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Abstract
Delaying the development of atherosclerosis (AS) and decreasing cardiac ischemia-reperfusion damage remain 
serious challenges for the medical community. Chronic arterial disease, i.e., AS, is frequently linked to oxidative 
stress and inflammation as significant contributing causes. AS risk factors, such as hyperlipidemia, high blood 
pressure, age, hyperglycemia, smoking, high cholesterol, and irregular sleep patterns, can exacerbate AS in the 
carotid artery and further shrink its lumen. Finding new approaches that support plaque inhibition or stability is 
an ongoing problem. The last ten years have shown us that melatonin (MLT) affects the cardiovascular system, 
although its exact mechanisms of action are yet unknown. MLT’s direct free radical scavenger activity, its indirect 
antioxidant qualities, and its anti-inflammatory capabilities all contribute to its atheroprotective effects on several 
pathogenic signaling pathways. Herein, we examine the evidence showing that MLT treatment has significant 
protective effects against AS and AS-related cardiovascular diseases. The numerous pieces of the puzzle that have 
been as for epigenetic and biogenetic targets for prevention and therapy against the atherosclerotic pathogenic 
processes are identified.
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Introduction
The primary cause of cardiovascular disease (CVD) is 
atherosclerosis (AS), a chronic inflammatory disease of 
the arterial wall characterized by stenosis, plaque rup-
ture, or occlusion because of thrombosis and platelet 
aggregation [1, 2]. Age-related illnesses and aging-related 
aging are associated with disruption of the pathways 
responsible for programmed cell death (PCD), which is 
necessary for tissue homeostasis and cell turnover [3, 4]. 
A multiprotein complex known as the inflammasome 
mediates pyroptosis, a kind of pro-inflammatory PCD 
[5, 6]. NOD-like receptor family protein 3 (NLRP3) binds 
the adaptor protein apoptosis-associated speck-like pro-
tein containing in the traditional pyroptosis pathway, 
which leads to the maturation of interleukin-18 (IL-18) 
and pro-caspase-1 (IL-1β) and the cleavage of pro-cas-
pase-1 into physiologically active caspase-1 [7, 8]. By acti-
vating the NLRP3 inflammasome during AS, a number of 
detrimental cardiovascular variables can cause inflam-
mation and worsen atheroma development; blocking the 
inflammasome helps to stabilize the plaque [9, 10]. The 
PCD processes of pyroptosis and apoptosis are distin-
guished by caspase dependency, nuclear condensation, 
and chromatin condensation. The connection between 
pyroptosis and apoptosis has not been extensively stud-
ied, although a number of crucial proteins, including 
those between FADD and caspase-8 [11], gasdermin D 
(GSDMD) and caspase-1 [12, 13], and GSDME and cas-
pase-3 [14, 15], are known to mediate between the two 
types of cell death.

The pineal indoleamine melatonin (MLT), exhibits a 
circadian rhythm and is more abundantly produced at 
night. One function of the circadian MLT rhythm is to 
influence sleep/wake cycle [16, 17]. In addition to MLT 
production by the pineal gland, the mitochondria of all 
other organs also likely synthesize MLT [16]. Unlike the 
pinealocytes, these cells do not release MLT but rather 
use in intracellularly to protect against oxidative stress, 
etc. MLT has a variety of metabolic, vasomotor, anti-
oxidant, and anti-inflammatory actions [18]. These cells 
produce MLT in their mitochondria [17]. This MLT 
functions locally, without being released or exhibiting a 
circadian rhythm; its function shields cells from oxida-
tive and inflammatory damage [19]. Through receptor-
dependent signaling pathways and chemical interactions 
with free radicals, MLT provides electrons to neutral-
ize radical products and carries out anti-inflammatory 
and other antioxidant effects by stimulating antioxi-
dant enzymes [20, 21]. The main MLT receptors include 
MT1, MT2, MT3, and retinoid-related orphan receptors, 
which, when activated, influence the heart and blood 
vessels [22]. MT3 is not a conventional MLT receptor 
in the strict sense; it is an enzyme called quinone reduc-
tase-2. MLT delays the development of AS by preventing 

low-density lipoprotein (LDL) oxidation [23, 24]. Subse-
quent investigations have proven MLT’s function in AS 
and highlighted probable molecular pathways in modu-
lating AS. It inhibits endothelial adhesion molecules, 
reduces the build-up of fat in the artery wall, neutral-
izes free radicals, decreases lipid peroxidation, improves 
endogenous cholesterol clearance, and protects mito-
chondrial electron transport chain function [25, 26]. 
Additionally, multiple studies have employed MLT to 
target critical AS signaling pathways and it consistently 
exhibited the ability to slow AS progression [5, 27, 28]. 
Also, toll-like receptors, proprotein convertase subtilisin/
kexin type 9, NLRP3, Wnt, Notch, and other molecular 
pathways are among the primary routes by which MLT 
functions. In the current review, we examine how MLT 
affects different types of PCD (identify PDC), inflam-
mation and oxidative stress, and how these interactions 
could be utilized for the prevention as well as treatment 
of AS.

How endogenous MLT May reduce atherosclerotic risk?
Naturally secreted MLT—produced by the pineal gland 
in response to the circadian rhythm—may play a role in 
reducing the risk of atherosclerotic diseases. Several stud-
ies have suggested that healthy sleep habits, which sup-
port endogenous MLT production, are linked to a lower 
risk of CVD, including AS. However, while the theory is 
plausible, more longitudinal and interventional human 
studies are needed to establish a direct cause-and-effect 
relationship. MLT is a key regulator of the biological 
clock and influences cardiovascular function by modulat-
ing blood pressure, heart rate, and vascular tone. Studies 
suggest that disrupted circadian rhythms (such as shift 
work, late-night exposure to artificial light, and irregu-
lar sleep patterns) are associated with increased risk of 
hypertension, dyslipidemia, and AS [29, 30]. In addition, 
MLT acts as a powerful antioxidant, scavenging reac-
tive oxygen species (ROS) and reducing oxidative stress, 
which plays a key role in endothelial dysfunction and AS 
progression. It also modulates inflammatory pathways, 
decreasing the levels of pro-inflammatory cytokines, 
which contribute to vascular damage and plaque forma-
tion [31]. Endothelial dysfunction is a hallmark of early 
AS. MLT enhances nitric oxide production, leading to 
better vasodilation and reduced vascular stiffness, both 
of which are protective against AS [32]. In addition, MLT 
has been shown to reduce sympathetic nervous system 
activity, which is important because chronic sympathetic 
overactivation contributes to hypertension, a major risk 
factor for AS [33].

Several studies support the idea that natural MLT 
secretion through healthy sleep patterns may reduce 
the risk of AS [34]. A meta-analysis of 71 studies (with 
3.8 million participants) found that sleep duration 7.5 h 
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per night) was associated with a reduced risk of cardio-
cerebrovascular disease [35]. Also, a study on shift work-
ers found that disruptions in the sleep-wake cycle led 
to reduced MLT levels, increased arterial stiffness, and 
higher risk of subclinical AS [36]. In addition, it was 
reported that endogenous MLT production via maintain-
ing healthy sleep-wake cycles is an important but often 
overlooked factor in cardiovascular health [37].

Apoptosis
Apoptosis is a type of programmed cell death impor-
tant for sustaining cell homeostasis. It is characterized 
by a systematic, controlled process and is regulated by 
numerous genes [38]. Cell shrinkage, pseudopodia dis-
appearance, chromatin clumping, nuclear membrane 
shrinkage, nucleoli breaking, and, at the end, the devel-
opment of apoptotic bodies are the physical changes 
that occur during apoptosis. It entails activating genes 

and regulating them in various ways. Numerous disease 
processes involving the cardiovascular system, such as 
atherosclerosis, include apoptosis in macrophages, vas-
cular smooth muscle cells, myeloid, and lymphoid cells 
[39, 40]. Uncontrolled apoptosis can alter the stability, 
morphology, and metabolism of the arteries during the 
course of atherosclerosis. This plays a crucial role in regu-
lating the cytotoxicity of elements of the arterial wall [41, 
42]. Apoptosis is initiated by any of the two pathways: the 
internal or external route. This is decided by the signal 
that initiates apoptosis. Caspases in the external route 
are activated and apoptosis is initiated by extracellular 
signals. Endogenous mechanisms mediate the induction 
of cysteine aspartate proteases by internal stimuli. These 
activated caspases induce apoptosis and generate major 
proteins in cells [43–45] (Fig.  1). Many in vitro and in 
vivo investigations, along with several trials’ clinical tri-
als, have investigated whether the antioxidant activity of 

Fig. 1 This figure illustrates the two main apoptotic pathways: the intrinsic (mitochondrial) pathway and the extrinsic (death receptor) pathway. The 
intrinsic pathway is triggered by cellular stress, such as reactive oxygen species (ROS) and DNA damage, which activate p53, JNK, and pro-apoptotic pro-
teins (BAX, BAD) while inhibiting Bcl-2, leading to mitochondrial membrane damage and cytochrome c (Cyt C) release. Cyt C binds Apaf-1, forming the 
apoptosome, which activates caspase-9 and executioner caspases (caspase-3, -6, -7), inducing apoptosis. The extrinsic pathway is initiated by the binding 
of Fas ligand (FasL) to Fas/TNFR, recruiting FADD and activating caspase-8, which directly triggers executioner caspases, leading to apoptos
is. Both pathways ultimately result in controlled cell death through caspase activation
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MLT has a positive impact on CVD via regulating oxida-
tive stress. Previous studies have shown that MLT favor-
ably reduces apoptosis as well as pyroptosis [5, 46, 47]. 
The accumulation of ROS leads to cellular damage that 
can ultimately activate apoptotic pathways. Oxidative 
stress plays a central role in modulating both the intrinsic 
(mitochondrial) and extrinsic (death receptor-mediated) 
pathways of apoptosis, and its effects are tightly regulated 
by several key molecular mechanisms. Mitochondria are 
central to the regulation of apoptosis, and oxidative stress 
has a profound impact on their integrity. ROS can dam-
age mitochondrial membranes and proteins, leading to 
mitochondrial dysfunction. One of the earliest events in 
the intrinsic apoptotic pathway is the loss of mitochon-
drial membrane potential, which is induced by oxidative 
stress. This damage triggers the release of pro-apoptotic 
factors such as cytochrome c from the mitochondrial 
intermembrane space into the cytosol [48]. In addition, 
tumor necrosis factor-alpha (TNF-α) and its receptor 
(TNFR) are upregulated in response to oxidative stress. 
TNF-α binding to TNFR triggers the recruitment of 
adapter proteins which activates caspase-8, promot-
ing cell death [49]. Nuclear factor-kappa B (NF-κB) is a 
redox-sensitive transcription factor that is activated by 
ROS and plays a critical role in inflammation. NF-κB can 
promote both cell survival and apoptosis, depending on 
the context and the type of cellular stress. NF-κB activa-
tion leads to the expression of pro-inflammatory cyto-
kines like TNF-α and IL-1β, which, in turn, activate death 
receptors and amplify apoptotic signals. NF-κB also regu-
lates the expression of pro-apoptotic genes, which links 
TNF signaling to apoptotic cascades [50].

The anti-pyroptotic and anti-oxidative stress properties 
of MLT on human THP-1 macrophages exposed to nico-
tine have been examined. To create a pyroptosis model in 

vitro, 1 µM nicotine was added to THP-1 macrophages, 
which were then treated with 30 mM MLT. In vivo, 
0.1 mg/mL nicotine solution was given as drinking water 
to ApoE-/- mice, and 10  mg/kg/day of 1  mg/mL MLT 
solution was given intragastrically. There were observed 
alterations in oxidative stress, pyroptosis, and apopto-
sis. The findings showed that MLT inhibited pyroptosis, 
which was accompanied by a decrease in the generation 
of ROS, a reversal of sirtuin 3 activity, and an overexpres-
sion of Forkhead box O3. MLT also prevented apoptosis, 
which was primarily brought on by the interaction of the 
proteins, caspase-1 and caspase-3 [51] (Table 1).

Pyroptosis
The first indication of pyroptosis was observed in Sal-
monella-mediated macrophage death. Subsequently, it 
cell death known as “PCD”, which is dependent on the 
caspase-1 enzyme and associated with the production 
of some inflammatory cytokines [52, 53]. Pyroptosis is 
induced by certain inflammatory substances that cause 
gastrin to separate and awaken latent cytokines like IL-1 
and IL-18. AS and diabetic nephropathy are two diseases 
that are closely linked to these processes [54, 55]. AS 
develops more quickly as a result of an increase in vas-
cular wall cell loss [56, 57]. Inflammation is a complex 
biological response to damaging stimuli. The release of 
GSDMD, which promotes cell death in the eyelid’s pores, 
causes pyroptosis. NLRP3 inflammatory bodies have 
been observed to be activated by a range of threats and 
stimuli [58, 59]. Thus, blocking the activation of NLRP3 
inflammatory bodies may reduce pyroptosis and inter-
rupt the development and progression of AS. Pyropto-
sis is a highly inflammatory form of PCD. Depending on 
whether it depends on caspase-1, the inflammatory route 
is categorized as being normal or atypical. Drooping 

Table 1 Role of melatonin on programmed cell death, inflammation and oxidative stress
Marker Disease MLT dose Target Model Results Reference
Apoptosis Atherosclerosis 30 mM Human THP-1 

macrophages
In vitro Inhibited apoptosis  [51]

Pyroptosis Atherosclerosis - Human umbilical vein 
endothelial cells

In vitro Prevented endothelial cell pyroptosis  [61]

Pyroptosis Atherosclerosis - Aortic endothelium In vitro Prevents endothelial cell pyroptosis  [5]
Inflammation Atherosclerosis 20 mg/kg/d mRNA and protein levels In vitro Inhibiting S100a9/NF-κB signaling  [78]
Inflammation Atherosclerosis - THP-1 macrophages In vivo 

and in 
vitro

Downregulating Gal-3 and inhibiting 
inflammation

 [79]

Inflammation Atherosclerosis - mRNA and serum levels In vitro Increased expressions of visfatin and 
STAT-3

 [80]

Inflammation Atherosclerosis 10 mg/kg/day mRNA and serum levels In vitro Reduced expressions of MyD88, TLR4, 
and NF-κB p65 and increased IκB 
expression

 [27]

Oxidative stress Atherosclerosis - mRNA and serum levels In vitro Enhancing antioxidant capacity  [92]
Oxidative stress Atherosclerosis - mRNA and serum levels In vitro Enhancing antioxidant capacity  [93]
Oxidative stress Atherosclerosis 10 mg/kg/day mRNA and serum levels In vitro Enhancing antioxidant capacity  [94]
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is caused by caspase-3 and caspase-8, which reduce 
GSDMD and GSDME, respectively (Fig.  2). The antipy-
roptotic effect of MLT is likely be attributed to inhibition 
of the toll-like receptor 4 (TLR4)/NF-κB signaling path-
way [60].

An investigation of MLT’s anti-pyroptotic properties 
and possible mechanisms in atherosclerotic endothelium 
has been published. The findings demonstrated that MLT 
decreased the expression of pyroptosis-related genes in 
human umbilical vein endothelial cells treated with oxi-
dized LDL (ox-LDL), like caspase-1, NLRP3, and IL-1β. 
In addition, MLT decreased pyroptosis, lowered ubiqui-
nol-cytochrome c reductase core protein 1 (UQCRC1) 
methylation, and increased the expression of ten-eleven 
translocation 2. MLT’s up-regulation of UQCRC1 
enhanced mitochondrial activity, which prevented 
endothelial cell pyroptosis and oxidative stress [61]. To 
clarify the possible processes and explore the antipyrop-
totic effects of MLT in atherosclerotic endothelium have 
also been examined. ApoE-/-mice given a high-fat diet 

(HFD) served as an animal model for AS in this inves-
tigation. The findings showed that a 12-week intragas-
tric dose of MLT significantly decreased the amount of 
atherosclerotic plaque in the aorta. In the aortic endo-
thelium of MLT-treated rats, MLT also reduced the 
expression of genes linked to pyroptosis, such as NLRP3, 
ASC, GSDMD N-termini, cleaved caspase1, NF-κB/
GSDMD, IL-18, and IL-1β. Human aortic endothelial 
cells (HAECs) treated with ox-LDL likewise showed con-
sistent antipyroptotic effects. Furthermore, in HAECs, 
lncRNA MEG3 improved pyroptosis. Moreover, miR-
223 knockdown prevented MLT antipyroptotic effects in 
HAECs treated with ox-LDL [5].

Inflammatory markers
Inflammation plays a critical role in the development 
of the atherosclerotic process (the initial formation and 
development of plaques in the arteries) as well as its 
course (the progression and outcomes of the disease). 
The main causes of endothelial damage, aberrant blood 

Fig. 2 This figure illustrates the molecular mechanisms linking oxidative stress and inflammation to atherosclerosis, as well as the protective effects of 
melatonin. Reactive oxygen species (ROS) generated by NADPH oxidase (NOX), mitochondria, and uncoupled endothelial nitric oxide synthase (eNOS) 
contribute to oxidative stress, leading to the activation of inflammatory pathways. Oxidized low-density lipoprotein (ox-LDL) and damage-associated 
molecular patterns (DAMPs) activate Toll-like receptor 4 (TLR4), which triggers nuclear factor kappa B (NF-κB) signaling. This results in the transcription of 
pro-inflammatory cytokines, promoting vascular inflammation and endothelial dysfunction. In parallel, oxidative stress and inflammatory stimuli activate 
the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, which in turn activates caspase-1, leading to the cleavage and release of 
pro-inflammatory cytokines interleukin-1 beta (IL-1β) and interleukin-18 (IL-18). Additionally, caspase-1 promotes the expression of inducible nitric oxide 
synthase (iNOS) and adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and selectins, 
facilitating immune cell recruitment and plaque progression. Melatonin, a potent antioxidant and anti-inflammatory molecule, inhibits NF-κB activation 
and NLRP3 inflammasome assembly, thereby reducing cytokine production and endothelial dysfunction. This highlights its potential therapeutic role in 
mitigating oxidative stress and inflammation in atherosclerosis
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lipid levels, and hemodynamic stress in the early stages 
of AS are as follows [62]. AS is also characterized by 
the accumulation of lipids in macrophages, which eas-
ily initiates the activation of an inflammasome, a mul-
tiprotein complex [63, 64]. NLRP3 inflammasome is 
the most well-researched regulator linked to the patho-
physiology of CVD among the many inflammasomes. 
Important NLRP3 components are expressed at higher 
levels in human atherosclerotic lesions, and studies have 
demonstrated that blocking the NLRP3 inflammasome 
significantly slows the advancement of AS [65]. The cre-
ation of secondary inflammatory mediators such as IL-6 
is triggered by the pro-inflammatory response, which 
is mostly dependent on the local production of IL-1β. 
Due to its many inflammatory effects on smooth muscle 
cells, macrophages, and vascular endothelial cells, IL-1β 
plays a major role in AS and its consequences. For exam-
ple, IL-1β stimulates the generation of platelet-derived 
growth factors via autocrine processes and increases 
adhesion molecules in human endothelial cells, both of 
which can promote the proliferation of smooth muscle 
cells. Moreover, this cytokine stimulates innate immu-
nity-related cells, especially macrophages [66, 67]. MLT 
has significant anti-inflammatory properties. COX-2 and 
iNOS have a tight relationship with inflammation and the 
generation of inflammatory cytokines [68]. The release of 
NK-κB bound to the inhibitor IκB [69, 70] and the trans-
location of dimerized NK-κB to the nucleus are caused 
by phosphorylation of NK-κB, which in turn promotes 
the production of inflammatory genes, including inflam-
matory cytokines [71]. This is a crucial mechanism that 
controls inflammatory reactions and promotes the pro-
duction of COX-2 and iNOS [72, 73]. The NF-κB pathway 
primarily controlled the production of iNOS and COX-2, 
and this route was strongly linked to myocardial dysfunc-
tion [74]. MLT suppresses the production of COX-2 and 
iNOS [75, 76]. This also reduces inflammatory responses 
and lessens tissue damage by blocking the NF-κB path-
way [77].

A recent study assessed the efficacy of MLT as a treat-
ment for AS. For 12 weeks, MLT (20  mg/kg/day) was 
given intraperitoneally to mice lacking in apolipopro-
tein E (ApoE-/-) in an AS model produced by a HFD. In 
ApoE-/-mice with HFD-induced AS, MLT therapy sig-
nificantly reduced atherosclerotic lesions, produced sta-
ble phenotypic sclerotic plaques, prevented macrophage 
infiltration, and reduced the release of pro-inflammatory 
cytokines. Notably, S100a9 was found to be a key media-
tor in the protective effects of MLT by combining IPA 
and DIA-based quantitative proteomics. Furthermore, 
MLT dramatically reduced the mRNA and protein levels 
of HFD-induced S100a9 expression. The NF-κB signal-
ing pathway was strongly activated and the antagonistic 
impact of MLT on HFD-induced vascular inflammation 

during atherogenesis was considerably eliminated when 
S100a9 was overexpressed. By blocking S100a9/NF-κB 
signaling, MLT has a strong antiatherogenic impact [78]. 
Also, MLT slows the course of AS by downregulating 
Gal-3 to improve autophagy and reduce inflammation. 
As a result, it used THP-1 macrophages and ApoE-/-
mice given a HFD for both in vitro and in vivo studies. 
The differentially expressed genes (DEGs) downregulated 
by MLT were enriched in immune-related processes, 
according to smart-seq of AS plaque macrophages. 
Additionally, MLT-treated HFD-fed ApoE-/- mice and 
THP-1 macrophages showed lower levels of proinflam-
matory factors, which further supported the changes in 
the inflammatory status. Additionally, the upstream tar-
get genes of the smart-seq DEGs were discovered using 
the transcriptome-based multiscale network pharmacol-
ogy platform (TMNP), with Gal-3 demonstrating a high 
score. MLT therapy resulted in downregulation of Gal-3 
both in vivo and in vitro. Moreover, the TMNP method’s 
anticipated target gene enrichment showed that autoph-
agy had a significant impact on the DEGs. The majority 
of proteins linked to the inflammatory response were 
downregulated by MLT and Gal-3 knockdown, which 
may have improved autophagy. Mechanistically, MLT 
suppressed Gal-3, which decreased NF-κB pathway activ-
ity and increased transcription factor EB’s nuclear local-
ization. Conversely, elevated Gal-3 secretion impeded 
autophagy by binding to CD98 and activating the PI3K/
AKT pathway [79].

An objective of a recent investigation was to exam-
ine how MLT affected the expressions of dimethylargi-
nine dimethylaminohydrolase (DDAH), visfatin, vaspin, 
and signal transducer and activator of transcription-3 
(STAT-3) to assess endothelial function and inflamma-
tion in the hypercholesterolemic rats. Five groups of rats 
were created: (1) control, (2) hypercholesterolemia, (3) 
MLT administered simultaneously with cholesterol diet, 
(4) MLT administered just for the final two weeks and 
fed with cholesterol diet, and (5) atorvastatin adminis-
tered only for the final two weeks and fed with choles-
terol diet. Hypercholesterolemic diets caused a reduction 
in the expression of the vaspin and DDAH proteins, 
despite an increase in the expression of STAT-3, visfatin, 
and ADMA levels. It was shown that MLT returned all 
the parameters to their typical signaling levels [80]. The 
potential for MLT to reduce inflammation, VED, and AS 
in HFD rabbits by inhibiting the TLR4/NF-κB pathway 
has been examined. The diets that the rabbits were given 
over a period of 12 weeks were standard (control group), 
high-cholesterol (AS group), or high-cholesterol with 
10 mg/kg/day MLT. Following treatment, the AS group of 
rabbits had considerably higher blood lipid and inflam-
matory indicators from a HFD than from the control 
group. Furthermore, a HFD increased the intima/media 
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thickness ratio, caused VED, and typical atherosclerotic 
plaque development. These effects were greatly miti-
gated by MLT administration. Further histological and 
immunoblot analyses revealed that a HFD increased the 
expression of TLR4, IκB and myeloid differentiation main 
response protein, but lowered the expression of TLR4. By 
comparison, MLT treatment enhanced IκB expression 
while decreasing the levels of MyD88, TLR4, and NF-κB 
p65. Additionally, in HFD rabbits, MLT reduced inflam-
mation, lipid metabolism, and VED while slowing the 
development of AS [27].

Oxidative stress
LDL particle buildup is the first step in the development 
of an atherosclerotic plaque [81, 82]. Ox-LDL builds up 
in artery wall and increases the expression of cell adhe-
sion molecules on endothelial cells, including vascular 
cell adhesion molecule-1 (VCAM-1). Inflammatory sig-
naling triggers antioxidant-inhibitory pathways, includ-
ing a redox-sensitive activation of NF-κB, which in turn 
drives endothelial VCAM-1 expression [83, 84]. ROS 
contribute to AS in a number of ways. In addition to 
producing oxidized lipoproteins, ROS also interact with 
endogenous vasoactive mediators in endothelial cells and 
directly damage cellular and nuclear membranes [85, 86]. 
Among the enzymes that make up the oxidant system 
are lipoxygenases, NADPH oxidases (NOX), uncoupled 
eNOS, xanthine oxidase, and mitochondrial respiratory 
chain enzymes. Superoxide dismutase (SOD), glutathione 
peroxidases, catalase, peroxiredoxins, paraoxonases, the 
thioredoxin system, and other enzymes are components 
of the antioxidant system. Furthermore, O2 − is produced 
by uncoupled eNOS, exacerbating vascular oxidative 
stress. L-arginine or tetrahydrobiopterin deficits, hyper-
glycemia, ox-LDL, and eNOS S-glutathionylation are the 
primary causes of eNOS uncoupling [87]. The literature 
has thoroughly detailed the antioxidant capacity of MLT 
[88]. This molecule can function directly as an antioxi-
dant by scavenging free radicals, or indirectly as an anti-
oxidant by inhibiting pro-oxidant enzymes and activating 
antioxidant enzymes [89]. Additionally, MLT prevents 
metal-induced oxidation by forming chelates with cer-
tain transition metals, which suppresses processes like 
lipid peroxidation [89].Moreover, MLT activates many 
enzymes that catalyze antioxidant reactions and eradi-
cate free radicals. MLT can increase the production and 
activity of enzymes including SOD, catalase, glutathione 
peroxidase, and glutathione reductase by attaching to the 
MT1 and MT2 receptors. MLT suppresses lipoxygenase 
activity in terms of blocking pro-oxidant enzymes [90, 
91].

The effects of MLT on Lp-PLA2 expression during the 
atherosclerotic process and to determine the underlying 
processes have been investigated. After feeding a HFD to 

ApoE-/-mice in vivo, either with or without MLT treat-
ment, the plaque area and collagen content were mea-
sured. The treatment of MLT dramatically slowed the 
growth of atherosclerotic plaque. The MLT group’s ath-
erosclerotic root macrophages had considerably higher 
levels of glutathione peroxidase 4 (GPX4) and SLC7A11 
than did the HF diet groups. In vitro, MLT increased 
antioxidant capacity, decreased lipid peroxidation, and 
suppressed Lp-PLA2 expression in macrophages via acti-
vating the nuclear factor-E2-related Factor 2 (NRF2)/
SLC7A11/GPX4 signaling pathway. Additionally, MLT 
used ferrostatin-1 and/or erastin to counteract the fer-
roptosis caused by ox-LDL. Additionally, in ML385-
treated macrophages and in ApoE-/- mice treated with 
AAV-sh-NRF2, the protective effects of MLT on Lp-
PLA2 expression, antioxidant capacity, lipid peroxida-
tion, and ferroptosis were diminished. MLT inhibited 
macrophage ferroptosis and slightly activated the NRF2 
pathway, which lowered Lp-PLA2 expression and AS 
processes [92]. Based on vascular Doppler ultrasonogra-
phy, ApoE-/-mice exposed to PM2.5 had decreased aortic 
flexibility. Blood biochemical and pathological analysis 
revealed that PM2.5 exposure resulted in dyslipidemia, 
oxidative damage to the aorta, and an increase in the 
area of atherosclerotic plaque; however, administration of 
MLT effectively mitigated the effects of PM2.5 on mac-
rophage M1 polarization and AS in mice. Mitochondria 
and NOX2 are two important sources of ROS generation 
triggered by PM2.5. By blocking NOX2-mediated cross-
talk of the Keap1/Nrf2/NF-κB and TLR4/TRAF6/NF-κB 
signaling pathways, the concurrent use of two ROS-spe-
cific inhibitors and MLT significantly restored PM2.5-
triggered macrophage M1 polarization and foam cell 
production [93].

The function of cyclophilin A (CyPA) in the early stages 
of AS and looked at the antioxidant qualities of MLT’s 
potential atheroprotective effects has been assessed. MLT 
was administered to APOE null mice at 6 and 15 weeks 
of age at a dosage of either 0.1 mg/kg/day or 10 mg/kg/
day. The study examined rolling mononuclear cell expres-
sion and histological changes in endothelial and vascular 
smooth muscle cells throughout the early stages of AS 
development. The results showed that, promoting vascu-
lar smooth muscle cell movement and inflammatory cell 
extravasation in a time-dependent manner, CyPA expres-
sion increased and may affect inflammatory cell adhe-
sion and IL-6 production. Additionally, MLT was found 
to have an indirect atheroprotective impact on vascular 
damage [94].

Conclusions
MLT is an effective therapeutic drug that has a broad 
variety of actions on many organs and disorders, some 
of which are mediated by receptors and others of which 
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are receptor independent. It’s interesting to note that 
this drug frequently has opposite effects on healthy and 
diseased cells since it encourages apoptosis in certain 
cells while preventing it in others. The optimal develop-
ment of numerous organs depends on highly conserved 
processes called PCDs, with disruption of these systems 
occurring in a number disorder. By controlling their sig-
naling pathways, MLT affects PCD, inflammation, and 
oxidative stress. Depending on the pathogenic condi-
tion of the cell, MLT either increases or decreases these 
processes. Due to their involvement in a number of ill-
nesses, such as cancer, cardiovascular disorders, and AS, 
PCDs are a subject of many ongoing studies. To deter-
mine how altering these processes might be advanta-
geous to an organism, it is necessary to comprehend how 
they are modulated. This faces a number of difficulties, 
one of which to closely define if normal or diseased cells 
are being examined. Given that MLT may modify these 
processes in both diseased and normal cells by different 
means, it would be helpful to define how MLT mediates 
its effects on oxidative stress, inflammation, and PDCs. 
Moreover, a few frequently overlooked factors such the 
best dosage, distribution strategies, and long-term safety, 
should be taken into account. Despite the promising 
anti-atherosclerotic effects of MLT observed in various 
preclinical studies, there are several reasons why MLT is 
not widely used as a medication to prevent AS in clini-
cal practice. Although MLT has shown anti-inflamma-
tory, antioxidant, and vasoprotective effects in animal 
models, human clinical trials are limited. Most studies 
on MLT’s effects on AS have been conducted in preclini-
cal models (such as mice or rats), and while these results 
are encouraging, translating these findings into humans 
has proven to be challenging. The exact dose and timing 
of MLT administration, as well as the long-term effects, 
are not yet fully understood in the context of AS pre-
vention in humans. Also, MLT’s effects on AS may not 
be consistent across different populations. Variability 
in genetic factors, age, lifestyle, and underlying comor-
bidities (such as diabetes or hypertension) can influence 
how MLT impacts cardiovascular health. For example, 
some individuals may not experience the same level of 
benefit from MLT supplementation due to differences 
in MLT receptor expression, metabolism, or circadian 
rhythm disturbances. While MLT is generally regarded 
as safe when used for short durations (such as for sleep 
disorders), its long-term safety for cardiovascular health 
has not been sufficiently established. Prolonged use of 
MLT may cause side effects like drowsiness, headaches, 
and hormonal imbalances (since it regulates the sleep-
wake cycle and is involved in other hormonal pathways). 
There are also concerns about its potential interactions 
with other medications, such as anticoagulants, anti-
hypertensives, or immunosuppressants. These safety 

concerns need further investigation, especially in patients 
with pre-existing cardiovascular conditions. In addition, 
there are already well-established and widely used treat-
ments for the prevention and management of AS, such as 
statins, ACE inhibitors, antiplatelet therapy, and lifestyle 
modifications (e.g., diet, exercise). These therapies have 
been extensively studied and have clear guidelines for use 
in clinical practice. In contrast, MLT lacks the same level 
of evidence for effectiveness, making it a less attractive 
option for clinicians. Furthermore, MLT is classified as a 
supplement rather than a pharmaceutical drug in many 
countries, meaning it does not undergo the same rigor-
ous regulatory approval process as prescription medica-
tions. As a result, its use in clinical settings, especially for 
conditions like AS, is limited to off-label or alternative 
therapies.
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