicrographs and 

quantification of extracellular matrix deposition (panels D–F), Lipid 

deposition (panels G–I), Macrophages (panels J–L) and T lymphocytes 

(panels M–O). The amount of extracellular matrix, lipids, 

macrophages and T-lymphocytes is expressed as percentage of the 

stained area over the total plaque area. Bar in panel A = 100 µm. 

Positive area (%) refers to the percentage of the plaque area 

occupied by connective tissue, lipids, macrophages and T 

lymphocytes, respectively. Data are shown as means ± SD for 6 mice 
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for each diet and unpaired t-test was used to detect significance 

(*P<0.05). 

 

Inflammation and oxidative stress are strong contributing 

factors in atherosclerosis, thus gene expression of 

inflammatory markers and redox regulators in aorta and 

heart were measured. Accompanied by decreased plaque 

area in sinus and aortic arch, mRNA level of intracellular 

adhesion molecule (Icam1) was decreased with 59.54%, in 

addition to a small decrease in expression of vascular cell 

adhesion molecule (Vcam1) and monocyte 

chemoattractant protein 1 (Mcp1) in pooled aortic arch 

from six mice, whereas mRNA level of inducible nitric 

oxidase 2 (Nos2) was not modified by the dietary treatment 

with SPH (Fig. 3A). In contrast, no changes were found in 

gene expression in the heart 

of Icam1, Vcam1, Mcp1, Nos2 or Tnfa, nor of the 

antioxidant markers superoxide dismutase 1, soluble 

(Sod1), superoxide dismutase 2, mitochondrial (Sod2) or 

catalase (Cat) (data not shown). 
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Fig. 3 Levels of mRNA expression in aorta and inflammatory 

mediators in plasma in apoE
−/−

 mice fed a high-fat diet (control) or a 

diet with 5% SPH for 12 weeks. 

(A) The gene expressions of the inflammatory 

markers Icam1, Vcam1, Nos2 and Mcp1 were measured in pooled 

aortic arch from six mice. Inflammatory markers in blood samples 

collected at day 77 of treatment were analysed (B) IL-1β, (C) IL-6, (D) 

IL-10, (E) TNF-α, (F) GM-CSF and bars represent means ± SD of 4 

pooled samples of 3 mice for each diet. Unpaired t-test was used to 

assess statistical significance and results significantly different from 

control are indicated (*P<0.05, **P<0.01). 
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Decreased Plasma Levels of Inflammatory Markers 

To further elucidate the potential anti-inflammatory effects 

of SPH in this experimental model of atherosclerosis, we 

examined plasma levels of inflammatory mediators. As 

shown in Fig. 3B–F, levels of IL-1β, IL-6, IL-10, TNF-α and 

GM-CSF were significantly lower in SPH-treated mice 

compared to controls. 

 

SPH-intervention Affected Hepatic mRNA Expression 

Involved in Lipogenesis 

Hyperlipidemia is closely linked to atherosclerotic 

development. Liver is the main tissue regulating lipid 

metabolism, and mitochondrial β-oxidation is important in 

regulating plasma TAG. Hepatic gene expression showed a 

significant downregulation in mRNA level of Acaca in SPH-

fed mice (Fig. 4A). Moreover, the mRNA level of Scd1 was 

significantly downregulated as well (Fig. 4B). 
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Fig. 4 Hepatic gene expression in apoE

−/−
 mice fed a high-fat diet 

(control) or a diet with 5% SPH for 12 weeks. 

Hepatic mRNA levels of (A) Acaca and (B) Scd1. Data for gene 

expressions are shown as mean values relative to control ± SD for 4 

mice for each diet. Mann-Whitney test was used to assess statistical 

significance (*P<0.05). 

 

Noteworthy, SPH administration had no effect on 

palmitoyl-CoA oxidation in the presence and absence of 

malonyl-CoA (Fig. A in Table S1), nor on mitochondrial and 

peroxisomal fatty acid oxidation as the enzyme activities of 

CPT2 and ACOX1, respectively, were unchanged (Fig. 

B and C in Figure S1). ACAT activity, involved in cholesteryl 

ester synthesis, was also unaltered (Fig. D in Figure S1). 
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Effects of SPH on Lipid Concentration and Fatty Acid 

Composition in Plasma 

In order to evaluate the effect of SPH treatment on plasma 

lipid concentration, blood was collected for enzymatic 

measurement of lipid profile after 77 days of dietary 

treatment. As shown in Table 1, plasma total- and free-

cholesterol, as well as TAG, cholesteryl esters and 

phospholipids concentrations displayed comparable levels 

between SPH-group and control group at the end of 

treatment period, whereas NEFAs increased in SPH-fed 

mice vs. controls (Table 1). Moreover, no  difference was 

observed between the two groups in the relative amount 

of saturated fatty acids (SFA) (Table 2). The relative amount 

of monounsaturated fatty acids (MUFA) in SPH-fed mice 

was slightly lower than controls at day 77, mainly due to a 

small decrease in 18∶1n-9 (oleic acid) and 18∶1n-7 (vaccenic 

acid) (Table 2). Total n-6 PUFAs displayed a higher amount 

after 77 days of treatment in the SPH-group, probably due 

to the increase of C18∶2n-6 (linoleic acid) and C20∶4n-6 

(arachidonic acid) compared to controls. In contrast, no 

differences were detected in the weight % of n-3 PUFAs 

between the two groups. As a consequence, a small 
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reduction in n-3/n-6 ratio was observed after 77 days. 

Overall, the effect of the SPH-diet on plasma lipids and 

fatty acids was modest. 

 

     

Tab. 1  Plasma lipids in apoE-/- mice fed a high-fat casein diet 

(control) or a high-fat diet with 5% SPH after 77 days of dietary 

treatment. 

 

  
Tab. 2 Plasma fatty acid composition in apoE2/2 mice fed a high-fat 

casein diet (control) or a high-fat diet with 5% SPH after 77 days of 

dietary treatment. 
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DISCUSSION 

Fish intake is inversely correlated to CVD-risk factors in 

both observational and clinical interventional trials (28). 

Particular attention has been drawn to the cardio-

protective effects of fatty fish species with high levels of 

omega-3 PUFAs through their lipid-lowering, anti-

inflammatory, antiplatelet and antiarrhythmic 

mechanisms (29, 30). Marine organisms are also a rich 

source of bioactive proteins and peptides that may induce 

health benefits through antihypertensive and 

antioxidative (28), immunomodulating (31) and lipid-

lowering effects (14, 17). Thus, marine proteins and 

peptides have been shown to influence the two major risks 

for atherosclerotic development, namely hyperlipidemia 

and inflammation. Therefore, it was of interest to 

investigate a potential anti-atherosclerotic effect of SPH-

diet in apo E
−/−

 mice fed a high-fat diet. Although these 

mice spontaneously develop atherosclerosis on a standard 

rodent diet, a high-fat diet regimen, combined with female 

mice, was preferred to accelerate the progression. We 
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showed that apo E
−/−

 mice fed a high-fat diet containing 5% 

(w/w) SPH for 12 weeks developed less atherosclerotic 

plaques compared to controls. In particular, we observed a 

significant reduction of plaque area in the aortic arch as 

well as in the aortic sinus. The pathophysiological 

complication of atherosclerosis is plaque rupture causing 

heart attack and stroke in humans. Vulnerability of plaque 

rupture is an important element in the fatal outcomes of 

atherosclerosis, and content and stability of the plaque is 

therefore of interest. However, there was no change in 

aortic sinus plaque composition of connective tissue, 

macrophages or lymphocytes, indicating that SPH had no 

effect on plaque stability. Unfortunately, apo E
−/−

 mice are 

not susceptible to the progress of plaque rupture unless 

treated with a high-fat diet for over a year, thus studying 

plaque stability in this model is limited. 

During plaque development, accumulation of adhesion 

molecules contributes to foam cell formation. In addition to 

decreased plaque area in aortic arch, a decrease in 

expression of the adhesion molecule Icam1, as well as a 

small reduction in Vcam1 and the chemokine Mcp1, was 

detected in pooled aortic arch of SPH-treated mice, 
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suggesting a local anti-atherosclerotic effect of the SPH-

diet. The plaque area decreased, but no reduction in 

number of macrophages was observed with 

immunostaining in the aortic sinus. This could be due to a 

simultaneous decrease in number of macrophages and 

plaque area, which would not be reflected in a percentage 

measurement. The mRNA level of inflammatory markers in 

heart was unaltered, and could explain the unchanged 

levels of macrophages. However, mRNA levels were 

measured in total heart that may weaken a potential 

reduction of these inflammatory markers. The decrease in 

sinus plaque area, without a change of macrophages could 

also be explained by shrinkage of the lipid-rich core due to 

fewer lipids, thus the macrophages decrease in size. 

Liver is the main organ regulating lipoprotein metabolism, 

including plasma TAG and cholesterol levels, and a high 

dietary cholesterol intake has been reported to elevate 

liver inflammation (8). Noteworthy, the plasma 

concentrations of cholesterol and TAG were not affected by 

SPH-treatment. This was accompanied by unchanged fatty 

acid oxidation and ACAT activity. These results are in 

contrast with previous reports showing cholesterol-
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lowering effects of fish protein hydrolysates in both rats 

and mice (14, 16). Although gene expressions of Acaca and 

the Δ9-desaturase Scd1 were decreased, it did not affect 

plasma TAG in apo E
−/−

mice. This lack of effect could be 

explained, at least partially, by the lower amount of fish 

protein used in the present study (5%) compared to 

previous studies, where 10–25% fish protein hydrolysate 

were applied (14, 16, 17). In C57BL/6 mice fed 5% SPH for 6 

weeks, a 32% decrease in plasma TAG has been found, but 

no change in plasma cholesterol (data to be published). 

Thus, in the present study, the disturbed plasma lipid 

transport in the apo E
−/−

 mouse model might have 

interfered with the potential TAG-lowering mechanism of 

SPH, while cholesterol-lowering effect might not be 

expected at this dose. A lower cholesterol level has been 

observed in animal studies when taurine was added in the 

diets (32, 33). However, in our study, the cholesterol level 

was not affected after intervention despite the presence of 

taurine in the SPH-diet. 

The plasma level of NEFAs was unchanged by SPH 

administration and only minor alterations were observed in 

plasma fatty acid composition. During the 12 weeks of 
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feeding the plasma level of MUFAs was slightly lower in the 

SPH-fed group, but this was probably not of biological 

significance. Total n-6 PUFAs in plasma was higher in SPH-

fed mice at the end-point measurement. Arachidonic acid 

and oleic acid was increased and decreased in the SPH 

group and controls, respectively, after the feeding period. 

The increase in arachidonic acid and linoleic acid with a 

simultaneously decrease in oleic acid might be due to 

increased synthesis of arachidonic acid and linoleic acid 

from their precursor oleic acid. Although arachidonic acid is 

considered pro-inflammatory (34), we detected reduction 

in plaque area in aortic arch and sinus, suggesting that SPH 

reduced atherosclerotic activity independent of the plasma 

arachidonic acid level. n-3 PUFAs, the n3/n6 ratio and anti-

inflammatory index were not affected by SPH feeding, 

which is in contrast to previous findings (35). However, as 

stated previously, in the current study we used a smaller 

amount of fish protein (5% vs. 15%) and the mouse model 

could also influence the effect on fatty acid composition. 

Knockout of the apo E gene causes an abnormal plasma 

lipid composition and metabolism, which apparently this 

SPH-diet cannot counteract. 
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Cytokines play a key role in the progression of 

atherosclerosis and it was of interest to note that the 

reduction in plaque area in the aortic arch was 

accompanied by a lowering of inflammatory markers in 

plasma, as reported in another study using salmon protein 

on inflammatory bowel disease in rats (18). Peroxisome 

proliferator-activated receptors (PPAR), which are ligand-

dependent transcriptional factors regulating both fatty 

acid (36) and amino acid metabolism (37), are shown to 

exert anti-inflammatory potential by inhibiting expression 

of cytokines and other pro-inflammatory factors (38). The 

mechanism is unclear, but Zhu et al.has recently shown 

that marine peptides may act as PPAR-agonists and exert 

an anti-inflammatory effect (39). Altogether, these results 

suggest that SPH administration might prevent 

atherosclerotic development by inhibiting activation of 

systemic inflammation. 

A small dose of SPH 3.5% in rats has been shown to 

potentially exert antioxidant activities by reducing markers 

for oxidative stress in colon (18). In the current study, gene 

expressions of the antioxidants Sod1, Catalase and Nos2 in 

the heart were unchanged by SPH administration, 
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suggesting that SPH did not affect the antioxidant defence 

system in the heart of apo E
−/−

 mice. 

Although the present study has some limitations, such as 

absent protein data on inflammatory mediators within the 

aortic lesions, it gives indication that a salmon protein 

source may have a protective role in atherosclerotic 

development through mechanisms linked to inhibition of 

inflammation, and not directly related to plasma lipid 

changes. Although the apo E
−/−

 mice model has been used 

extensively in experiments studying atherosclerosis as it 

gives the opportunity to study genetic influence on 

atherosclerosis without using a high-fat diet rich in 

cholesterol, it is also a challenging model to use. These 

mice develop severe atherosclerosis due to accumulation 

of VLDL in plasma carrying most of the cholesterol. VLDL, 

containing apoB-48, is considered more atherogenic than 

the apoB-100-containing LDL. High plasma levels of LDL are 

also most present in humans with atherosclerosis, 

therefore in future studies it would be of interest to test 

this SPH in LDLR
−/−

 mice. 
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SUPPORTING INFORMATION 

Figure S1 Hepatic enzyme activities of enzymes involved in 

peroxisomal and mitochondrial b-oxidation; (Fig. A) 

Palmitoyl-CoA-b-oxidation with and without inhibition with 

malonyl-CoA, (Fig. B) CPT2 activity, (Fig. C) ACOX1 activity 

and (Fig. D) ACAT activity. 
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Table S1 

1Composition of the diets 

2Ingredients 3Control 4SPH 

Protein source   

Casein 250 200 

Salmon protein hydrolysate 0 50 

Fat source   

Soy oil 24 24 

Lard 213 213 

5Amino acid composition   

Hydroxyproline 0 0.4 

Histidine 6.4              5.4 

Taurine 0 0.8 

Serine 13 11 

Arginine 7.5 7.1 

Glycine 4.2 5.4 

Aspartic acid 17 15 

Glutamic acid 51 44 

Threonine 9.4 8.3 

Alanine 6.8 7.3 

Proline 24 20 

Lysine 18 17 

Tyrosine 9.8 7.4 

Methionine 6.0 5.3 

Valine 14 13 

Isoleucine 11 9.7 

Leucine 21 19 
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Phenylalanine 12 9.0 

SPH, salmon protein hydrolysate 

1The diets were isonitrogenous, and contained 21 g protein per 100 g  

diet 

2Ingredients (g/kg diet) 

3Amino acid composition (mg/g protein) 

4Casein consisted of 84% protein and 0.2% fat 

5SPH consisted of 91% protein 

Other ingredients (g/kg diet): Cornstarch  (105); Dyetrose (154); 

Sucrose (117); Fiber (58); Dextrin/Cellulose (20); AIN-93G-MX 

mineral 

mix (41); AIN-93G-VX vitamin mix (12); L-Cysteine (3.5); Choline 

bitartrate (17); tert-Butyl-hydroquinone (0.016) 

 

Table S1 Composition and amino acid contents of the 

diets. 
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Table S2 Overview of analysed genes. 

 

 

 

Table S2  

Gene names of analysed genes, primer/probe sets and analysed tissues 

Gene Full name 1AoD no. Liver Heart Aorta 

Acaca Acetyl-Coenzyme A carboxylase alpha Mm01304277_m1 x   

Scd1 Stearoyl-Coenzyme A desaturase 1 Mm00772290_m1 x   

Cat Catalase Mm00437992_m1  x  

Mcp1 Monocyte chemoattractant protein Mm00441242  x x 

Icam1 Intracellular adhesion molecule Mm00516023_m1  x x 

Nos2 Nitric oxide synthase 2 Mm00440502_m1  x x 

Sod1 Superoxide dismutase 1, soluble Mm01344233_g1  x  

Sod2 Superoxide dismutase 2, mitochondrial Mm01313000_m1  x  

Tnfa Tumor necrosis factor alpha Mm00443260_g1  x  

Vcam1 Vascular cell adhesion molecule 1 Mm00443281  x x 
1 Catalog number of custom TaqMan gene expression primer/probe sets from Applied Biosystems. 
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Chapter 4 

MicroRNA expression profiles of tissues 

involved in cholesterol metabolism and 

atherosclerosis from athero-prone and 

athero-resistant mouse models 
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F., Ganzetti GS, Horner DS and Chiesa G. MiRNA 

expression profiling in normolipidemic wild-type, 

hyperlipidemic LDLR knockout and    hypolipidemic 

PCSK9 knockout mice. 84
th

 EAS Congress, May 29 - 

June 1, 2016; Innsbruck (Austria). 

(2) Dellera F., Manzini S., Busnelli M., Chiara M., Parolini 

C., Ganzetti GS, Horner DS, Chiesa G. MicroRNA 

expression profiles of tissues involved in cholesterol 

metabolism from athero-prone and athero-resistant 

mouse models. ABCD National Ph.D. Meeting, April 7 

– 9, 2016; Salerno (Italy). 

(3) Manzini S., Busnelli M., Chiara M., Parolini C., Dellera 

F., Ganzetti GS, Horner DS, Chiesa G. Genome-wide 

identification of microRNAs involved in the regulation 

of cholesterol metabolism and atherosclerosis 

development. 17
th

 ISA Congress, May 23 - 26, 2015; 

Amsterdam (Netherlands). 
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INTRODUCTION AND AIM 

 

MiRNAs are small non-coding RNAs which act as potent 

post-transcriptional regulators of gene expression. MiRNAs 

typically control the expression of their target genes by 

imperfect base-pairing to 3’ UTR regions of mRNAs, thereby 

inducing repression of the target mRNA (1, 2). In recent 

years, several miRNAs have been directly linked to the 

regulation of key genes involved in cholesterol metabolism 

and atherosclerosis development, as extensively discussed 

in the introduction of this thesis.  

Despite these recent advances, what is lacking is a global 

approach to the comprehension of the interplay between 

genes, miRNA-dependent regulation of those genes and 

the phenotypic effects. 

The current study was  aimed to identify miRNA expression 

profiles of tissues involved in cholesterol intake, 

processing, production, metabolism and in atherosclerosis 

development harvested from LDLR 
-/-

 (LDLR KO), PCSK9 
-/-

 

(PCSK9 KO) and wild-type C57BL/6 mice after chow 

(standard) or a high fat feeding (3, 4). MiRNAs showing 

differential expression between genotypes/dietary 
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regimens/tissues have been subjected to detailed in silico 

target prediction analysis, with particular attention being 

paid to identify members of transcriptional regulatory 

circuits potentially involved in cholesterol metabolism and 

regulated by miRNAs.  

This project is ongoing and we are mainly validating the 

results of target prediction analysis by performing in vitro 

experiments of cell co-transfection with appropriate 

reporter vectors and synthetic microRNA mimics. The 

identification of targets for dysregulated microRNAs is 

expected to provide insights into transcriptional circuits 

subject to changes in perturbations of cholesterol 

metabolism and could represent a crucial step towards the 

identification of candidate targets for personalized 

therapeutic strategies. 
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MATERIALS AND METHODS 

 

Experimental design: animals and diet 

The study was conducted according to national (D.L. 116, 

G.U. Suppl. 40, February 18, 1992, Circolare N
o
. 8, G.U July 

1994) and international laws and policies (EEC Council 

Directive 2010/63, September 22, 2010: Guide for the Care 

and Use of Laboratory Animals, United States National 

Research Council, 2011). The Italian Ministry of Health 

approved the protocol. 

Wild-type C57BL/6, LDLR 
-/- 

(prone to atherosclerosis 

development) and PCSK9 
-/- 

mice (resistant to 

atherosclerosis development) (3, 4) were purchased from 

Charles River (Calco, Italy) and housed in the animal facility 

for the whole duration of the treatment (16 weeks). 

Starting from the sixth week from birth, animals have been 

fed with either standard (Chow) or Western-type diet (21% 

fat, 0.2% cholesterol). The latter has a high fat and 

cholesterol content and is commonly used to induce the 

development of dyslipidemia and/or plaque development 

in susceptible genotypes. Each experimental group was 

made up of 10 animals. (Fig. 1). 
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Fig. 1 Experimental design of the study 

 

Blood and tissue harvesting 

Blood samples have been collected before the start of 

dietary regimens and at sacrifice (16 weeks) from the 

mouse retro-orbital plexus into tubes containing 0.1% (w/v) 

EDTA after an overnight fast (Fig. 1) Blood samples were 
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chilled on ice for at least 15 minutes and stored at -80°C 

until analyses.  

At sacrifice, heart, aorta, liver, small intestine (duodenum, 

jejunum, ileum), white adipose tissue and brain have been 

harvested and properly stored for the subsequent 

molecular and biochemical analyses.  

 

Plasma lipid profile 

A general characterization of the lipid profile of mice has 

been performed on plasma collected at sacrifice by 

enzymatically measuring total cholesterol and triglycerides 

(ABX Diagnostics, France). 

 

Atherosclerosis development 

The area covered by atherosclerotic plaques has been 

quantified at the aortic sinus. Serial cryosections (7 mm 

thick) of the aortic sinus were cut. Approximately 25 slides 

with 3 cryosections/slide were obtained, spanning the 

three cusps of the aortic valves. Every fifth slide was fixed 

and stained with hematoxylin and eosin (Bio-Optica, 

Milano, Italy) to detect plaque area. Plaque area was 

calculated as the mean area of those sections showing the 
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three cusps of the aortic valves. To acquire and process 

digital images, an Aperio ScanScope GL Slide Scanner 

(Aperio Technologies, Vista, CA, USA), equipped with a 

Nikon 206/0.75 Plan Apochromat objective producing a 

0.25 mm/pixel scanning resolution with a 406 

magnification, and the Aperio ImageScope software 

(version 8.2.5.1263) was used. 
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Total RNA extraction and construction of cDNA libraries 

for high throughput sequencing 

Total RNA has been extracted from the tissues and organs 

collected (NucleoSpin® miRNA columns, Mackerey-Nagel, 

Germany) and libraries suitable for use with Illumina 

Genome Analyzer IIx (Illumina, San Diego, CA, USA) have 

been constructed. During the generation of cDNA libraries, 

techniques have been applied to enrich in low molecular 

weight cDNA species, maximising the miRNA component of 

libraries. All samples have been then sequenced with the 

high throughput sequencer Illumina Genome Analyzer IIx 

(analysis performed by IGA Technology Services S.r.l., 

Udine, Italy) (5). 

 

Analysis of miRNA expression profiles and target 

prediction for differentially expressed miRNAs 

For each experimental condition (diet/genotype/tissue) 

small RNA sequence reads have been mapped to known 

mature and precursor miRNA sequences from miRBase 

using the Short Oligonucleotide Analysis Package SOAP and 

outputs have been parsed using custom scripts prepared in 

the Python/PERL programming languages to obtain digital 
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expression values for both canonical mature miRNA and 

similar, incorrectly processed sequences. After exclusion of 

reads corresponding to RNA and rRNA degradation 

products, evaluation of differential expression has been 

performed within a statistical framework based on the 

negative binomial distribution and implemented in the 

Bioconductor packages edgeR and DEseq for the R 

language. Further statistical tests have been performed 

using the same instruments to confirm consistency of 

expression pattern changes between individual animals. 

Subsequently, all reads have been mapped to the reference 

murine genome using SOAP and preliminary candidate 

miRNA/miRNA* pairs have been identified using a simple, 

but effective, algorithm previously developed by Prof. 

David Horner (Università degli Studi di Milano, Milano, 

Italy). Genomic sequences corresponding to loci defined by 

these preliminary candidate pairs have been extracted and 

their predicted secondary structures modeled using RNA 

fold software and custom scripts to confirm the expected 

juxtaposition of the candidate miRNA/miRNA* sequences. 

Cases fulfilling these conditions have been further 

evaluated using a Support Vector machine trained to 
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recognize vertebrate miRNA precursors and simple 

statistical tests to demonstrate miRNA-like behaviour of 

small RNA mapping patterns in candidate precursor loci 

(strand specificity, clustering of the majority of reads in the 

regions of the canonical miRNA and miRNA* sequences). 

Candidates passing these tests have been evaluated for 

differential expression among experimental conditions.  

Two on-line databases of established target predictions, 

miRDB (http://www.mirdb.org/miRDB) and TargetScan 

(http://www.targetscan.org), have been downloaded and 

used to identify all predicted targets for differentially 

expressed known miRNAs. Sets of predictions made by the 

two methods have been then used to perform KEGG 

pathway enrichment analyses 

(http://www.genome.jp/kegg/pathway) in order to identify 

physiological processes and pathways enriched among 

target predictions and thus probable physiological target 

according to the accepted model of multiple miRNA target 

associations.  

 



                              
 

189 
 

Validation of candidate miRNA targets identified by high-

throughput sequencing and bioinformatics analyses: in 

vitro experiments 

In silico prediction of target mRNAs needed to be 

empirically confirmed. From the group of candidate targets 

of the miRNAs resulted DE, we concentrated our attention 

on those playing a role in cholesterol metabolism and 

atherosclerosis development (Tab. 1).  

The 3' UTR of each of these genes containing the miRNA 

response element has been cloned into pmirGLO Dual-

Luciferase miRNA Target Expression Vector (Promega Italia, 

Milano, Italy) (Fig.2, upper figure). In parallel, as a control, 

a vector has been constructed with the same miRNA 

responsive element inserted, but containing a sequence 

mismatch. 

PmiRGLO vector is designed to quantitatively evaluate 

miRNA activity by the insertion of miRNA target sites 

downstream or 3´ of the firefly luciferase gene (luc2) (Fig. 

2, upper figure). Firefly luciferase is the primary reporter 

gene. Reduced firefly luciferase expression indicates the 

binding of endogenous or introduced miRNAs to the cloned 

miRNA target sequence (Fig. 2, lower figure). This vector is 
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based on dual-luciferase technology, with luc2 used as the 

primary reporter to monitor mRNA regulation 

and Renilla luciferase (hRluc-neo) (Fig. 2, upper figure) 

acting as a control reporter for normalization and selection. 
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Fig. 2 PmirGLO Dual-Luciferase miRNA Target Expression Vector 

(upper figure) and mechanism of action for in vitro miRNA target 

validation (lower figure). 

Main abbreviations: luc2, Firefly luciferase; hRluc-neo, Renilla 

luciferase; Ampr, β−lactamase coding region; MCS, multiple cloning 

site. 
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For in vitro target validation, cell line NIH 3T3 (batch 

number 61062005, ATCC, USA) has been chosen. NIH 3T3 

cells were cultured in DMEM high glucose with stable L-

glutamine (Lonza, USA), supplemented with 10% fetal calf 

serum (Euroclone, Milano, Italy) and 1X 

penicillin/streptomycin (Euroclone, Milano, Italy). Cell 

cultures were incubated at 37°C in a humidified 

atmosphere with 5% CO2. 

The experiments needed to investigate the effect of 

selected DE miRNAs (Tab. 1) on their candidate target 

mRNAs are currently ongoing in our laboratory. In detail, 

NIH 3T3 cells will be seeded in 24-well plates. After 24 

hours, at 80-90% of confluence, cells will be transiently co-

transfected with the selected miRNA mimic (Exiqon, 

Denmark) and the vector pmiRGLO containing the 

candidate responsive sequence or with the same miRNA 

mimic and the vector containing the mismatched target 

sequence, used as a control. Co-transfection will be 

performed by using Lipofectamine 3000 diluted in Opti-

MEM  (both purchased from Invitrogen, Life Technologies 

Italia, Monza, Italy). Hsa-miR-21 and its known responsive 

sequence cloned into the vector will be used as a positive 
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control. After 4 h of incubation, the transfection medium 

will be replaced with fresh complete growth medium. At 48 

hours  after transfection, cells will be collected in order to 

perform Luciferase reporter assay using Dual-Luciferase® 

Reporter (DLR™) Assay System (Promega Italia, Milano, 

Italy) according to standard protocols.  
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RESULTS 

 

Atherosclerosis evaluation:  only LDLR
-/-

 mice showed 

increased atherosclerotic plaque development 

Plaque area has been quantified at the aortic sinus. As 

expected, only LDLR
-/-

 mice showed atherosclerosis 

development. Atherosclerotic lesions were exacerbated by 

Western-type diet, as shown in figure 3 (Fig. 3). 

                                  

 

 

Fig. 3  Atherosclerotic plaque development in C57BL/6, PCSK9 
-/- 

 

(PCSK9 KO) and LDLR
 -/-

 (LDLR KO) mice fed chow or Western diet 

for 16 weeks. 
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Plasma lipid levels 

Plasma concentrations of total cholesterol (TC) and 

triglycerides (TG) were measured (Fig. 4). LDLR
-/-

 mice 

showed significantly increased  TC and TG levels when 

compared to C57BL/6 and PCSK9
-/- 

mice (*P<0.0001 vs 

C57BL/6 and PCSK9; 
#
P<0.005 vs C57BL/6; 1-way Anova 

with Tukey post-hoc).  
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Fig. 4  Plasma total cholesterol and triglycerides in C57BL/6, PCSK9 
-

/- 
 (PCSK9 KO) and LDLR

 -/-
 (LDLR KO) mice fed chow or Western diet 

for 16 weeks (*P<0.0001 vs C57BL/6 and PCSK9; 
#
P<0.005 vs 

C57BL/6; 1-way Anova with Tukey post-hoc). 
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 MiRNA expression profiles in tissues involved in 

cholesterol metabolism 

At sacrifice, mouse tissues and organs involved in 

cholesterol metabolism such as aorta, liver, small intestine 

(duodenum, jejunum, ileum), white adipose tissue and 

brain have been collected and stored for the analysis of 

miRNA expression profiles and validation experiments.  

Figure 5 (Fig. 5) shows  miRNAs resulted as DE by the high 

throughput sequencing performed and the following 

bioinformatic analyses. A high number of DE miRNAs was 

observed among genotypes in several tissues with both 

dietary regimens, although after Western diet the overall 

DE number was lower than after Chow diet. The most 

relevant DE number has been observed at both Chow and 

Western diet in the comparison between C57BL/6 and  

LDLR
-/-

 mouse aortas, which are sites of atherosclerosis 

development. 
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Fig. 5  Number of miRNAs resulted as DE among genotypes in the 

considered tissues from animals fed both Chow and Western diet 

Abbreviations: Abd. WAT, abdominal white adipose tissue. 

 

 

In silico target prediction analysis of DE miRNAs 

MiRNAs which resulted DE in all the comparisons 

underwent detailed  in silico target prediction analyses. 

Target mRNAs were predicted by miRDB/Targetscan 

softwares, then functional enrichment analysis was run for 

each comparison in order to provide insights into the 

biological interpretation of the obtained pattern of 

candidate genes.  

In particular, focusing on the comparison between the two 

diets, aggregated KEGG pathways showed overlapping and 
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recurring enriched pathways, that are the chemokine 

signaling pathway, the cytokine-cytokine receptor 

interaction and the insulin signaling pathway, as shown in 

figure 6 (Fig. 6). 

Among the genes annotated in these pathways, we 

identified targets known for their role in lipid 

metabolism/cardiovascular disease as well as novel 

potential genes of interest, such as Leukemia inhibitory 

factor receptor (Lifr) and Braf transforming gene (Braf) (Fig. 

7). 



                              
 

200 
 

 

       

 

Fig. 6 Schematic summary showing the recurring pathways resulted 

from KEGG pathway mapping performed on our target genes in the 

comparison between chow - fed and Western–fed animals.
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Fig. 7 Detail of  target genes annotated in the shared KEGG 

pathways 

 

Furthermore, as a complementary approach, we selected 

genes that are known to be involved in cholesterol and lipid 

metabolism and investigated if they were predicted as 

targets of DE miRNAs. Table 1 (Tab. 1) shows some of them 

and their associated DE miRNAs. The comparisons/tissues 

in which these miRNAs resulted DE are indicated as well. 
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Tab. 1 Differentially expressed miRNAs and candidate targets 

involved in cholesterol metabolism and atherosclerosis 

development 

Abbreviations: WAT, white adipose tissue 
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In vitro validation of candidate miRNA targets 

In vitro validation of the interactions between miRNA-

candidate target listed in Tab.1 are currently ongoing. To 

experimentally test whether selected miRNAs directly 

target the 3’UTR of their candidate gene in vitro, NIH 3T3 

cells will be co-transfected with reporter constructs along 

with a synthetic mimic of miRNAs, as explained in detail in 

the section “Material and Methods”. For successful 

predictions, the expected result is a diminished luciferase 

expression by cells transfected with miRNA mimics and 

pmirGLO vector containing the miRNA-responsive element, 

compared to controls. 

 

Future steps 

The future perspectives of this study include: 

- the conclusion of in vitro validation experiments, in order 

to experimentally confirm the interaction between DE 

miRNAs and their candidate targets involved in cholesterol 

metabolism. 
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- in depth examination of pathway enrichment analyses, 

with a particular attention paid to signaling pathways 

linked to upregulated or downregulated DE miRNAs. 

 

The aim is the identification of members of regulatory 

pathways subject to changes in perturbations of 

cholesterol metabolism. These targets could be crucial for 

the development of panels of biomarkers for disease 

development. 
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Chapter 5 

Conclusions and 

Future perspectives 
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During my PhD program I have contributed to the 

realization of different research projects, all related to the 

study of atherosclerosis and cholesterol metabolism 

through the use of animal models.  

Among these, I have focused my PhD thesis mainly on two 

of the studies I co-authored (Chapter 2 and 3), one as first 

author. Moreover, a third study, still ongoing and whose 

results have been presented at National and International 

conferences, has been presented as well, even though 

further investigations are needed to complete it (Chapter 

4). 

The first project discussed (Chapter 2) is focused on the 

effect of L-homoarginine, an L-arginine homologue derived 

from lysine, on neointimal hyperplasia, a pathological 

condition which can occur at sites of subclinical 

atherosclerosis or after angioplasty interventions. For the 

first time, we have demonstrated that in vivo 

administration of homoarginine in a rat model of carotid 

balloon injury was able to inhibit neointimal formation, at 

least in part, by inhibiting vascular cell proliferation and by 

increasing both arginine availability and nitric oxide 
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production, suggesting homoarginine as a potential 

therapeutical option for cardiovascular protection. 

The second study presented (Chapter 3) is instead focused 

on the study of the effect of a salmon protein hydrolysate 

on atherosclerosis development in apo E-deficient mice, on 

the basis of previous evidences indicating that fish protein 

peptides and hydrolysates are able to exert beneficial 

effects on cardiovascular risk factors. Mice fed a high-fat 

diet with 5% salmon protein hydrolysate for 12 weeks 

showed a significantly reduced atherosclerotic plaque area 

in the aortic arch and aortic sinus versus controls. The 

effect of this dietary supplementation was shown to be 

mediated by the inhibition of systemic inflammation 

activation and it seemed to be independent of changes in 

plasma lipid levels. 

Finally, the fourth chapter of this thesis presents the results 

obtained to date regarding the characterization of 

microRNA expression patterns in tissues involved in 

cholesterol metabolism and atherosclerosis, harvested 

from LDLR-deficient, PCSK9-deficient and wild-type 

C57BL/6 mice after chow or a high fat feeding. Briefly, we 

have identified the microRNAs which resulted DE in our 
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experimental conditions (different genotypes/tissues/diet) 

by high-throughput sequencing and bioinformatics 

analyses. A detailed in silico target prediction study was 

then performed to identify the genes regulated by DE 

microRNAs. We are currently validating the in silico analysis 

results by cell transfection with appropriate reporter 

vectors and microRNA mimics.  

The identification of targets for dysregulated microRNAs is 

aimed at highlighting transcriptional regulatory circuits 

subject to changes in atherosclerosis and in conditions of 

perturbation of cholesterol metabolism. 

 

 

The prevention and management of atherosclerosis and 

disturbs of cholesterol metabolism are still an open 

challenge.  

In order to gain more insight into the disease, approaches 

at different levels have been taken and this thesis 

presented some of them. 

Through the use of animal models, we demonstrated that 

natural compounds or treatments based on novel 

cardiovascular risk factors may exert a protective role in 
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atherosclerosis development and in its clinical 

complications, such as neointimal hyperplasia. 

In particular, our studies suggest L-homoarginine and 

protein sources derived from salmon as 

therapeutic/nutraceutical options for cardiovascular 

protection, even though further investigations are needed 

in order to assess the possibility to translate the obtained 

results in humans.  

Finally, miRNAs have been demonstrated to play an 

important, although still vaguely characterized, role on 

atherosclerosis formation and cholesterol metabolism 

regulation (1). Recent evidences and our preliminary data 

suggest that the identification of a miRNA profile could 

probably represent an approach to detect vulnerable 

patients and disease states (2).  
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Targeting miRNAs may represent a new pharmacological 

tool to modulate the atherosclerotic process. Clearly, 

further studies are encouraged to help us understand the 

role of miRNAs in atherosclerosis and dyslipidemias. 
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