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Atherosclerosis (AS) is a chronic metabolic disorder and the primary cause of cardiovascular diseases, resulting in
substantial morbidity and mortality worldwide. Initiated by endothelial cell stimulation, AS is characterized by
arterial inflammation, lipid deposition, foam cell formation, and plaque development. Certain nutrients such as
carotenoids, polyphenols, and vitamins can prevent the atherosclerotic process by modulating inflammation and
metabolic disorders through the regulation of gene acetylation states, mediated with histone deacetylases
(HDACS).

nutrients acetylation state vascular inflammation atherosclerosis

| 1. Introduction

Atherosclerosis (AS), a chronic inflammatory ailment of the arterial system, pertains to the intima of medium or
large arteries, associated with dyslipidemia as well as alterations in the arterial wall composition L. The
inflammatory process leads to vascular dysfunction by forming atherosclerotic plaques due to vascular
inflammation (VI). The initial pathogenic event in AS is the dysfunction of endothelial cells (ECs), resulting from the
disturbed vascular flow. The excessive production of reactive oxygen species (ROS), by enzymatic pathways
including uncoupled nitric oxide synthase (NOS) and NADPH oxidases (NOXs), leads to dysfunction of ECs and
vascular smooth muscle cells (VSMCs), and inflammation, leading to AS. AS has been accompanied by

accumulated modified lipids, foam cell formation, vascular wall fibroblasts, apoptosis, and calcification (2,

Epigenetic therapy, mediated by histone modifications, has proven effective in regulating acetylation states through
nutrient administration. Pharmacological modulation of acetylation states by activating class Ill histone
deacetylases (HDACS), such as sirtuin 1 and sirtuin 3 (SIRT1 and SIRT3) with small natural nutrient molecules,
has been shown to protect against inflammation and metabolic dysfunction associated with VI and AS [l
Conversely, inhibition of class | and Il HDACs by nutrients has been suggested to ameliorate inflammatory and
metabolic responses. Dynamic epigenetic regulation governing differentiation and activation of monocytes and
macrophages, may affect inflammatory and oxidative pathways associated with AS &1, Epigenetic regulation of
enzymes that control excessive ROS production by HDACSs, such as SIRTs, has been proposed to inhibit the
progression of AS by suppressing EC dysfunction and inflammation BIBl. SIRT1 is known to protect against various
oxidative stress and aging-induced EC dysfunction and inflammation. This protective effect is achieved through
deacetylation, which subsequently enhances the ability of cellular components to inhibit inflammatory and oxidative
responses 8. Foam cell formation by VSMCs, monocytes, or macrophages can initiate the development of AS [,

The process of reverse cholesterol transport, from peripheral cells to the liver, can effectively eliminate excess
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cholesterol from arterial cells, thus preventing foam cell formation from VSMCs and macrophages 8. Hepatic lipid
accumulation can be reduced by SIRT1 by activating AMP-activated protein kinase (AMPK) & and peroxisome

proliferator-activated receptor o (PPARa) signaling 2!,

Long-term epigenetic remodeling of innate immune cells induced by pro-atherogenic stimuli, including low-density
lipoprotein (LDL) cholesterol and oxidized LDL, can trigger continuous activation even after the stimuli are removed
(291 |n other words, innate immune cells such as monocytes, macrophages, or natural killer cells can acquire non-
specific memories by epigenetic modulation that alters their response to subsequent stimuli, based on this trained
immune system 1. Dietary stress induced by alcohol, high triglyceride, or high cholesterol diets has been proven
to impede the activation of SIRT1 and SIRT3, which in turn promotes VI and the development of atherosclerotic
plaques 12, Cumulative studies showed the epigenetic control of VI and AS by DNA methylation [4; however,
relatively little attention has been paid to pathways leading to nutrient-related VI and AS by regulating the
acetylation state. Given that dietary stress stimulates the histone acetyltransferases (HATs) to enhance the
transcription of AS-related genes, regulating HDACs activity through the control of the acetylation state may offer

potential roles for nutrients in addressing the pathogenesis leading to VI and AS.

| 2. Epigenetic Regulation of VI and AS

Epigenetic regulations of histone acetylation state are composed of three steps: detection, acetylation, and
deacetylation 13, Histone acetylation is initiated by detecting specific signaling in the bromodomain and extra-
terminal domain family of proteins, called readers, which bind acetyl-lysine and link to a series of covalent histone
modifications. Histone acetylation is mediated by HATs called writers, while deacetylation is mediated by HDACs
called erasers 4. The coordinated epigenetic action of readers, writers, and erasers with the help of various
related enzymes leads to fine-tuned gene expression by relaxing or condensing chromatin structure to target gene

promoters.

2.1. Factors Affecting VI and AS

Vascular ECs facilitate a thin layer in the inner wall of blood vessels to regulate their responses to diverse stimuli,
including oxidative stress, inflammation, and shear stress 12!, Endothelial dysfunction, characterized by increased
endothelial vascular permeability and the migration and proliferation of ECs, serves as an indicator of AS [&. Risk
factors for AS include hypertension, smoking, hyperlipidemia, insulin resistance, obesity, and metabolic dysfunction
[, Substantial alterations in blood vessel morphology, such as bifurcation, flexion, and narrowing of arteries,
contribute to the increased incidence of AS [&. Pathophysiological processes of AS are directly associated with VI,
which can be influenced by various stresses and dysfunctions, including an imbalance of blood glucose and
plasma lipid in the artery 151, To avoid VI and prevent AS, it is essential to maintain the homeostasis of blood
glucose and plasma lipid, which can be regulated by the conditions of vascular ECs. In particular, regulating
detrimental events such as inflammation, shear stress, and oxidative stress is a crucial factor for maintaining the
homeostasis of blood vessels 18, Endothelial dysfunctions, resulting in enhanced vascular permeability and the

migration and proliferation of ECs, trigger AS 17,
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Vascular dysfunction and features of AS can be attributed to both physical and chemical factors. The physical
factors are ascribed to the disturbing forces of blood flow in arteries, including fluid shear stress, tensile forces, and
hydrostatic pressure forces 8. Disturbed blood flow in the curvature and bifurcation regions can promote
inflammation and AS by activating activator protein 1 (AP-1), nuclear factor-kB (NF-kB), and protein kinase C
(PKC) 12, The chemical risk factors contributing to AS involve inflammation, oxidative stress, and bioavailability of
nitric oxide (NO), which plays a regulatory role in managing the redox state, NF-kB, p53, and endothelial NOS
(eNOS) pathways 29, |nflammatory molecules such as interleukin-1 (IL-1), IL-6, cyclooxygenase-2 (COX-2), matrix
metalloproteinase-2 (MMP-2), and MMP-9, adhesion molecules such as intercellular adhesion molecule 1 (ICAM-
1) and vascular cell adhesion molecule 1 (VCAM-1), and angiogenic growth factors can induce inflammation and

EC dysfunction, resulting in vascular remodeling and angiogenesis 9.

From an immunological view, inflammatory molecules play a crucial role in recruiting and promoting monocytes to
transmigrate across the endothelial monolayer into the sub-intima of the vessel wall, where they proliferate and
differentiate into macrophages and foam cells by taking up lipoproteins 2. The progressive death of these foam
cells and macrophages, along with the release of lipid-filled contents and tissue factors lead to the formation of a
lipid-rich necrotic core, which destabilizes plaques 21, Meanwhile, VSMCs migrate from the medial layer and
accumulate in the intima, where they form the fibrous cap over the lesion by secreting interstitial collagen and
elastin. However, cytokines and matrix-degrading proteases secreted by macrophages and lymphocytes, such as
collagenase, gelatinase, stromelysin, and cathepsin, weaken the atherosclerotic plaques 22, eventually breaking
the thin fibrous caps and plaques. The exposed pro-coagulant materials released into the blood trigger thrombosis,

which can impede blood flow and result in acute stenosis of the arteries 23],

The key features of AS have been identified as a major contributor to cardiovascular disease, increasing the risk of
acute myocardial infarction and stroke. Atherosclerotic lesions develop in the intima of arteries due to chronic
inflammation, resulting from lipid accumulation with deposited macrophages and T cells. This process leads to
increased atherosclerotic plaque growth and triggers blood clot formation 24!, Long-term vascular damage with a
chronic inflammatory response, resulting from factors such as high shear stress, free radicals, elevated cholesterol

levels, and oxidized LDL, contributes to the initiation of atherosclerotic plaque formation 23,

2.2. Regulation of VI and AS

It has been demonstrated that AS is an epigenetic disorder 24! indicating that epigenetic regulation can be a
promising approach to prevent AS (22l Dietary stress leads to metabolic disorders, such as dysfunctions in glucose
and lipid metabolism, which can be ameliorated through epigenetic regulation by utilizing HDACs. The regulation of
acetylation states of enzymes and genes involved in oxidative metabolism plays a crucial role in controlling blood
glucose and plasma lipid levels, and subsequently, affecting the progression of VI and AS. Figure 1 presents an

overview of the epigenetic regulation schemes of nutrients that can inhibit AS.
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Figure 1. Role of nutrients in preventing atherosclerosis progression by epigenetic regulation of gene expression

under dietary stress. Under dietary stress, HATs induce oxidative stress and inflammatory gene expression via
epigenetic machinery. Nutrients serve as epigenetic regulators, reducing oxidative stress and repressing
inflammatory gene expression through HDACs such as SIRT1 and SIRT3. Nutrients inhibit dietary-induced
inflammation and metabolic dysfunctions in ECs, VSMCs, and macrophages, thereby preventing atherosclerosis

progression.

Evidence suggests that class Il HDACs may contribute to the progression of AS, but SIRT1 has a preventive role in
it Bl SIRT1 can inhibit AS-related chemical risk factors, including inflammation, oxidative stress, and NO
bioavailability, by controlling the redox state, inhibiting NF-kB and p53, and activating eNOS 28l During the initial
stages of AS, fat-driven deposits at the vascular walls induce neointima formation by hypercholesterolemia,
resulting in hypoxia and induction of hypoxia-inducible factor (HIF)-1, stimulating neovascularization and
developing atherosclerotic plaque 2. SIRT1 can inhibit neointima formation by suppressing HIF-1a expression
through deacetylation in hypoxic VSMCs 28, The structure and function of the arterial wall is determined by the
phenotypes of VSMCs, such as their contractile and dedifferentiated state, which play a crucial role in response to
atherosclerotic factors. The transition from a contractile to a dedifferentiated state has been shown to have
protective effects against AS 22, During the progression of AS, VSMCs with excessive cholesterol migrate into the
intima, where they become modified to an inflammatory phenotype and become the predominant cell type in early
arterial intimal thickening B9, As VSMCs are an essential source of foam cells along with macrophages 21, the

epigenetic restoration of VSMC functions reliant on SIRT1 may effectively hinder AS development.

The properties of SIRT1 as an anti-AS can be attributed to its capacity to modulate inflammatory responses and
cholesterol metabolism. Specifically, SIRT1 has been shown to suppress the expression of pro-inflammatory

mediators such as tumor necrosis factor a (TNFa), IL-6, NF-kB, monocyte chemoattractant protein-1 (MCP-1),
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ICAM-1, and VCAM-1. Furthermore, it can reduce levels of serum free fatty acids, blood glucose, triglyceride, and
total cholesterol, and inhibit inflammatory cell infiltration in atherosclerotic plaques [22. Given the ability of SIRT1 to
regulate common pathways leading to both AS and metabolic disease, it is suggested that the inhibition of AS may

be achieved through similar mechanisms employed in metabolic disease prevention, partly attributed to SIRT1 22,

Foam cell formation can trigger the progression of AS, but this can be prevented by promoting reverse cholesterol
transport to remove excess cholesterol from arterial cells, thereby inhibiting foam cell formation in VSMCs and
macrophages . The liver can discard accumulated lipids by increasing fatty acid oxidation and ketogenesis,
inhibiting hepatic steatosis and inflammation induced by high-fat diets through SIRT1 activation 23], By suppressing
the NF-kB signaling pathway, SIRT1 can reduce the expression of lectin-like oxidized LDL receptor-1 (LOX-1),
thereby inhibiting the formation of foam cells in macrophages and monocytes 4. However, dietary stress induced
by alcohol or high-triglyceride or high-cholesterol diet can inhibit the abilities of SIRT1, preventing reverse
cholesterol transport and enhancing inflammation, which reduces the deletion of foam cells from atherosclerotic

plaques 22,

SIRT1 has been shown to control autophagy by generating a molecular complex and by deacetylating proteins
involved in the autophagy process, such as autophagy related 5 (ATG5), ATG7, and ATG8 B8 This SIRT1-
mediated autophagy has been found to protect against foam cell formation in VSMCs treated with oxidized LDL BZ,
Furthermore, the toxic effects of oxidized LDL can induce cell apoptosis in atherosclerotic areas, including human
smooth muscle cells B8, The accumulation of apoptotic cells in the vascular wall can lead to plaque erosion,
promoting local platelet aggregation and thrombosis, which in turn can prevent the progression of AS B9, Thus,

autophagy appears to be another mechanism by which SIRT1 exerts its anti-atherosclerotic effects.

| 3. Roles of Nutrients to Inhibit VI and AS

The pathological pathways leading to VI and AS have primarily been attributed to the imbalance in redox and
acetylation states, depending on the micro-environmental conditions. The ability of nutrients to inhibit VI and AS
can be categorized into two main aspects: their involvement in managing oxidative stress that leads to
inflammation and their function in altering histone acetylation states. Core histone proteins, such as histones H3
and H4, are targeted for acetylation by HATs or deacetylation by HDACs 49, Epigenetic transcription or repression
of genes resulting from altered histone acetylation states depends on the modification site of the residues and
chromatin remodeling features, which regulate chromatin status as either condensed or relaxed 41, Dietary stress
is known to enhance the expression of inflammation-associated genes through HATs, such as p300 and cAMP-
response element binding protein (CBP), while nutrient-derived HDACs exhibit opposite effects 42, In particular,
SIRTs such as SIRT1 and SIRT3 are crucial HDACs induced by various nutrients that participate in essential
biological processes through the deacetylation of histones at H3K9, H3K18, and H3K56 43l |n addition, they
deacetylate non-histone protein substrates associated with regulating inflammation and metabolism, such as p53,
liver X receptor (LXR), PGC-1a, NF-kB, and forkhead box O protein (FOXO) 2], The role of nutrients in preventing

AS by regulating the balance of redox and acetylation states can be summarized in Figure 2.
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Figure 2. Nutrient-mediated prevention of atherosclerosis by modulating redox and acetylation balance under
inflammatory and abnormal metabolic conditions. Dietary stress contributes to histone acetylation by supplying
acetyl groups, whereas nutrients facilitate deacetylation. An imbalance between these processes triggers pro-
inflammatory gene expression and chronic inflammation. Dietary stress generates an excessive carbon source for
the production of extra glucose and lipids, leading to an increased carbon supply for histone acetylation and
resulting in hyperglycemia and hyperlipidemia. On the other hand, nutrients regulate genes associated with
glucose and lipid oxidation and maintain redox balance. Disruptions in glucose and lipid metabolism cause chronic
metabolic dysfunction, but nutrients can modulate chronic inflammation and metabolic dysfunction to prevent

atherosclerosis.

3.1. Roles of Nutrients in Regulating Inflammatory Responses

Inflammation, a key characteristic of the innate immune response, can be heightened by the production and
translocation of gut-derived lipopolysaccharides (LPS) into the bloodstream. This process triggers the activation of
toll-like receptor 4 (TLR4) and NF-kB, which in turn enhances the release of pro-inflammatory cytokines 41, The
production of these cytokines, along with the activation of mitogen-activated protein kinase (MAPK) cascades, such
as extracellular signal-regulated kinases (ERKs), and c-Jun N-terminal kinases (JNKs) is initiated by the
transforming growth factor B-activated kinase 1 (TAK1) 3!, TLRs activate these signaling pathways by recruiting
suitable adaptors, stimulating the generation of pro-inflammatory cytokines. These inflammatory cascades have
been closely associated with AS progression, as pattern recognition receptors, such as TLR4, recognize LDLs 44
(48] pro-inflammatory M1 macrophages play a crucial role in the progression of AS 4 as indicated by their
increased presence in atherosclerotic plaques. This suggests that anti-inflammatory agents could be targeted for
therapy. The expression of T helper cell 1 (Thl) cytokines, such as TNFa, IL-6, and IL-8, is attributed to the

differentiation of M1 macrophages [8l. Additionally, activated platelets release platelet factor 4 (PF4), inducing
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monocyte differentiation and increasing oxidized LDL uptake by macrophages, which in turn facilitates foam cell
formation 2. These findings support the idea that AS progression can be mitigated by shifting the macrophage
phenotype from M1 to M2 59,

Nutrients play a critical role in preventing inflammatory signaling pathways by effectively inhibiting pro-inflammatory
cytokines and blocking downstream inflammatory routes and cascades. The selective functions of nutrients in
regulating inflammation stem from their ability to activate SIRTs, such as SIRT1 and SIRT3, while inhibiting
classical HDACs El. For instance, astaxanthin, xanthophyll carotenoid, significantly decreases the expression of
pro-inflammatory genes such as IL-1[3, IL-6, as well as TNFa secretion and cytosolic and nuclear NF-kB p65 levels
in macrophages. This effect is achieved by preventing inflammation through SIRT1 activation B, Additionally,
astaxanthin inhibits HDAC4, a class lla HDAC, which is involved in promoting inflammation due to excessive
alcohol 32, Dietary stress is known to generate an abundance of electrons, ROS, and reactive nitrogen species
(RNS), creating an oxidative environment that triggers inflammation 2. Nutrient-associated enzymes, such as
SIRT3, a class lll HDAC, have been reported to activate antioxidant genes such as manganese SOD2 and
catalase through FOXO3 deacetylation, thereby reducing ROS levels (23l Evidence suggests that nutrients,
including resveratrol and ginsenosides, prevent the development of vascular diseases and reduce the risk of AS by

regulating EC metabolism, lipid metabolism, and angiogenesis through SIRT3 activation 54!,

Recent studies have demonstrated that the interaction between histone deacetylases, such as SIRT1 and HDAC4,
plays a crucial role in regulating inflammation and metabolism B2, Resveratrol, an activator of SIRT1, impedes
gluconeogenesis in insulin-resistant hepatocytes by translocating HDAC4 to the cytoplasm from the nucleus,
thereby inactivating it 28, Moreover, HDAC4 upregulation leads to SIRT1 downregulation during the activation of
hepatic stellate cells B4 and in skeletal muscle cells stimulated by interferon y (IFNy) B8l Given that SIRT1 and
HDAC4 are involved in modulating inflammation, their interplay has been reported to affect alcohol-induced
inflammation in macrophages. For example, astaxanthin inhibits alcohol-triggered inflammation and oxidative
stress in macrophages by mediating the opposing actions of SIRT1 and HDAC4 32, Selected nutrients, such as
resveratrol, activate SIRT3. The deacetylation ability of SIRT3 promotes various antioxidant activities, including
SOD2 and catalase. These antioxidants help to maintain the oxidant/antioxidant balance and alleviate vascular

endothelial oxidative stress [3l.

3.2. Roles of Nutrients in Regulating Histone Acetylation State

Histone acetylation is carried out by HATs, which transfer an acetyl group (CH3CO-) from acetyl-CoA to the lysine-
rich histone tails. This process is mediated by bromodomain proteins. In mammalian cells, HATs can be classified
into three categories: Gen5-related N-acetyltransferases (GNAT), MYST, and CBP/p300 12l Histone deacetylation,
on the other hand, is the reverse process and is carried out by HDACs 22 Histone acetylation and deacetylation
are reversible epigenetic post-translational modifications that are responsive to micro-environmental changes and
susceptible to a wide range of modifications (13122, As a result, the roles and features of these histone
modifications can be employed and utilized by dietary nutrients to regulate inflammatory dysfunctions, such as VI

and AS. It has been understood that HATs can be activated by dietary stress stemming from high-fat, high-glycemic
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diets, or excessive alcohol consumption, as this stress stimulates genes and enzymes sensitive to redox sensing
(42 Nutrients can activate or repress the activity of HDACs through complex mechanisms that depend on their

unique structures, functions, and localizations.

Acetyl CoA plays a crucial role in both histone acetylation and de novo lipid synthesis, demonstrating significant
effects on histone acetylation and lipid metabolism 52, Acetyl-CoA can easily enter the nucleus through nuclear
pores and acetylate histones, as well as supply acetyl groups for acetylation in the cytoplasm by HAT [69,
Regulating acetyl-CoA levels is essential for controlling the acetylation state of target genes, which in turn affects a
series of processes leading to VI and AS. Acetyl-CoA, an acetyl group bound to a cysteine residue of coenzyme A
through a thioester bonding, is produced from the conversion of pyruvate by the pyruvate dehydrogenase (PDH)
complex in the inner mitochondrial membrane 81, Excessive ethanol has been reported to significantly decrease
PDH activity and inhibit the conversion of pyruvate to acetyl-CoA in macrophages, which leads to an increase in
glycolysis rather than the tricarboxylic acid (TCA) cycle. The exceptional increase in glycolysis caused by ethanol
can be counteracted by nicotinamide riboside, a nutrient, to restore normal glucose metabolism and energy

production 62,

Specific nutrients such as butyrate, ginsenosides, and sulforaphane, known to inhibit class | HDACs such as
HDAC1, HDAC2, and HDAC3, may help prevent VI and AS. HDAC1 activation has been associated with a
decrease in global H3K9 acetylation in the aortas of apolipoprotein E (ApoE) knockout mice treated with a high
methionine diet to induce hyperhomocysteinemia, promoting lipid accumulation in foam cells 3. HDAC2
overexpression in human aortic ECs suppresses arginase 2 (Arg2) expression, indicating that HDAC?2 regulates
Arg2 by directly binding to the Arg2 gene promoter. Preventing oxidized LDL-induced HDAC?2 downregulation and
Arg2 upregulation improves endothelial function 2%, suggesting that HDAC2 could be a novel therapy for inhibiting
endothelial dysfunction and AS. HDAC3 activates protein kinase B (PKB or Akt) phosphorylation and activity,
regulating EC survival during AS development in response to disturbed hemodynamic forces (¢4, In macrophages,
HDAC3 inhibition promotes an athero-protective phenotype through histone acetylation, accompanied by the gene
expression of efflux transporters ATP-binding cassette transporter A1 (ABCA1) and ABCG1, and increases anti-
inflammatory and anti-apoptotic capacities . HDAC3 is upregulated in ruptured human atherosclerotic plaques.
Furthermore, HDAC3 deletion leads to a pro-fibrotic program via epigenetic regulation of transforming growth factor
Bl (TGFP1), allowing VSMCs to produce collagen and stabilize plaques 3. This suggests that macrophage
specific deletion of HDAC3 could prevent AS development. The efficacy of HDACs in treating VI and AS may
depend on the target genes in tissues and organs. For example, HDAC3 deletion in monocytes and macrophages
was beneficial for a mouse model associated with AS 8], while blocking HDAC3 decreased cell survival and
increased plaque formation in ECs B4, A single nucleotide polymorphism (rs3791398) in HDAC4 has been
reported to associate with carotid intima-media thickness 671,
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