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1. Introduction 
Atherosclerosis is a chronic inflammatory disease of the 

arteries and is the main cause of about 50% of all deaths in 
society. It is mainly a lipid-dependent process initiated by 
the accumulation of low-density lipoprotein and residual 
lipoprotein particles, as well as an active inflammatory 
process in the focal areas of the arteries, especially in areas 
with impaired non-laminar flow at the bifurcation points 
of the arteries, and is considered the main cause of athe-
rosclerotic cardiovascular disease leading to heart attacks, 
stroke, and peripheral arterial disease [1]. Atherosclerosis 
can manifest as coronary heart disease (CHD), cerebro-
vascular disease (CVD), transient ischemic attack (TIA), 
peripheral arterial disease (PAD), abdominal aneurysms, 
and renal artery stenosis in men [2].

The pathogenesis of atherosclerosis is multifaceted. 
The most prevalent risk factors include age (males over 45 
and women over 55), gender, hypercholesterolemia (LDL 
cholesterol), diabetes mellitus, hypertension, cigarette 
smoking, and strong family history (male relative under 

55, female relative under 65). The risk is further increased 
by obesity, a sedentary lifestyle, diets high in trans and 
saturated fatty acids, and certain genetic abnormalities [3]. 
Although low levels of high-density lipoprotein (HDL) 
cholesterol are thought to be a risk factor, the adverse ef-
fects of pharmacological therapy aimed at raising HDL le-
vels have led to questions about the potential role of HDL 
in the onset of the disease [4].

Since atherosclerosis is predominantly an asympto-
matic disease, it is difficult to accurately determine the 
incidence. Atherosclerosis is considered the main cause 
of cardiovascular disease. Atherosclerotic cardiovascular 
diseases mainly affect the heart and brain: coronary heart 
disease and ischemic stroke. Coronary artery disease and 
stroke are respectively the first and fifth causes of death in 
the world. According to reports, 75% of acute myocardial 
infarctions are caused by plaque rupture, with men over 
45 having the highest incidence of the condition while 
women have a rise in frequency beyond the age of 50. 
The protective effect of female sex hormones accounts for 
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men's higher prevalence of atherosclerosis than women's, 
although this effect vanishes after menopause. Several risk 
factors have been found in numerous epidemiological stu-
dies to contribute to the onset and progression of athero-
sclerosis. Their impact on inflammation and low-density 
lipoprotein (LDL) particles may exacerbate atherosclero-
sis [5].

There are several different anti-atherosclerotic medica-
tions on the market, but none of them is completely effec-
tive. The primary goals of current atherosclerosis therapy 
strategies are to reduce the disease's symptoms and stop 
its side effects, which include thromboembolism, stroke, 
and heart attacks [6]. Thus, the study of the pathogenesis 
of this disease and the search for new therapeutic targets is 
extremely relevant today.

2. General pathogenesis of atherosclerosis
2.1. Lesion initiation

The endothelium, with its complexes of intercellular 
tight junctions, functions as a selectively permeable bar-
rier between blood and tissues. The primary initiating 
event of atherosclerosis is the accumulation of low-den-
sity lipoprotein (LDL) in the subendothelial matrix. LDL 
diffuses passively through endothelial cell (EC) junctions 
and their retention in the vessel wall is associated with 
the interaction between LDL constituent apolipoprotein 
B (apoB) and matrix proteoglycans. In addition to LDL, 
other apoB-containing lipoproteins, namely lipoprotein (a) 
and its residues, can accumulate in the intima, contributing 
to the development of atherosclerosis [7].

It has been proposed that native LDL is "modified" in 
the arterial wall since macrophages cannot absorb it quickly 
enough to produce foam cells. Subsequent research has 
demonstrated that trapped LDL does, in fact, experience 
alterations such as oxidative stress, lipolysis, proteolysis, 
and accumulation, and that these modifications both en-
courage the production of foam cells and inflammation. 
Lipid oxidation brought on by exposure to oxidative waste 
products from vascular cells is one of the most important 
changes for the development of early lesions [7].

 2.2. Inflammation
Atherosclerosis is characterized by the recruitment of 

monocytes and lymphocytes into the arterial wall. The trig-
ger event for this process is the accumulation of minimally 
oxidized LDL, which stimulates upstream ECs to produce 
a range of proinflammatory molecules, including adhesion 
molecules and growth factors such as macrophage colo-
ny-stimulating factor (M-CSF). Additionally, nitric oxide 
(NO), a chemical mediator with several anti-atherogenic 
qualities, including vasodilating actions, can be inhibited 
by oxidized low-density lipoproteins [8]. Apart from oxi-
dized low-density lipoprotein (LDL), various other factors 
can also influence inflammation, such as homocysteine 
levels, sex hormones, hemodynamic pressures, and infec-
tion. Among the endothelial cell adhesion molecules that 
are likely to be important for leukocyte recruitment are 
ICAM-1, P-selectin, E-selectin, PCAM-1 and VCAM-1. 
Important adhesion molecules on monocytes include inte-
grin β2, VLA-4, and PCAM-1 [9].

2.3. Foam cell formation
LDL needs to undergo significant modification in order 

for macrophages to absorb it fast enough to produce foam 

cells. A number of enzymes, such as myeloperoxidase, 
sphingomyelinase, and secretory phospholipase, which are 
all seen in human atherosclerotic lesions, are also belie-
ved to be involved in this modification. Reactive oxygen 
species produced by ECs and macrophages appear to be 
implicated in this modification. A class of receptors, inclu-
ding SR-A, CD36, and CD68, mediates the fast uptake of 
highly oxidized LDL particles by macrophages, resulting 
in the development of foam cells. Cytokines including 
interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) 
stimulate the expression of scavenger receptors [10].

Apolipoprotein E (apoE), which is actively synthesized 
by macrophages, has the ability to facilitate the outflow 
of cholesterol into HDL and prevent macrophages from 
developing into foam cells. Studies on bone marrow trans-
plantation provide evidence for the function of apoE, as 
they reveal that mice getting bone marrow from mice defi-
cient in apoE experience significantly more damage than 
mice obtaining bone marrow from control group [11].

2.4. Fibrous plaques
The mass of extracellular lipids, primarily cholesterol 

and its esters, as well as the buildup of extracellular matrix 
and MMC, are the characteristics of fibrous plaques. The 
synthesis of extracellular matrix and the migration and 
proliferation of stem cells are dependent on the cytokines 
and growth factors released by T cells and macrophages. 
Research has indicated that T cells and macrophages are 
stimulated to express cytokines like IFN-γ when CD40 
and CD40 ligand (CD40L) interact. These cytokines can 
impact inflammation, MMC development, and matrix 
accumulation. The extracellular matrix is secreted by 
MMC intima, which also forms a fibrous capsule. Fibrotic 
lesions can also arise as a result of other variables, such 
as hormones, hypertension, and high homocysteine levels. 
For example, the hormone estrogen has multiple anti-athe-
rogenic properties, including effects on plasma lipoprotein 
levels and stimulation of prostacyclin and NO production 
[12].

2.5. Expanded lesions and thrombosis
Studies indicate that significant role in the development 

susceptibility and composition of plaque have a of throm-
bus-mediated acute coronary events. Thin fibrous caps 
covering vulnerable plaques are caused by suppression of 
matrix secretion and matrix disintegration by a variety of 
proteinases, including collagenases, gelatinases, stromoly-
sins, and cathepsins. Infection is one of the variables that 
can cause thrombosis and destabilize plaques. It can also 
have local effects, such as declining plasminogen activa-
tor (PA) expression and increased tissue factor expression, 
as well as systemic consequences, such as the stimulation 
of acute phase proteins [7]. Neovascularization and calci-
fication, which are typical characteristics of progressing 
lesions, might also have an impact on the stability of athe-
rosclerotic lesions. The process of calcification is control-
led and involves the secretion of a scaffold for the depo-
sition of calcium phosphate by intima cells that resemble 
pericytes. Plaque rupture frequently results in thrombus 
development, which is made up of adhering platelets and 
fibrin cross-links [8].

3. Impaired lipid metabolism in atherosclerosis
Disorders in lipid metabolism are one of the key factors 
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atheroprotective gene expression program in ECs is trig-
gered by high unidirectional laminar shear stress (LSS), 
which also activates the transcription factor Krüppel-like 
factor 2 (KLF2). The vascular barrier's integrity and EC's 
latent state are both maintained by KLF2, which controls a 
network of genes that provide EC with its anti-inflamma-
tory and antithrombotic characteristics [18]. It's interesting 
to note that through a KLF2-dependent mechanism, a high 
level of LSS reduces mitochondrial respiration, glycoly-
sis, and EC glucose absorption [19].

On the other hand, ECs in the vasculature's atheros-
clerotic areas are more vulnerable to low LSS disruption, 
activate pro-inflammatory pathways, and express more 
glycolytic enzymes [20]. Even in environments with high 
oxygen content, low LSS increases EC glycolysis via nu-
clear factor κB (NF-κB) triggered by factor 1α-(HIF1α) 
[20].

Pro-inflammatory cytokines also promote uptake of 
glucose and glycolysis in ECs, which amplifies the activa-
tion of NF-κB triggered by cytokines, most likely via lac-
tate, but further research is needed on this [21]. Yes-asso-
ciated protein (YAP) and a transcription coactivator with a 
PDZ-binding motif (TAZ) are also activated by disrupted 
LSS and pro-inflammatory cytokines, which add to the 
pro-inflammatory phenotype of EC and the progression 
of atherosclerosis [22]. Similar to NF-κB, EC glycolysis 
is promoted by YAP/TAZ signaling and vice versa [23]. 
Pro-inflammatory signaling and glycolysis work together 
to promote glycolysis, which in turn can stimulate pro-
inflammatory programs. This creates a vicious cycle that 
ultimately results in persistent pro-inflammatory signaling 
in ECs [17].

It has been demonstrated that risk factors including 
diabetes hasten the onset of atherosclerosis. and are distin-
guished by disruption of EC metabolism and endothelial 
dysfunction [24]. Diabetes is characterized by elevated 
blood glucose levels, which raise the formation of ROS 
by endothelial cells via glucose autoxidation, NADPH 
oxidase, uncoupling of endothelial nitric oxide synthase 
(eNOS), and malfunction of mitochondria. This causes 
DNA damage and subsequently activates poly(ADP-ri-
bose)polymerase 1 (PARP1) [25]. The glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is 
inhibited by ADP-ribosylation by PARP1, which causes 
glycolytic intermediates to accumulate upstream of 
GAPDH and redistribute to the side branches of the gly-
colytic pathway. This, in turn, causes uncontrolled protein 
glycation via the hexosamine biosynthetic route (HBP), 
the generation of enhanced glycation end products (AGEs) 
via the polyol and methylglyoxal pathways, and increased 
activation of protein kinase C (PKC) by the de novo pro-
duction of diacylglycerol from glyceraldehyde 3-phos-
phate (G3P) [26]. The activation of eNOS is inhibited 
by glycation, whereas PKC enhances the production of 
vasoconstrictor endothelin-1 and inhibits eNOS activation 
mediated by insulin [27].

Furthermore, AGEs cause extracellular matrix dys-
function by altering their proteins and constituents and ac-
tivating AGE receptors, which increases pro-inflammatory 
NF-κB signaling, vascular leakage, and reactive oxygen 
species (ROS) generation. Interestingly, conversion of the 
glucose intermediates fructose 6-phosphate (F6P) and G3P 
towards the pentose phosphate pathway (PPP) via transke-
tolase activation using a thiamine derivative reduces all 

in the development of atherosclerosis. Lipids are found in 
the plasma as lipoproteins, which are capable of under-
going a variety of changes, including demethylation and 
oxidation. These lipoproteins can also pierce the artery 
wall, which can result in the development of lipoidosis, 
the first phase of atherosclerosis [13]. Hyperlipidemia 
and hyperlipoproteinemia are manifestations of diseases 
related to lipid metabolism in atherosclerosis. At the same 
time, in the plasma of patients with atherosclerosis, not 
only an increase in the level of cholesterol and triglyce-
rides but also phospholipids and their main fractions was 
noted [13]. Human plasma lipids are represented by cho-
lesterol, triglycerides, phospholipids and fatty acids. Of 
great importance for maintaining normal lipid metabolism 
is the work of the so-called scavenger receptors, whose 
role is directly related to the formation of foam cells in 
atherosclerosis. One of the most well-known scavenger 
receptors is CD36, whose ligands are molecules of fatty 
acids, high-density lipoproteins (HDL), modified low-
density lipoproteins (mLDL), as well as triacylglycerin-
saturated lipoprotein molecules, such as Very-low-density 
lipoprotein (VLDL) [14]. Patients with reduced expression 
of CD36 have hyperlipidemia, expressed in high concen-
trations of apoB48, triglycerides, fatty acids and chylo-
microns in plasma [15]. In skeletal muscle and the heart, 
CD36 plays a direct role in supplying cells with an energy 
substrate, fatty acids. In adipocytes, CD36 is responsible 
for lipid accumulation and lipolysis [15]. It has also been 
shown that mutations in the CD36 gene lead to increased 
hydrolysis of triglycerides and accumulation of free fatty 
acids in plasma. However, overexpression of CD36 also 
contributes to the development of atherosclerosis, leading 
to the formation of foam cells and enhancing the inflam-
matory response [15]. In atherosclerosis, there is a change 
in the expression of a number of enzymes involved in lipid 
metabolism. Thus, it has been shown that the LIPA gene 
encoding lysosomal acid lipase, which transforms mole-
cules of cholesterol esters and triglycerides from LDL 
particles into free cholesterol and fatty acids, has an in-
creased expression in foamy macrophages [14]. This can 
be explained by the mechanism of regulation in response 
to an increased intake of lipids into the cell. However, this 
strategy is not effective enough due to lysosomal stress, 
which reduces the activity of lysosomal acid lipase. The 
accumulation of lipids and, in particular, the formation 
of mLDL contributes to the inhibition of the oxidation of 
fatty acids in atherosclerosis. In a study [16], it was shown 
that the use of a model with non-functional mutant forms 
of the CPT1 and CP 2 enzymes involved in the transfer of 
fatty acids into mitochondria led to the formation of foam 
cells in macrophage culture. At the same time, enhanced 
lipid biosynthesis, including the synthesis of fatty acids 
and cholesterol, is one of the factors contributing to athe-
rogenesis. Macrophages with increased lipid biosynthesis 
are characterized by the development of an inflammatory 
M1 profile and an increased likelihood of transformation 
into foam cells.

4. Impaired glucose metabolism in atherosclerosis
Throughout adulthood, ECs are primarily inactive; 

nevertheless, they can become active in response to a 
variety of physiological and pathological stimuli [17]. 
Atherosclerosis's precursor, disturbed blood flow dyna-
mics, is a crucial starting point for EC activation [18]. The 
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three pathways induced by hyperglycemia, as well as NF-
κB activity [17]. Changes in lipid and glucose metabolism 
in atherosclerosis are shown in Figure 1.

5. Impaired amino acid metabolism in atherosclerosis
While the significance of glutamine in EC migration 

is still up for debate, EC proliferation is impaired by 
glutamine withdrawal, pharmacological inhibition, or 
knockdown of glutaminase 1 (GLS1), the rate-limiting 
enzyme of glutaminolysis [28], [29]. It's interesting to 
note that asparagine replenishment during glutamine defi-
ciency promotes protein synthesis and EC function [30]. 
Furthermore, the proliferation of ECs is restricted by the 
inhibition of asparagine synthase, which reduces gluta-
mate-dependent asparagine production [29]. Glutamine 
plays a proatherogenic effect in EC, as evidenced by the 
proinflammatory YAP/TAZ pathway, which also increases 
EC glutaminolysis [31].

Remarkably, leukocyte adherence to ECs and pro-in-
flammatory gene expression are unaffected by pharma-
cological suppression of GLS1. On the other hand, gluta-
mine deficiency decreases protein synthesis, which results 
in ER stress and apoptosis and pro-inflammatory signaling 
[30]. Furthermore, a glutamine shortage lowers nucleo-
tide synthesis and raises ROS generation, which, in turn, 
causes death and a decrease in proliferation, respectively. 
Furthermore, it's been demonstrated that ECs can produce 
the anti-inflammatory neurotransmitter γ-aminobutyric 
acid from glutamate [32]. Thus, the precise role that EC 
glutaminolysis plays in the progression of atherosclerosis 
is yet unknown.

Mechanically, the interaction between lipids and the 
immune system during the progression of atherosclero-
tic plaques contributes to the chronic inflammation seen 
in the arterial wall in atherosclerosis. Localized inflam-
mation and increased intercellular communication can 
influence the polarization and proliferation of immune 
cells through changes in amino acid metabolism. In par-
ticular, the amino acids L-arginine, L-homoarginine, and 
L-tryptophan have been extensively studied in the context 
of cardiovascular disease, and their actions have been esta-
blished as key regulators of vascular homeostasis similar 
to those of immune cells. Cyclic effects between endothe-
lial cells, and innate and adaptive immune cells occur with 
changes in the metabolism of arginine, homoarginine and 
tryptophan, which have a significant impact on the deve-
lopment of atherosclerosis [33]. Arginine, a semi-essential 
amino acid, serves as a precursor of nitric oxide, which 

affects the aggregation and adhesion ability of platelets, 
reducing the ability to form clots and reducing the vascular 
reactivity of atherosclerotic arteries, promotes the forma-
tion of collagen in the walls of blood vessels. Arginine can 
be converted via eNOS to citrulline and nitric oxide (NO), 
an endogenous gaseous signaling molecule that has a wide 
range of biological properties. 

Several risk factors for atherosclerosis, such as low 
shear stress, oxidative stress or LDL and modified LDL 
cholesterol, contribute to EC dysfunction. In particular, 
the limited bioavailability and activity of antithrombotic 
and antihypertensive molecules such as arginine, eNOS, 
and NO may lead to eNOS uncoupling, a pathophysiologi-
cal condition in which eNOS produces superoxide instead 
of NO [34]. In addition, in vitro and in vivo restriction of 
sulfur-containing amino acids, methionine and cysteine, 
triggers an angiogenic response by stimulating the pro-
duction of vascular endothelial growth factor (VEGF) and 
hydrogen sulfide, thereby switching EC metabolism from 
oxidative metabolism to glycolysis [35].

6. The influence of metabolic disorders on the progres-
sion of atherosclerosis

An excessive level of free cholesterol in the ER leads 
to defective esterification by acyl-coenzyme A acyltrans-
ferase 1 (ACAT-1), and in the plasma membrane leads to 
an inflammatory response through the activation of NF-κB 
[36]. This dysfunctional lipid metabolism triggers an ex-
tensive protein response in the ER and, together with other 
damage, initiates apoptotic pathways. In the early stages 
of the disease, the effective absorption of apoptotic cells 
by neighboring phagocytes (efferocytosis) contributes to 
the elimination of pro-inflammatory processes and the 
maintenance of stability within the plaque [37]. However, 
dysfunctional efferocytosis is a key feature of progressive 
lesions, and as the disease progresses, the rate of apopto-
sis in the necrotic nucleus likely outstrips the phagocytic 
capacity of the phagocytes within it. Efficient clearance of 
apoptotic cells by surrounding macrophages requires intact 
lipid metabolism to deal with ingested lipids, and hence 
defective lipid homeostasis likely contributes to dysfunc-
tional efferocytosis [37]. In addition, in vitro experiments 
have shown that modified LDL serves as a substrate for 
phagocytes and, therefore, can competitively prevent the 
efferocytosis of dying cells [38]. Ineffective efferocytosis 
also stimulates secondary necrosis of resident lesion cells 
and, in the case of macrophages, leads to the release of oxi-
dized lipids and inflammatory propagators. As the disease 
progresses, the plaque becomes increasingly unstable and 
vulnerable as a result of reduced efferocytosis, chronic in-
flammation, and inefficient immune cell output [38]. Once 
inside the plaque, macrophage migration is restricted and 
therefore compromises the potential resolution of inflam-
mation, thereby favoring pathogenic processes. Resident 
macrophages contribute to the inflammatory state through 
the secretion of protease enzymes and pro-inflammatory 
cytokines [39].

In the later stages of the disease, an atherosclerotic 
lesion is characterized by an abundance of disorganized 
cells, lipids, matrix components, and minerals. Clinical 
symptoms may occur during this phase of the disease, as 
the intima thickens and the lumen of the artery may de-
crease in size. Dying foam cells release their cytoplasmic 
contents, causing an accumulation of extracellular lipids, 

Fig. 1. Glucose and lipid metabolism disruptions in atherosclerosis 
which lead to increasing of pathological conditions in atherosclerosis.
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which exacerbate inflammation and trigger secondary ne-
crosis. Excessive cholesterol levels also contribute to the 
formation of hard crystals that are toxic to cells and initiate 
a pro-inflammatory response [40].

Locally produced cytokines, such as IFN-γ secreted by 
T cells, reduce the proliferation of SMCs and also inhibit 
the synthesis of ECM integral components such as type 
I and III collagen. Before rupture, the fibrous sheath be-
comes thinner, which reduces the stability of the structure. 
At this stage of the disease, the plaque contains depleted 
levels of fibrous material and may show signs of calcifica-
tion, ulceration, and small vessel hemorrhage [41].

A number of factors may contribute to progression, 
including the presence of inflammatory cells, structu-
ral toxicity, activity of proteolytic enzymes released by 
macrophages, coronary spasms, physical vulnerability, 
and stress resulting from the altered composition of the 
lesion. Exposure to tissue factor from the plaque promotes 
coagulation and thrombus formation. A thrombus may ins-
tantly occlude a lumen or may break off as an embolus and 
block blood flow downstream. A common cause of myo-
cardial infarction is rupture of a widespread atherosclero-
tic lesion, in which collagen and tissue factor are exposed, 
leading to platelet aggregation and coagulation [42].

7. Therapeutic metabolic targets in atherosclerosis
7.1. Cholesterol-O-acyltransferase inhibitors

An essential enzyme called cholesterol-O-acyltransfe-
rase (ACAT) helps enterocytes identify ingested choles-
terol [43]. It is believed to play a role in the advancement 
of atherosclerotic lesions and the release of VLDL from 
the liver, as well as in the metabolism of cholesterol in 
macrophages, the liver, the intestines, and the adrenal cor-
tex. ACAT1 and ACAT2, two ACAT enzymes, have been 
identified. ACAT2 is located in the ER of the liver and 
intestinal tissues and is in charge of forming cholesterol 
esters, whereas ACAT1 is present in the ER. In theory, 
inhibition of ACAT1 could prevent the transformation of 
macrophages into foam cells and thereby slow the pro-
gression of atherosclerosis and prevent the development of 
vulnerable plaque and inhibition of ACAT-2 could reduce 
serum lipid levels by reducing lipoprotein synthesis. Pre-
clinically, HL-004 was found to be an effective inhibitor 
of ACAT [44].

7.2. Microsomal triglyceride transporter protein inhi-
bitors

The lipid transport protein known as microsomal TG 
transport protein (MTTP) is a heterodimer that facilitates 
the transfer of TG, cholesteryl ester, and phosphatidylcho-

line across membranes. In chylomicrons (in enterocytes) 
and VLDL (in hepatocytes), MTTP is a protein that is 
found in the intestinal and hepatic tissues and is involved 
in the lipid assembly, transport, and release of lipoproteins 
high in triglycerides [45]. According to in vitro research, 
MTTP is involved in the creation of developing lipopro-
tein molecules in the lumen and extracellular space (ER) 
as well as the transport of chemicals between phospholi-
pid membranes. Lower plasma TG and cholesterol levels 
should result from small compounds' inhibition of MTTP. 
Several clinical candidates, such as CP-346086 and BMS 
201038, have been shown to inhibit MTTP in both entero-
cytes and the liver [46].

7.3. AMP-activated protein kinase activators
AMP-activated protein kinase (AMPK), is a hetero-

trimetric energy-sensitive protein that restores cellular 
energy balance by stimulating ATP generation pathways 
(for example, FA oxidation) and inhibiting ATP utilization 
pathways (for example, FA synthesis) [43]. CYP27A1 
converts cholesterol to 27-hydroxycholesterol via an oxy-
genation reaction, and this is thought to be an important 
reaction for the elimination of cholesterol from human 
lung macrophages and arterial endothelial cells. The 
AMPK system plays an important role in the regulation 
of glucose and lipid metabolism through its influence on 
energy metabolism and long-term effects on liver gene ex-
pression. In the liver, AMPK activation leads to a decrease 
in the production of TG and cholesterol in plasma and an 
increase in FA oxidation [47]. WS070117 is a synthetic 
lipid-lowering agent preclinically approved as an effec-
tive AMPK activator with the potential to inhibit de novo 
hepatic lipogenesis [46], [48].

7.4. Lanosterol synthase inhibitors
Lanosterol synthase (LSS) is an enzyme that has 

been identified as a target for new anti-cholesterol drugs 
that could complement statins. LSS is found in the ER 
and converts 2,3-oxidosqualene to lanosterol, the initial 
four-ring sterol intermediate in the cholesterol synthesis 
pathway. 24(S),25-epoxycholesterol is a liver X receptor 
ligand [49]. It also sets the template for the development of 
inhibitors with improved pharmacological properties for 
lowering cholesterol levels and treating atherosclerosis. 
Due to the dual mechanism of action of LSS (formation of 
lanosterol; formation of ligands for the liver X receptor), 
LSS inhibitors have the potential to lower plasma LDL 
levels and prevent cholesterol deposition in macrophages 
[46]. The therapeutic strategies described above are sum-
marized in Table 1.

Group of therapeutic agents Role of target in atherosclerosis Therapeutic effect

ACAT inhibitors Secretion of VLDL and the development of 
atherosclerotic lesions

Inhibition of the formation of foam cells 
and increase the serum lipid levels 

MTTP inhibitors Lipid transport between membranes and synthesis 
of lipoprotein particles

Decrease in plasma TG and cholesterol 
levels

AMPK activators FA oxidation stimulating and FA synthesis 
inhibiting

Inhibition of lipogenesis and lipoprotein 
accumulation

LSS inhibitors Cholesterol synthesis
Decline of plasma LDL levels and 
prevention of cholesterol deposition in 
macrophages

Table 1. Therapeutic strategies targeting metabolic targets in atherosclerosis, which include modulation of key metabolic protein functions.
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8. Discussion
Drug therapy-based therapeutic approaches are typi-

cally employed for atherosclerosis. Typically prescribe a 
range of medications intended to lower blood cholesterol 
and restore normal blood pressure. Statins, which work to 
control cholesterol levels, are the most often used medi-
cations for the treatment of atherosclerosis. The impor-
tant enzyme HMG-CoA reductase, which is involved in 
the manufacture of cholesterol, is inhibited by statins. The 
liver cell increases the quantity of LDL membrane recep-
tors on its surface in response to a decrease in intracellular 
cholesterol content. These receptors bind and eliminate 
LDL from the bloodstream, lowering the blood's choles-
terol concentration.

Nicotinic acid is another medication used to treat athe-
rosclerosis; it has demonstrated a number of beneficial 
benefits on lipid metabolism, however, the precise mecha-
nism underlying these effects is still unknown [51]. Nico-
tinic acid causes a deficit in plasma by lowering the liver's 
production of VLDL and partially preventing the secretion 
of fatty acids from adipose tissue. As previously stated, 
the exact mode of action of niacin is yet unknown; never-
theless, a number of possible pathways may combine to 
produce the observed lipid-modifying activity [52].

All currently available medications do not treat athero-
sclerosis or induce remission; rather, they merely assist in 
managing the condition of blood arteries. This illustrates 
the necessity of creating combination medications because 
the target disease has a complicated etiology. Further-
more, a deeper comprehension of the metabolic processes 
involved in atherogenesis is required. This could aid in 
identifying novel treatment targets.

9. Conclusion
Over the past few years, we have seen an increase in 

the burden of atherosclerotic diseases, which contributes 
to the risk of cardiovascular disease, which is becoming 
a global epidemic. The study of the cellular and molecu-
lar biological mechanisms of atherosclerosis has made it 
possible to better understand the processes leading to the 
progression of the disease and its clinical manifestations. 
Knowledge and ongoing research on the pathogenesis of 
atherosclerosis and changes in metabolic pathways will al-
low the development of effective drugs for the treatment of 
this disease. Several therapeutic strategies, namely ACAT 
inhibitors, MTTP inhibitors, AMPK activators and lanos-
terol synthase inhibitors have already shown their effecti-
veness in clinical trials.

Conflict of Interests
The author has no conflicts with any step of the article 
preparation. 

Consent for publications
The author read and approved the final manuscript for 
publication.

Ethics approval and consent to participate
No human or animals were used in the present research.

Informed Consent
The authors declare that no patients were used in this study.

Availability of data and material 

The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Authors' contributions
All authors had equal roles in study design, work, statisti-
cal analysis and manuscript writing.

Funding
This study was supported by the Russian Science Foun-
dation, Grant# 24-15-00123 (conceptualization; writing—
original draft preparation) and the Ministry of Science and 
Higher Education of the Russian Federation, Project # 
FGFU-2022-00008 (writing—review and editing; formal 
analysis; validation; funding acquisition; project adminis-
tration).

References 

1. Dichgans M, Pulit SL, Rosand J (2019) Stroke genetics: discove-
ry, biology, and clinical applications. Lancet Neurol doi:10.1016/
s1474-4422(19)30043-2

2. Mohd Nor, N.S., Al-Khateeb, A.M., Chua, Y.A., Mohd Kasim, 
N.A., & Mohd Nawawi, H. (2019). Heterozygous familial hyper-
cholesterolaemia in a pair of identical twins: a case report and 
updated review. BMC Pediatrics, 19(1). doi:10.1186/s12887-019-
1474-y 

3. Shafi, S., Ansari, H.R., Bahitham, W., & Aouabdi, S. (2019). The 
Impact of Natural Antioxidants on the Regenerative Potential of 
Vascular Cells. Frontiers in Cardiovascular Med., 6. doi:10.3389/
fcvm.2019.00028 

4. Reiss, A.B., Grossfeld, D., Kasselman, L.J., Renna, H.A., Ver-
nice, N.A., Drewes, W., … DeLeon, J. (2019). Adenosine and 
the Cardiovascular System. American Journal of Cardiovascular 
Drugs. doi:10.1007/s40256-019-00345-5 

5. Watson, M., Dardari, Z., Kianoush, S., Hall, M.E., DeFilippis, 
A.P., Keith, .RJ., … Rifai, M.A. (2019). Relationship Between 
Cigarette Smoking and Heart Failure (From the Multi-Ethnic 
Study of Atherosclerosis). The American Journal of Cardiol.. 
doi:10.1016/j.amjcard.2019.03.015 

6. Bergheanu, S.C., Bodde, M.C., & Jukema, J.W. (2017). Patho-
physiology and treatment of atherosclerosis : Current view and 
future perspective on lipoprotein modification treatment. Nether-
lands heart journal : monthly journal of the Netherlands Society 
of Cardiology and the Netherlands Heart Foundation, 25(4), 231–
242. doi: 10.1007/s12471-017-0959-2

1. 7. 
7. Park, J.S., Bae, S.H. Interplay between Saturated Free Fatty Acids 

and mmLDL Induces Inflammation in LPS-stimulated Macro-
phages. Korean Circ J. 2021 Jan;51(1):81-82. doi: 10.4070/
kcj.2020.0386

8. Jebari-Benslaiman, S., Galicia-García, U., Larrea-Sebal, A., 
Olaetxea, JR, Alloza, I., Vandenbroeck, K., Benito-Vicente, A., 
& Martín, C. (2022) . Pathophysiology of Atherosclerosis. Inter-
national journal of molecular sciences, 23(6), 3346. doi: 10.3390/
ijms23063346

9. Liu, T., Zhang, L., Joo, D., & Sun, S.C. (2017). NF-κB signaling 
in inflammation. Signal Transduction and Targeted Therapy, 2, 
17023. doi:10.1038/sigtrans.2017.23

10. De Paoli, F., Staels, B., & Chinetti-Gbaguidi, G. (2014). Macro-
phage Phenotypes and Their Modulation in Atherosclerosis. Cir-
culation Journal, 78(8), 1775-1781. doi:10.1253/circj.cj-14-0621

11. Fazio, S., Babaev, V.R., Murray, A.B., Hasty, A.H., Carter, K.J., 
Gleaves, L.A., ... Linton, MF (1997). Increased atherosclerosis in 
mice reconstituted with apolipoprotein E null macrophages. Pro-



154

Role of metabolic disorders in atherosclerosis development .          Cell. Mol. Biol. 2024, 70(9): 148-155

ceedings of the National Academy of Sciences, 94(9), 4647–4652. 
doi:10.1073/pnas.94.9.4647

12. Fisher, E.A., Feig, J.E., Hewing, B., Hazen, S.L., & Smith, J.D. 
(2012). High-Density Lipoprotein Function, Dysfunction, and 
Reverse Cholesterol Transport. Arteriosclerosis, Thrombosis, 
and Vascular Biology, 32(12), 2813–2820. doi:10.1161/atv-
baha.112.300133 

13. Poznyak A.V., Zhang D., Orekhova V., Grechko A.V., Wetzker R., 
Orekhov A.N. A brief overview of currently used atherosclerosis 
treatment approaches targeting lipid metabolism alterations. Am J 
Cardiovasc Dis. 2020;10(2):62-71. Published 2020 Jun 15

14. Sukhorukov V.N., Khotina V.A., Chegodaev Y.S., Ivanova E., 
Sobenin I.A., Orekhov A.N. Lipid Metabolism in Macrophages: 
Focus on Atherosclerosis. biomedicines. 2020;8(8):262. Pu-
blished 2020 Aug 1. doi:10.3390/biomedicines8080262

15. Lei Zhao, Z., Varghese, J.F., Moorhead, Yaxi Chen, Xiong Z. 
Ruan, CD36 and lipid metabolism in the evolution of atheroscle-
rosis, British Medical Bulletin, Volume 126, Issue 1, June 2018, 
Pages 101–112, https://doi. org/10.1093/bmb/ldy006

16. Nomura M., Liu J., Yu Z.X., et al. Macrophage fatty acid oxi-
dation inhibits atherosclerosis progression. J Mol Cell Cardiol. 
2019;127:270-276. doi:10.1016/j.yjmcc.2019.01.003

17. Gimbrone, M.A. Jr., García-Cardeña, G. (2016). Endothelial cell 
dysfunction and the pathobiology of atherosclerosis. Circ. Res. 
118, 620-636. doi: 10.1161/CIRCRESAHA.115.306301 

18. Theodorou, K., & Boon, R.A. (2018). Endothelial Cell Metabo-
lism in Atherosclerosis. Frontiers in Cell and Developmental Bio-
logy, 6. doi:10.3389/fcell.2018.00082 

19. Doddaballapur, A., Michalik, KM, Manavski, Y., Lucas, T., Hout-
kooper, R.H., You, X., et al. (2015). Laminar shear stress inhi-
bits endothelial cell metabolism via KLF2-mediated repression 
of PFKFB3. Arterioscler. Thromb. Vasc. Biol. 35, 137–145. doi: 
10.1161/ATVBAHA.114.304277 

20. Feng, S., Bowden, N., Fragiadaki, M., Souilhol, C., Hsiao, S., 
Mahmoud, M., … Evans, PC (2017). Mechanical Activation of 
Hypoxia-Inducible Factor 1 α Drives Endothelial Dysfunction at 
Atheroprone Sites. Arteriosclerosis, Thrombosis, and Vascular 
Biology, 37(11), 2087–2101. doi:10.1161/atvbaha.117.309249 

21. Cantelmo, A.R, Conradi, L.C, Brajic, A., Goveia, J., Kalucka, 
J., Pircher, A., et al. (2016). Inhibition of the glycolytic activa-
tor PFKFB3 in endothelium induces tumor vessel normalization, 
impairs metastasis, and improves chemotherapy. Cancer Cell 30, 
968–985. doi: 10.1016/j.ccell.2016.10.006 

22. Wang, K.C., Yeh, Y.T., Nguyen, P., Limqueco, E., Lopez, J., Tho-
rossian, S., et al. (2016). Flow-dependent YAP/TAZ activities 
regulate endothelial phenotypes and atherosclerosis. Proc. Natl. 
Acad. sci. USA 113, 11525–11530. doi: 10.1073/pnas.1613121113 

23. Bertero, T., Oldham, W.M., Cottrill, K.A., Pisano, S., Vanderpool, 
R.R., Yu, Q., et al. (2016). Vascular stiffness mechanoactivates 
YAP/TAZ-dependent glutaminolysis to drive pulmonary hyper-
tension. J.Clin. Invest. 126, 3313–3335. doi: 10.1172/JCI86387 

24. Wang, J.C., and Bennett, M. (2012). Aging and atherosclerosis: 
mechanisms, functional consequences, and potential therapeutics 
for cellular senescence. Circ. Res. 111, 245–259. doi: 10.1161/
CIRCRESAHA.111.261388 

25. Forrester, S.J., Kikuchi, D.S., Hernandes, M.S., Xu, Q., and 
Griendling, K.K. (2018). Reactive oxygen species in metabo-
lic and inflammatory signaling. Circ. Res. 122, 877–902. doi: 
10.1161/CIRCRESAHA.117.311401

26. Shah, MS, and Brownlee, M. (2016). Molecular and cellular me-
chanisms of cardiovascular disorders in diabetes. Circ. Res. 118, 
1808–1829. doi: 10.1161/CIRCRESAHA.116.306923 

27. Li, Q., Park, K., Li, C., Rask-Madsen, C., Mima, A., Qi, W., et al. 
(2013). Induction of vascular insulin resistance and endothelin-1 

expression and acceleration of atherosclerosis by the overexpres-
sion of protein kinase C- β isoform in the endothelium. Circ. Res. 
113, 418-427. doi: 10.1161/CIRCRESAHA.113.301074 

28. Huang, H., Vandekeere, S., Kalucka, J., Bierhansl, L., Zecchin, 
A., Bruning, U., et al. (2017). Role of glutamine and interlinked 
asparagine metabolism in vessel formation. EMBO J. 36, 2334–
2352. doi: 10.15252/embj.201695518

29. Kim, B., Li, J., Jang, C., and Arany, Z. (2017). Glutamine fuels 
proliferation but not migration of endothelial cells. EMBO J. 36, 
2321–2333. doi: 10.15252/embj.201796436

30. Pavlova, NN, Hui, S., Ghergurovich, JM, Fan, J., Intlekofer, AM, 
White, RM, et al. (2018). As extracellular glutamine levels de-
cline, asparagine becomes an essential amino acid. Cell Metab. 
27, 428.e5–438.e5. doi: 10.1016/j.cmet.2017.12.006

31. Bertero, T., Oldham, WM, Cottrill, K.A., Pisano, S., Vanderpool, 
R.R., Yu, Q., et al. (2016). Vascular stiffness mechanoactivates 
YAP/TAZ-dependent glutaminolysis to drive pulmonary hyper-
tension. J.Clin. Invest. 126, 3313–3335. doi: 10.1172/JCI86387 

32. Sen, S., Roy, S., Bandyopadhyay, G., Scott, B., Xiao, D., Rama-
doss, S., et al. (2016). Gamma-aminobutyric acid is synthesized 
and released by the endothelium: potential implications. Circ. 
Res. 119, 621-634. doi: 10.1161/CIRCRESAHA.116.308645

33. Nitz, K., Lacy, M., & Atzler, D. (2019). Amino Acids and Their 
Metabolism in Atherosclerosis. Arteriosclerosis, Thrombosis, and 
Vascular Biology. doi:10.1161/atvbaha.118.311572

34. Li, H., & Förstermann, U. (2013). Uncoupling of endothe-
lial NO synthase in atherosclerosis and vascular disease. Cur-
rent Opinion in Pharmacology, 13(2), 161–167. doi:10.1016/j.
coph.2013.01.006

35. Longchamp, A., Mirabella, T., Arduini, A., Macarthur, MR, 
Das, A., Trevino-Villarreal, JH, et al. (2018). Amino acid res-
triction triggers angiogenesis via gcn2/atf4 regulation of vegf 
and h2s production. Cell 173, 117.e14–129.e14. doi: 10.1016/j.
cell.2018.03.001

36. Michael, D.R., Ashlin, T.G., Buckley, M.L., & Ramji, D.P. (2012). 
Macrophages, lipid metabolism and gene expression in atheroge-
nesis: a therapeutic target of the future? Clinical Lipidology, 7(1), 
37–48. doi:10.2217/clp.11.73 

37. Szondy, Z., Garabuczi, Ã., JoÃ³s, G., Tsay, GJ, & Sarang, Z. 
(2014). Impaired Clearance of Apoptotic Cells in Chronic Inflam-
matory Diseases: Therapeutic Implications. Frontiers in Immuno-
logy, 5. doi:10.3389/fimmu.2014.00354 

38. Van Vre, EA, Ait-Oufella, H., Tedgui, A., & Mallat, Z. (2012). 
Apoptotic Cell Death and Efferocytosis in Atherosclerosis. Arte-
riosclerosis, Thrombosis, and Vascular Biology, 32(4), 887–893. 
doi:10.1161/atvbaha.111.224873

39. Moore, K.J., Sheedy, F.J., & Fisher, E.A. (2013). Macrophages in 
atherosclerosis: a dynamic balance. Nature Reviews Immunology, 
13(10), 709–721. doi:10.1038/nri3520 

40. Witztum, J.L., & Lichtman, A.H. (2014). The Influence of Innate 
and Adaptive Immune Responses on Atherosclerosis. Annual 
Review of Pathology: Mechanisms of Disease, 9(1), 73–102. 
doi:10.1146/annurev-pathol-020712-163936

41. Silvestre-Roig, C., de Winther, MP, Weber, C., Daemen, MJ, 
Lutgens, E., & Soehnlein, O. (2014). Atherosclerotic Plaque Des-
tabilization. Circulation Research, 114(1), 214–226. doi:10.1161/
circresaha.114.302355 

42. Buckley, M.L., & Ramji, D.P. (2015). The influence of dysfunc-
tional signaling and lipid homeostasis in mediating the inflamma-
tory responses during atherosclerosis. Biochimica et Biophysica 
Acta (BBA) - Molecular Basis of Disease, 1852(7), 1498–1510. 
doi:10.1016/j.bbadis.2015.04.011 

43. Yu, X.H., Fu, Y.C., Zhang, D.W., Yin, K., & Tang, C.-K. (2013). 
Foam cells in atherosclerosis. Clinica Chimica Acta, 424, 245–



155

Role of metabolic disorders in atherosclerosis development .          Cell. Mol. Biol. 2024, 70(9): 148-155

252. doi:10.1016/j.cca.2013.06.006
44. Poznyak, A.V., Zhang, D., Orekhova, V., Grechko, A.V., Wetzker, 

R., & Orekhov, A.N. (2020). A brief overview of currently used 
atherosclerosis treatment approaches targeting lipid metabolism 
alterations. American journal of cardiovascular disease, 10(2), 
62–71

45. Sukhorukov, V.N., Khotina, V.A, Chegodaev, Y.S., Ivanova, 
E., Sobenin, I.A, Orekhov, A.N. Lipid Metabolism in Macro-
phages: Focus on Atherosclerosis. biomedicines. 2020;8(8):262. 
doi:10.3390/biomedicines8080262

46. Mahamuni, S.P., Khose, R.D., Menaa, F., & Badole, S.L. (2012). 
Therapeutic approaches to drug targets in hyperlipidemia. BioMe-
dicine, 2(4), 137–146. doi:10.1016/j.biomed.2012.08.002

47. Lin, S.C., & Hardie, D.G. (2018). AMPK: Sensing Glucose as 
well as Cellular Energy Status. Cell Metabolism, 27(2), 299–313. 
doi:10.1016/j.cmet.2017.10.009

48. Di Minno, A., Zanobini, M., Myasoedova, V.A., et al. Could cir-
culating fetuin A be a biomarker of aortic valve stenosis?. Int J 
Cardiol. 2017;249:426-430. doi:10.1016/j.ijcard.2017.05.040

49. Zanobini, M., Loardi, C., Poggio, P., et al. The impact of pericar-
dial approach and myocardial protection onto postoperative right 
ventricle function reduction. J Cardiothorac Surg. 2018;13(1):55. 
Published 2018 Jun 5. doi:10.1186/s13019-018-0726-5

50. Sirtori, C. R. (2014). The pharmacology of statins. Pharmacologi-
cal Research, 88, 3–11. doi:10.1016/j.phrs.2014.03.002

51. Meyer-Ficca, M., & Kirkland, J.B. (2016). Niacin. Advances in 
Nutrition, 7(3), 556–558. doi:10.3945/an.115.011239

52. Blond, E., Goudable, J., & Laville, M. (2014). Nonalcoholic 
Fatty Liver Disease and Hyperuricemia: A Close Relationship 
with Hepatic Insulin Resistance after Nicotinic Acid Treat-
ment? Hormone and Metabolic Research, 47(07), 546–547. 
doi:10.1055/s-0034-1390463


