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ABSTRACT
Background: Atherosclerosis is the leading cause of cardiovascular disease (CVD). Historically, the management of athero-

sclerosis was focused on decreasing lipid profile levels; however, recent evidence demonstrated that platelets and leukocytes

play an important role in forming and exacerbating atherosclerosis. L‐arginine (L‐Arg), a precursor to nitric oxide (NO), plays a

critical role in modulating oxidative stress and influencing platelet‐leukocyte recruitment and has been extensively addressed in

the context of CVD.

Objective: We aimed to perform a comprehensive literature review on L‐Arg metabolism in the causative pathway of ather-

osclerosis compared to conventional treatment and it as a putative therapeutic approach.

Results: L‐Arg supplementation has shown promising effects on NO production, improving endothelial function and reducing

oxidative stress in preclinical models. Clinical studies have indicated moderate improvements in vascular health markers,

including reductions in inflammation and oxidative stress, although results have varied across studies. The potential of L‐Arg to
modify platelet‐leukocyte recruitment and slow the progression of atherosclerotic plaque development has been observed in

certain studies. However, these benefits remain inconsistent, and more robust clinical trials are needed to confirm its effec-

tiveness. Additionally, while L‐Arg appears to be relatively safe, some studies reported mild gastrointestinal discomfort as a

common side effect.

Conclusion: L‐Arg holds potential as a complementary or alternative treatment for atherosclerosis, particularly in improving

endothelial function and reducing inflammation and oxidative stress. However, the variability in clinical outcomes and the lack

of long‐term data required further investigation into assessing therapeutic benefits. Future studies should focus on determining

optimal dosing regimens, evaluating their long‐term safety, and assessing their potential in combination with other therapies to

enhance cardiovascular outcomes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Cardiovascular disease (CVD) is a significant cause of death that
takes more lives annually than any other disease with athero-
sclerosis being the main causative pathology [1]. CVD causes
virtually one out of every three fatalities in the United States [1],
as well as 45% of female and 39% of male fatalities in Europe [2].
By 2030, CVD is anticipated to be responsible for 23.6 million
people's death globally annually [1, 2]. Also, the prevalence of
CVD increases with age in both males and females, although it is
higher in men [1]. Approximately 47% of all Americans have at
least one of the three major CVD risk factors, which include high
blood pressure, hyperlipidemia, and smoking [3]. Previous evi-
dence demonstrated atherosclerosis as a lipoprotein‐driven and
chronic inflammatory disease, hence most of approved therapies
focus on low‐density lipoprotein (LDL) cholesterol lowering [4].
Recent understanding of pathogenesis of atherosclerosis ex-
plained three stages as imbalanced lipid metabolism integrated
with misconducted immune response leading to chronic
inflammatory process in the blood vessel wall. For many years,
platelets were known as a key player in thrombosis and hemo-
stasis, but recent studies demonstrate the causative relationship
between atherosclerosis and the three major bases: cellular ef-
fects, signaling, and inflammation [5, 6]. Novel investigations
showed a complex interplay of leukocytes and platelets with
specific receptors adhering to the endothelial layer of the vessels,
which may serve as one of the main causes of atherosclerosis.
These circumstances lead to platelet‐leukocyte aggregates (PLA)
formation, which is exacerbated by stress, thrombosis, lipid
accumulation, endothelial damage, immunological response, and
activation of platelets or leukocytes [4–6].

Recent experimental studies suggest that platelet‐leukocyte
recruitment instigate the growth and expansion of athero-
sclerosis plaque by increasing leukocyte phagocytic activity,
production of reactive oxygen species (ROS), leukocyte trans-
migration over the vascular endothelial inner layer, activation
of coagulation via tissue factor, Netosis and neuroendocrine
tumor [7–9]. In this regard, the Canakinumab Anti‐
inflammatory Thrombosis Outcomes Study demonstrated that
anti‐inflammatory therapy targeted interleukin‐1β indepen-
dently of lipid‐lowering drugs, significantly reduced high‐
sensitivity C‐reactive protein and the incidence of recurrent
CVD [10]. An in vivo study showed anti‐inflammatory drugs
such as hydroxyurea are effective for regressing the plaques
more than conventional antithrombotic, and they also demon-
strated combining them with statin and antiplatelet roughly
eliminates the atherosclerosis plaque [11]. Another study uti-
lizing methotrexate in a Rabbit Model of in‐stent neoathero-
sclerosis exhibited a reduction in plaque formation and long‐
term risk of late thrombosis [12]. The regression of the plaque
by the drugs mentioned above is due to the decrease in the
recruitment of white blood cells (WBCs) in endothelial cells.
Nevertheless, these medications require special consideration
for their complications and toxicity. Thereby, there is a need
for alternative therapeutics that are low‐cost, available,
non‐invasive, have a lower risk of recurrence and favorable
outcomes.

Cellular factors interactions, such as endothelial cells, platelets,
and WBC, with cellular mediators and biochemical factors, may

have contributed to the progression and acceleration of plaque
formation, which certain amino acids and their metabolism
may affect them. L‐arginine (L‐Arg) is a semi‐essential amino
acid that has two metabolism pathways and serves as a pre-
cursor of nitric oxide (NO) that affects oxidative stress, platelet‐
leukocyte recruitment, and oxidative stress has been extensively
addressed in the context of CVD. The current study focuses on
L‐Arg metabolism in the causative pathway of atherosclerosis
compared to conventional treatment and it as a putative ther-
apeutic approach in atherosclerosis.

2 | Inhibition of Cellular Factors

2.1 | Endothelial Cells

Endothelium provides the basis of the atheroma formation and
its interface between the blood cells [13, 14]. Endothelial cells
are pivotal in angiogenesis, and their injury or dysfunction
represents a key factor in the progression of CVDs [15, 16].
Research indicates that after vascular graft implantation,
inadequate endothelialization coupled with excessive SMCs
proliferation over time can contribute to developing of throm-
bosis [15, 16]. High‐cholesterol diet can alter the expression of
vascular cell adhesion protein and other adhesion molecules
that result in an increased bind of leukocytes to the en-
dothelium. On the other hand, this can also enhance the
attachment of chemoattractants that facilitate the passage of
leukocytes into the intima [13, 14]. Endothelial cells expressing
endothelial nitric oxide synthesis (eNOS) lead to hydrolyze L‐
Arg into NO, which has vasodilation effects and ameliorates
atheroprotective functions Figures 1 and 2 [4]. In athero-
sclerosis, eNOS may become uncoupled, producing ROS rather
than NO, resulting in endothelial dysfunction. Whereas L‐Arg is
metabolized by arginase, l‐homoarginine serves as an arginase
regulator [4]. Furthermore, some conditions such as oxidative
stress, LDL, and cholesterol, as well as limited bioavailability of
L‐Arg, eNOS, and NO can alter the L‐Arg hydrolyze pathway
and produce uncoupled eNOS. This vicious cycle produces
superoxide instead of NO, which oxidizes LDL and promotes
endothelial cell dysfunction [17, 18]. Correspondingly,
Kuhlencordt et al. [19] studied ApoE‐/‐ knockout mice with
eNOS deficiency, which had more evidence of hypertension and
atherosclerosis risk. On contrary, Shi et al. [20] using eNOS‐
deficient mice showed paradoxically the absence of eNOS‐
mediated LDL oxidation may diminish the risk of athero-
sclerosis. L‐Arg activates eNOS, leading to NO synthesis,
which plays a critical role in modulating vascular tone, regu-
lating thrombosis formation, and mediating inflammatory
processes [21, 22]. Recent research has shown that L‐Arg,
when used as an adjunct to budesonide, enhances NOS ex-
pression in endothelial cells, providing a substrate for eNOS
and facilitating NO synthesis [22]. Furthermore, in vivo
treatment with budesonide and L‐Arg loaded nanoparticles
can significantly reduce the extent of arteriosclerotic plaque
formation [22, 23]. Moreover, L‐Arg serves as a substrate for
endothelial cells, which release extracellular vesicles contain-
ing NOS enzymes and bioactive molecules as well as NO [24].
These components play a crucial role in maintaining vascular
homeostasis, further highlighting L‐Arg's contribution to ath-
erosclerosis [24].
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Proteomic analysis revealed that the physiological level of L‐Arg
(e.g., 0.1 mM) affects the expression of structural proteins
(vimentin and tropomyosin) and cytochrome bc1 in coronary
venular endothelial cells, which also had beneficial effects on

the cellular redox state and enhanced NO production in en-
dothelial cells [25]. A study evaluated the effect of L‐Arg on the
circulatory system in a rabbit model of hypercholesterolemia.
The finding indicated that L‐Arg supplementation statistically

FIGURE 1 | Molecular process of the atherosclerosis plaque formation.

FIGURE 2 | Leukocytes and smooth muscle cell interaction in plaque formation.
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significantly affects endothelial progenitor cells, angiogenesis,
NO, decreased ICAM1 and VCAM in endothelial cells, and
prevented von Willebrand Factor increment and atherosclerosis
development [26].

2.2 | Platelets

As an inflammatory mediator, platelets interact with ECs and
leukocytes (mainly monocytes) to participate in the formation
of atherosclerotic lesions. Pro‐atherosclerosis factors can easily
lead to platelet activation. The activated platelets express a
variety of adhesion receptors. These receptors bind their matrix
proteins (GPIb‐vWF, GPVI‐collagen, and GPIIb‐IIIa‐fibrinogen)
to mediate platelet adhesion on ECs or leukocytes (P‐selectin
glycoprotein ligand‐1 [PSGL] and Clec2‐PDPN) [27]. Moreover,
platelet activation releases a variety of inflammatory factors
(cytokines, chemokines, growth factors, and others). These
inflammatory mediators can also be induced and expressed in
neighboring cells, such as monocytes/macrophages, neu-
trophils, and ECs, which in turn affected platelets. Also, acti-
vated platelets by binding to WBCs and forming platelet
leukocyte aggregate. Lead to recruitment of WBCs, especially
monocytes and neutrophils to plaque and the development of
atherosclerotic plaque [27]. L‐Arg scavenges aggregation, aug-
ments cyclic GMP levels, and promotes the Soluble guanylyl
cyclase in collagen‐activated platelets [28]. A prospective,
double‐blind, randomized crossover trial evaluated the 12
healthy men who received oral L‐Arg (7 g/oral day) and showed
that L‐Arg inhibited platelet aggregation through the NO
pathway [29]. Studies revealed that dysfunctional vascular en-
dothelium, thinning of endothelial glycocalyx, functional
alteration induced by impaired NO bioavailability, and elevated
level of von Willebrand factor contribute to platelet activation,
which L‐Arg has been shown can exert inhibition effects on
those factors and furnish stable hemodynamics [30–32]. The
known functions of platelet‐derived NO are shown in Figures 1
and 3. L‐Arg can limit the main functions of platelets in
thrombosis formation such as, adhesion, aggregation, and
degranulation through the production of NO.

2.3 | Leukocytes Recruitment

Atherosclerosis is the leading cause of death worldwide and
leukocyte recruitment is a key element of this phenomenon,
thus allowing immune cells to enter the arterial wall. There, in
concert with accumulating lipids, the invading leukocytes trig-
ger a plethora of inflammatory responses which promote the
influx of additional leukocytes and lead to the continued growth
of atherosclerotic plaques. The recruitment process follows a
precise scheme of tethering, rolling, firm arrest, crawling, and
transmigration and involves multiple cellular and subcellular
players. Circulating leukocytes are initially captured and begin
rolling along the endothelium layer to commence the leukocyte
recruitment cascade Figure 1 [33]. Furthermore, macrophage
capping protein 1, a protein that modulates actin dynamics,
plays an important role in macrophage migration and inflam-
matory responses, which are critical in atherosclerosis plaque
formation and instability [34] (Figure 1). Intercellular adhesion
molecule 1 (ICAM‐1) and other endothelial ligands are bound

by activated 2 integrins like LFA‐1 (CD11a/CD18) and Mac‐1
(CD11b/CD18), resulting in firm adhesion to the inflamed en-
dothelium cells and transmigration through a chemokine gra-
dient [33, 35]. Polymorphonuclear leukocytes (PMNs)
catabolize the L‐Arg by expressing Arginase‐1 and iNOS; sub-
sequently, this depletion may locally suppress T‐cell functions
[35]. Similarly, PMN arginase mitigating the L‐Arg levels sup-
pressed the human natural killer [36]. Furthermore, L‐Arg
reduces leukocyte recruitment [37] through the inhibition of
ICAM‐1 on endothelial cells [38] and induces anti‐
inflammatory effects on the PMNs. Also, studies showed that L‐
Arg mitigated the ex vivo leukocyte recruitment in term‐born
infants, whereas no statistically significant effect was distinct in
preterm‐born infants [39]. Moreover, regarding the protective
role of L‐Arg in CVD, it modulates the proteins involved in the
cellular redox system, remodeling of extracellular matrix, and
inflammatory activation of aortic interstitial valve cells, which
leads to preventing osteogenic differentiation of aortic valve
cells and reduces matrix calcification [40]. Aortic valve cell
calcification may provide the substrate for leukocyte recruit-
ment and highlight the production role of L‐Arg as scavenging
vasoconstriction and leukocyte recruitment. Knight et al. [41]
evaluated the apolipoprotein E‐deficient (ApoE−/−) mice
revealed that L‐Arg reduced the neutrophil and macrophage
recruitment, and delayed time to carotid artery thrombosis.
Mitochondrial dysfunction is closely linked to the progression of
atherosclerotic plaques. Studies indicate that increased mito-
chondrial ROS production is associated with plaque develop-
ment, as observed in hypercholesterolemic LDL receptor‐
deficient (LDLR−/−) and ApoE−/− mouse models [42–44].
Similarly, human studies have demonstrated that reduced
mitochondrial oxygen consumption contributes to the formation
of fibrous caps and necrotic core regions, further highlighting the
role of mitochondrial dysfunction in plaque progression [45].

2.4 | Smooth Muscle Cells Proliferation

The proliferation of vascular smooth muscle cells (VSMCs)
under pathological conditions directly contributes to the pro-
gression of CVDs, such as atherosclerosis, hypertension, and
restenosis. Native LDL as a mitogenic molecule in endothelial
dysfunction lesions is a major independent risk factor for the
progression of VSMCs and atherosclerosis [46–48]. However,
long‐term oral L‐Arg (3 g/d) in 133 patients with peripheral
arterial disease did not enhance the NO synthesis and vascular
reactivity [49]. Evidence showed that increased arginase activity
provoked the formation of spermine, which may induce mito-
chondrial Ca2+ absorption through mitochondrial p32 protein
and put the mitochondria in a pathological posture to stimulate
ROS generation, cytochrome C release, apoptosis, and agonist‐
induced vasoconstriction activity [50–52]. Platelet‐derived
growth factor and heparin‐binding epidermal growth factor
are pivotal in the pathophysiology of CVD [53]. They drive
smooth muscle cell (SMC) proliferation and migration, which
contribute to vascular remodeling, the formation of intimal
hyperplasia, and the activation of endothelial cells, thereby
exacerbating the progression of atherosclerosis [53] (Figure 1).

Limonin as an arginase inhibitor prevented phosphorylation of
PKCβII by native low‐density lipoprotein (nLDL) stimulation
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via a decrease in mitochondrial ROS formation. Therefore,
arginase inhibitor, limonin, showed antiproliferative effect in
nLDL‐stimulated VSMC. that increased intracellular L‐Arg by
arginase inhibition had beneficial effects on the prevention of
VSMC proliferation in the presence of high concentrations of
nLDL. However, it is still unclear whether L‐Arg supplemen-
tation may have the same effect. Moreover, increased intra-
cellular L‐Arg by arginase prevention had beneficial effects on
the inhibition of VSMCs proliferation in the presence of high
concentrations of native LDL [52]. Similarly, another study
showed elevated L‐Arg levels after inhibiting limonin‐
dependent arginase hampered native LDL‐stimulated VSMC
proliferation [46]. Although, whether L‐Arg supplementation
may have the same effect remains elusive.

2.5 | PLA

Platelets are well known for their role in thrombotic disease,
and traditionally, antiplatelets and anticoagulants are con-
stantly utilized in the treatment and prevention of myocardial
infarction and stroke [54]. Recent studies demonstrated that
platelets function exceeds the thrombosis formation and plays a
role in inflammation, facilitating tissue repair and expansion of
various cancer metastasis [55], which the majority of them ex-
erted in contributing to interactions between platelets and other
circulating cell types [56, 57]. Leukocyte's attraction to the

developing atherosclerotic plaque triggers atherogenesis and
subsequently, platelets facilitate the leukocyte adhesion to the
endothelial cells and transmigration through the layers [58].
Furthermore, platelets induce the formation of foam cells from
adherent macrophages [54]. PLA participates in CVD. Increased
levels of PLA were revealed in acute and chronic coronary
syndromes, carotid stenosis, cardiovascular risk factors, and
platelets by binding to WBCs and forming platelet leukocyte
aggregate, causing functional, content, and morphological
changes in WBCs. These changes are shown in Figure 3. Also,
L‐Arg generates the NO in the presence of high Ca2+ levels,
which may prevent the PLA [51, 52, 54]. Literature elucidated
the momentous effect of PLA, particularly monocytes, on ath-
erogenesis and CVD.

Studies demonstrated the predictive role of neutrophil counts in
future coronary events [59, 60], and other evidence showed that
local neutrophil accumulation is related to outcomes of CVD
[61]. Murine models have shown that neutrophil extracellular
traps (NET) primed macrophages for interleukin‐1β secretion,
activating T helper 17 cells that reinforce leukocyte recruitment
in atherosclerotic plaque formation, prompt oxidative stress,
and oxidize high‐density lipoprotein particles [62, 63], while
inhibition of factors required for NET formation mitigated the
size of the plaque [41]. Moreover, NET promotes endothelial
cell dysfunction and apoptosis and induces the production
of anti‐double‐stranded‐DNA autoantibodies. Animal studies

FIGURE 3 | Platelet‐leukocyte aggregation mechanism in atherosclerosis.
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showed that L‐Arg by inhibiting NET formation can reduced
atherosclerosis and arterial thrombosis in ApoE–/–murine [41].
Notably, NET furnishes a previously unsuspected association
between prothrombotic molecules accumulation, such as von
Willebrand factor and fibrinogen, and subsequently signifi-
cantly contributing to plaque formation [64]. L‐Arg by gener-
ating NO when the platelet NO production and responsiveness
are suppressed in hypertension, could prevent the monocyte‐
platelet aggregates [65]. In summary, by producing NO in
platelets, arginine reduces p‐selectin on the surface of platelets.
Further, with the reduction of p‐selectin, its binding to PSGL on
the surface of WBCs is reduced, and therefore, the formation of
PLA is reduced, and as a result, the recruitment of WBCs to the
atherosclerotic plaque is also reduced.

3 | Inhibition of Cytokine and ROS

3.1 | Production ROS

ROS possess a meaningful role in preserving the vascular proper
condition, but to preclude inflammation and endothelial dys-
function, the generation of ROS must be kept under control
[66]. The major ROS production sources in the vasculature are
four pathways including mitochondrial electron transport
chain, NADPH oxidases, xanthine oxidase, and endothelial ni-
tric oxide synthase (eNOS) [66]. ROS plays a role in athero-
sclerosis in various fashions. A major mechanism is lipid
oxidation in which accumulated LDL in arterial wall undergoes
oxidative modification through ROS produced by
NADPH oxidase or uncoupled eNOS [66, 67]. This pathway
generates oxidized LDL which is a pro‐atherogenic molecule
and causes impairment of NO generation and induction of
leukocyte adhesion expression [66, 67]. Another mechanism is
the promotion of endothelial dysfunction through induction of
NFκB and subsequent promotion of VCAM‐1, ICAM‐1,
E‐selectin, and cytokines such as TNF‐α [66]. A noteworthy
mechanism is upregulation of oxidized low‐density lipoprotein
receptor‐1 (LOX‐1) by oxidized LDL and as a consequence,
apoptosis and inflammation are induced concurrent with
downregulation of eNOS [66]. Other suggested mechanisms of
participation of ROS in the progression of atherosclerosis are
DNA oxidation, inflammation, and matrix metalloproteinase
(MMP) expression [66]. Oxidized LDL promotes MMP‐1, MMP‐
2, and MMP‐9 production that stimulates atherosclerotic plaque
rupture and thrombus formation [67]. L‐Arg plays as the sub-
strate for the enzymatic production of NO in endothelial cells,
which possess a principal role in vascular tone and cardiovas-
cular homeostasis [7, 9]. NOS isoforms, iNOS, eNOS, and
neuronal (nNOS) are the enzyme that produces NO from L‐Arg
[7, 8]. The eNOS and nNOS are constitutively expressed, while
cytokines and inflammatory responses induce expression of the
iNOS [9]. To generate NOS from L‐Arg, first, the arginine is
hydroxylated to Nω ‐hydroxy‐arginine, and then it is oxidized
into citrulline and NO, and both steps occur via NOS [9]. The
oxygenase domain first receives one electron from the reductase
domain to form the key ferrous heme intermediate for subse-
quent oxygen attack, and the second reducing equivalent
needed for it to transform further to the peroxy ferric heme
comes from a BH4 cofactor adjacent to the heme [68]. BH4
stabilizes the structure of the NOS, enhances the affinity of

L‐Arg to NOS, and supports the destabilization of the oxyfer-
rous complex [68]. L‐Arg can modulate the secretion of cyto-
kines and growth factors by myofibroblasts through the
arginase pathway, influencing vascular remodeling and ather-
osclerosis plaque stability [69]. Additionally, L‐Arg affects NOS/
arginase balance and subsequently affects antigen‐presenting
cells‐derived extracellular vesicles, which can propagate signals
that influence atherosclerosis plaque progression [70].

NO is a potent endogenous vasodilator and concurrently pos-
sesses anti‐inflammatory, antiproliferative, and anti‐thrombotic
properties, thus, it is considered a vasoprotective agent [71].
Low amounts of NO are associated with vascular complications
such as hypertension, hypercholesterolemia, diabetes, and ath-
erosclerosis, while large amounts of it react with superoxide
onion and involve in pro‐inflammatory reactions and tissue
damage [68, 71]. Previous studies demonstrated that the
administration of the L‐Arg could lead to vasodilation in ath-
erosclerosis and hypercholesterolemia through NO production,
although some studies did not observe any improvement [71]. A
recent study showed that the composition of trehalose and
L‐Arg as carrier‐free nanomotor facilitated its direct reaction
with ROS to stimulate NO production and mitigate the
inflammatory microenvironment within atherosclerotic plaques
[72]. The low levels of L‐Arg or BH4 cause uncoupling of the
reactions and lead to the production of superoxide and/or
hydrogen peroxide rather than NO [68]. The ROS are generated
by both eNOS and nNOS mainly by the means of oxygenase
domain, but the regulation mechanism in eNOS is a decrease in
production due to BH4, and in nNOS is attenuation of super-
oxide and hydrogen peroxide production by L‐Arg [68].

3.2 | L‐Arg and Cytokines

Cytokines including interleukins (ILs), tumor necrosis factors
(TNFs), and several other entities, are a group of molecules that
possess an important role in the development of inflammatory
pathways [73, 74]. Cytokines are secreted by various cells such as
T cells and endothelial cells as a consequence of presence of
stimuli and the increase in generation of inflammatory cytokines
is associated with development and advancement of athero-
sclerosis [73, 74]. These molecules participate in progression of
atherosclerosis in various means including activation of en-
dothelial cells, endothelial cell dysfunction, promotion of immune
cell migration, induction of growth and proliferation of smooth
muscle cells, and most outstandingly, atherosclerotic plaque de-
stabilization, apoptosis, and matrix degradation leading to
thrombus establishment [73]. IFN‐γ, TNF‐α, and IL‐1β play a role
in apoptosis of macrophages and foam cells and as a result, the
lipid core of the plaque is enlarged [74]. IFN‐γ and IL‐18 induce
the disruption of the plaque and subsequent thrombus formation
[74]. A previous study demonstrated that administration of L‐Arg
meaningfully diminished the levels of IL‐2, IL‐6, and IFN‐γ which
are considered noteworthy pro‐inflammatory cytokines [75]. An
increase in levels of TNF‐α, and IL‐1β in the setting of amino acids
malnutrition including L‐Arg was observed and this exacerbates
oxidative stress and inflammation [76]. A study demonstrated that
administration of L‐Arg led to a major reduction in levels of TNF‐
α, IL‐1β, IL‐1α, and IL‐6 which are inflammatory cytokines but
did not affect the snit‐inflammatory cytokines including IL‐4 and
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IL‐10 [76]. Concurrent with direct inhibition of inflammatory
cytokine production, promoting NO generation by L‐Arg, reduced
leukocyte adhesion in post‐ischemic tissue [76].

4 | Inhibition of Cellular Signaling

4.1 | NF‐kB Pathway Signaling

L‐Arg has gained attention for its potential in modulating cel-
lular signaling pathways. Specifically, it has been investigated
for its role in inhibiting the nuclear factor kappa B (NF‐κB) and
TNF pathway signaling. We delved into the mechanisms by
which L‐Arg can effectively inhibit these pathways, high-
lighting its therapeutic implications for various diseases. First,
the NF‐kB signaling pathway has been extensively studied and
found to play a crucial role in various inflammatory diseases,
including atherosclerosis. Atherosclerosis involves complex
processes, and key mediators like adhesion molecules and
chemokines are implicated in different stages of the disease,
ranging from the initiation of plaque formation to plaque rup-
ture. Notably, the recruitment of leukocytes to the vascular
intima is a multistep process heavily reliant on chemokines and
adhesion molecules, which are regulated through NF‐kB sig-
naling in endothelial cells. The canonical pathway of NF‐kB
activation also controls important factors that influence the
thrombotic potential of atherosclerotic plaques, such as tissue
factor, MMPs, and inflammatory cytokines. Additionally, stud-
ies have demonstrated that JNK‐ATF2 signaling‐induced NF‐kB
expression in endothelial cells disrupts blood flow, promoting
arterial inflammation and sustaining the vascular inflammatory
burden, thereby contributing to the development of athero-
sclerosis. Activation of NF‐kB in endothelial cells triggers the
expression of a wide array of adhesion molecules, which
orchestrates the invasion of inflammatory cells into the vascular
wall and facilitates the migration of smooth muscle cells,
leading to remodeling of the extracellular matrix. This critical
involvement of the NF‐kB pathway unites these processes in
cells of different origins, ultimately driving the progressive
accumulation and proliferation of smooth muscle cells in the
intima, which significantly contributes to the progression of
atherosclerosis. Moreover, studies have investigated the impact
of oxidative modification on NF‐kB, revealing its ability to
suppress the expression of the γ‐glutamylcysteine synthetase
gene in cells treated with oxidized LDL. Interestingly, the effect
of oxidized LDL on NF‐kB activation appears to be dose‐
dependent, as lower concentrations of oxidized LDL may
actually lead to an increase in the expression of pro‐
inflammatory genes, including adhesion molecules [77]. NF‐κB
is a transcription factor composed of two subunits that play a
crucial role in various cellular processes, including inflamma-
tion, the immune response of the host, cell adhesion, signaling
for growth, cell proliferation, cell differentiation, and defense
against apoptosis [78]. Because the NF‐κB transcription factors
are fundamental regulators of immunity and inflammation,
their defense responses are bioenergetically costly. This requires
the immune system to balance protection against pathogens
with the need to maintain metabolic homeostasis. Conse-
quently, the activation of NF‐κB signaling is tightly controlled
[79]. However, the improper regulation of NF‐κB activation has
been implicated in diseases associated with inflammation,

including cancers, autoimmune disorders, and conditions with
anti‐inflammatory responses. Furthermore, dysregulation of the
immune system can lead to chronic inflammation, contributing
to the development of long‐term or systemic inflammatory
diseases such as rheumatoid arthritis, inflammatory bowel
disease, and psoriasis [80]. L‐Arg has shown promise in in-
hibiting NF‐κB activation through various mechanisms. First,
utilizing the antioxidant properties of L‐Arg, it has been dem-
onstrated that it is capable of reducing the production of ROS,
thereby decreasing oxidative stress [81]. This decrease will
prevent the activation of a variety of transcription factors,
mainly NF‐κB, involved in inflammatory pathways. Hence, the
reduction of ROS levels by L‐Arg will contribute to mitigate NF‐
κB signaling [82]. Additionally, L‐Arg can modulate NF‐κB
activation by influencing NO production. L‐Arg acts as a sub-
strate for NOS to synthesize NO [83]. NO, in turn, directly
suppresses the activation and expression of NF‐κB, phospho-
rylates the inhibitor of NF‐κB kinase, and inhibits the trans-
portation of NF‐κB to the nucleus. Consequently, this
suppression of the NF‐κB signaling pathway is responsible for
the anti‐inflammatory effect, effectively countering the pro‐
inflammatory effects of NF‐κB [84]. Moreover, L‐Arg has been
observed to exert control over NF‐κB signaling by influencing
the expression of pro‐inflammatory cytokines. L‐Arg possesses
the capability to decrease the production of pro‐inflammatory
cytokines such as IL‐6 and TNF‐α [85]. These cytokines play
fundamental roles in NF‐κB‐mediated inflammation. Therefore,
by suppressing their levels, the NF‐κB signaling pathway can be
attenuated, leading to a dampened inflammatory response [86].

A recent study discovered that the utilization of L‐Arg has the
potential to effectively treat significant chronic inflammatory
diseases like atherosclerosis. By employing a combination of
medicinal plants and bioactive compounds or metabolites,
known for their minimal side effects, the study successfully
elevated L‐Arg levels. Consequently, this elevation led to
increased NO bioavailability, resulting in the improvement of
endothelial dysfunction and ultimately preventing the occur-
rence of atherosclerosis [87].

4.2 | TNF Pathway Signaling

Extensive research has shed light on the TNF‐α signaling
pathway and its potential implication in atherosclerosis pro-
gression. It has been found that TNF‐α plays a role in facili-
tating the transcytosis of lipoproteins, particularly LDL, across
endothelial cells. Notably, experiments conducted on human
umbilical vein endothelial cells have shown that TNF‐α signif-
icantly enhances the transcytosis of LDL, leading to an
increased accumulation of LDL within the vascular walls. As a
result, TNF‐α‘s involvement in promoting the transcytosis of
LDL across endothelial cells contributes to the retention of li-
poproteins in the vascular walls, which could further exacerbate
the development of atherosclerosis [88]. The TNF‐α plays a vital
role in initiating signal transduction pathways by binding to two
distinct receptors. These pathways are involved in a range of
physiological and pathological processes, including inflamma-
tion, immune response, and cell survival and proliferation.
However, excessive activation of TNF‐α signaling leads to
chronic inflammation, which can eventually result in the
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development of various pathological complications, including
autoimmune diseases [89]. L‐Arg has demonstrated the ability
to control the signaling of TNF pathway. Controlling NOS is
one way that L‐Arg affects this process. The NOS‐related
pathways are responsible for mediating the respiratory effects of
TNF‐α and are at the core of how inflammation affects respi-
ratory function [90]. Additionally, L‐Arg has the ability to
impact the generation and function of TNF‐α, a crucial cytokine
involved in the TNF pathway. Studies had shown that supple-
menting with L‐Arg can lower the production of TNF‐α in
various cell types and animal models [91]. L‐Arg facilitated the
reduction in TNF‐α levels, which assists in mitigating the
inflammatory effects mediated by the TNF pathway [91]. Fur-
thermore, L‐Arg has previously been identified for its potential
to hinder the activation of NF‐κB, which, in turn, can assist in
managing the activation of TNF receptors. NF‐κB genes encode
NF‐κB dimers, which are instrumental in governing the tran-
scription of various vital inflammatory proteins, including
TNF‐α [92].

L‐Arg has been extensively studied for its diverse mechanisms
of inhibiting NF‐κB and TNF‐α, making it a promising treat-
ment option for conditions that require the suppression of these
pathways, including atherosclerosis. In one particular study,
researchers explored the effects of arctium lappa root extract
(ALE), a natural extract enriched with L‐Arg as a key compo-
nent, to assess its potential in mitigating inflammation and
improving endothelial dysfunction [93]. The study revealed that
ALE exhibited remarkable anti‐inflammatory properties and
effectively ameliorated endothelial dysfunction. These benefi-
cial effects were attributed to the suppression of NF‐κB signal-
ing, which consequently led to a reduction in TNF‐α‐induced
monocyte adhesion to the vascular endothelium. By impeding
the movement of monocytes into the vascular endothelium
triggered by TNF‐α, ALE showcased its ability to thwart the
initial stages of atherosclerosis. Moreover, the study demon-
strated that ALE had a profound impact on the expression of
genes responsible for producing inflammatory cytokines such as
IL‐1β, IL‐6, TNF‐α, and monocyte chemoattractant protein‐1
(MCP‐1) [93]. The extract successfully reduced the expression of
these pro‐inflammatory genes, further supporting its potential
as a valuable functional food choice for alleviating athero-
sclerosis. These compelling findings contribute to the growing
body of evidence suggesting the potential therapeutic value of
ALE in combatting atherosclerosis [93].

Lastly, L‐Arg has been shown to inhibit the signaling of two
important pathways in the human, NF‐κB and TNF. This
inhibition occurs through multiple mechanisms. These findings
suggest that L‐Arg could be a promising therapeutic target for
diseases that are caused by problems with cellular signaling.
However, more research and clinical studies are needed to fully
understand the therapeutic potential of L‐Arg in various disease
conditions.

5 | Conclusion

L‐Arg affects atherosclerosis in various mechanisms. In ather-
osclerosis, eNOS may become uncoupled in endothelial cells,
producing ROS rather than NO, resulting in endothelial

dysfunction. L‐Arg affects the expression of structural proteins
(vimentin and tropomyosin) and cytochrome bc1 in coronary
venular endothelial cells, which also had beneficial effects on
the cellular redox state and enhanced NO production in en-
dothelial cells. L‐Arg inhibited platelet aggregation through
the NO pathway. Studies revealed that dysfunctional vascular
endothelium, thinning of endothelial glycocalyx, functional
alteration induced by impaired NO bioavailability, and ele-
vated level of von Willebrand factor contribute to platelet
activation, which L‐Arg has been shown can exert inhibition
effects on those factors and furnish stable hemodynamics. L‐
Arg reduced neutrophil and macrophage recruitment and
delayed time to carotid artery thrombosis. By generating NO
when the platelet NO production and responsiveness are
suppressed in hypertension, L‐Arg could prevent the
monocyte‐platelet aggregates. Another mechanism that L‐Arg
affects atherosclerosis is the inhibition of cellular signaling,
including NF‐κB and TNF‐α pathways. L‐Arg can modulate
NF‐κB activation by influencing NO production. L‐Arg acts as
a substrate for NO production. NO directly suppresses the
activation and expression of NF‐κB, phosphorylates the
inhibitor of NF‐κB kinase, and inhibits the transportation of
NF‐κB to the nucleus. Consequently, this suppression of
the NF‐κB signaling pathway is responsible for the anti‐
inflammatory effect, effectively countering the pro‐
inflammatory effects of NF‐κB. L‐Arg has demonstrated the
ability to control the signaling of the TNF pathway. Main-
taining NOS is one way that L‐Arg affects this process. The
NOS‐related pathways mediate the respiratory effects of TNF‐
α and are at the core of how inflammation affects respiratory
function. Additionally, L‐Arg has the ability to impact the
generation and function of TNF‐α, a crucial cytokine involved
in the TNF pathway. Therefore, L‐Arg could be considered an
alternative therapeutic option for atherosclerosis.
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