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ABSTRACT

Metabolic reprogramming is a physiological cellular adaptation to intracellular and extracellular stimuli that couples to cell polarization and function in multiple
cellular subsets. Pathological conditions associated to nutrients overload, such as dyslipidaemia, may disturb cellular metabolic homeostasis and, in turn, affect
cellular response and activation, thus contributing to disease progression. At the vascular/immune interface, the site of atherosclerotic plaque development, many of
these changes occur. Here, an intimate interaction between endothelial cells (ECs), vascular smooth muscle cells (VSMCs) and immune cells, mainly monocytes/
macrophages and lymphocytes, dictates physiological versus pathological response. Furthermore, atherogenic stimuli trigger metabolic adaptations both at systemic
and cellular level that affect the EC layer barrier integrity, VSMC proliferation and migration, monocyte infiltration, macrophage polarization, lymphocyte T and B
activation. Rewiring cellular metabolism by repurposing “metabolic drugs” might represent a pharmacological approach to modulate cell activation at the vascular

immune interface thus contributing to control the immunometabolic response in the context of cardiovascular diseases.

1. Metabolic adaptations in vascular wall cells

Atherosclerosis is a chronic-inflammatory disease of the large and
medium-size arteries eventually leading to severe clinical manifesta-
tions, including myocardial infarction, angina, heart failure and stroke.
Low-density lipoprotein cholesterol (LDL-C) plasma levels are directly
correlated with their accumulation in the intima of the arteries where
they promote endothelial dysfunction, immune cell recruitment, fol-
lowed by smooth muscle cells migration and proliferation which
contribute to extracellular matrix production and chronicization of the
immune-inflammatory response in the plaque. Aim of this review is to
discuss the relevance of cellular metabolic adaptations occurring at the
vascular-immune interface during atherogenesis and how they impact
disease progression. Understanding of these novel physio-pathological
mechanisms may unveil potential innovative pharmacological targets
and therapeutic opportunities for cardiovascular diseases.

1.1. Endothelial cells

Endothelial cells (ECs) serve as a selective barrier between blood and
underlining tissues, control oxygen and nutrients supply, and participate

to immune surveillance. Depending on the vascular bed, ECs are
endowed with tissue-specific functions (Kalucka et al., 2020) that for the
arteries include the regulation of vascular tone and redox balance, the
control of haemostasis, thrombosis and of the inflammatory response
(Gimbrone and Garcia-Cardena, 2016). These activities are achieved by
orchestrating the biosynthesis and degradation of vasoactive mediators,
extracellular matrix components, growth factors, cytokines and
hormone-like molecules, prostaglandins and autacoids and the transport
and metabolism of lipoproteins (Gimbrone and Garcia-Cardena, 2016).
These multiple mechanisms which participate to tissue homeostasis,
largely explain why ECs dysfunction represents a critical step for the
development of atherosclerosis.

1.1.1. ECs metabolism and function and their relation to hemodynamic
forces

Under physiological conditions, ECs maximize energy production by
anaerobic glycolysis, that accounts for almost 85% of ATP production as
compared to oxidation of glucose, fatty acids or amino acids by the
electron transport chain (Eelen et al., 2018). This metabolic preference
is also preserved by hemodynamic forces that in concert shape ECs
morphology and function. Indeed, laminar shear stress contributes to
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maintain a quiescent state of ECs by inducing the expression of
Kruppel-like factor 2 (KLF2), that besides vascular barrier integrity
(Dekker et al., 2006), controls cellular glycolytic rate by modulating
glucose uptake and phosphofructokinase-2/fructose-2,
6-bisphosphatase-3 (PFKFB3) transcription (Doddaballapur et al.,
2015; Sathanoori et al., 2015) a rate limiting enzyme in the aerobic
glycolytic cascade, thus ensuring an adequate level of glycolytic flux to
sustain EC homeostasis. In parallel, shear stress, by promoting cytosolic
recruitment and activation of the GTPase dynamin-related protein 1
(Drpl) (Breton-Romero et al., 2014), supports the formation of small
and globular mitochondria, a phenomena known as fission which is
associated to a low oxidative metabolism and reactive oxygen species
(ROS) production as opposed to lactate (the final product of anaerobic
glycolysis) which is increased. The latter appears particularly relevant in
hypoxic conditions as lactate promotes EC sprouting and new blood
vessel development (Ruan and Kazlauskas, 2013), an event particularly
relevant in poorly oxygenated tissues and during the recovery phase
after acute myocardial infarction.

At arterial branch points and curvatures, blood flow turns from
laminar and unidirectional (typical of the straight parts of the arterial
tree) to oscillatory, thus resulting in a minimal but continuous shear
stress on ECs. At these sites, which are regarded as “athero-prone”
vascular beds, ECs acquire a round-shape, with a non-uniform orienta-
tion, and alter the production of vasoactive molecules, turning ECs to-
ward a pro-thrombotic and inflamed layer with increased permeability,
favouring lipid deposition within the intima of the arterial wall (Cahill
and Redmond, 2016). At this site the presence of turbulent blood flow
impacts endothelial function by different mechanisms (Brandes et al.,
2014). First, low shear stress could alter the function of
mechano-sensing receptors located at the apical or basal pole or at the
lateral border of ECs, among them alterations in the function and
localization of the transmembrane glycoprotein receptor CD31, that
impacts survival (Cheung et al., 2015; Gao et al., 2003) and maintenance
of EC barrier integrity (Flynn et al., 2013; Privratsky and Newman,
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2014), vascular tone (Bagi et al., 2005; Russell-Puleri et al., 2017),
angiogenesis (Park et al., 2010), and lowers thrombogenicity, ROS
production (Ji et al., 2002; Saragih et al., 2014), adhesion and inflam-
matory molecules expression (Cepinskas et al., 2003; Couty et al., 2007);
second, low shear stress upregulates NADPH oxidase (NOX) expression
which causes NADPH shortage. Given the critical role of NADPH in
supporting endothelial nitric oxidase (eNOS) function, under NADPH
shortage, eNOS becomes “uncoupled” and switches to the generation of
superoxide anions (Oz), that can react with NO to form peroxynitrile
(ONOO™), a highly reactive ROS.

At the cellular level, proper EC functionality is maintained through a
strict control on metabolic fluxes. Side pathways of glycolysis such as the
pentose phosphate pathway (PPP) or the hexosamine biosynthetic
pathway (HBP) are critical to reduce NADP+ to NADPH and support
glutathione regeneration (GSH), or to generate glucosamine-6-
phosphate (GlcN6P), that is converted to uridine diphosphate N-ace-
tylglucosamine (UDP-GlcNAc), which is required for O- and N- protein
glycosylation (Koo et al., 2013). Glycosylation of key ECs receptors, such
as CD31, vascular endothelial growth factor receptor 2 (VEGFR2) and
VE-cadherin (vascular endothelial cadherin), is central for EC angio-
genesis, survival, proliferation and migration (Chandler et al., 2019;
Imamaki et al., 2018; Park et al., 2016). For instance, reduction of
N-glycosylation, as a consequence of inhibition of glycolysis by 2-Deox-
y-d-glucose (2-DG) (a glucose analogue that competitively blocks
phosphoglucose isomerase), dampens angiogenesis (Merchan et al.,
2010). Also, the maintenance of the endothelial glycocalyx, a negatively
charged and organized mesh of membranous glycoproteins, pro-
teoglycans and associated plasma proteins (of about 100-750 nm
thickness), that contributes to vascular wall protection (Yilmaz et al.,
2019), is dependent on glycolysis-related protein glycosylation (Fig. 1).

Similarly, cellular fatty acids (FAs) synthesis contributes to the
maintenance of vascular endothelial tone by providing palmitic acid
which is required for eNOS palmitoylation (Wei et al., 2011), a
post-translational modification required for its efficient function (Liu
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et al., 1996), that allows eNOS association to membrane caveolae
(50-100 nm omega-shaped pits enriched in cholesterol and sphingoli-
pids (Galbiati et al., 2001)). In addition, while FA synthesis is critical for
some EC activities, the intracellular pool of FAs may also derive from the
uptake of albumin-bound FAs or from the lipolysis of triglyceride-rich
lipoproteins followed by selective uptake via CD36 and fatty acid
transport proteins (FATPs); extracellular FAs are critical to provide
linoleic acid (18:2) that, converted into arachidonic acid (AA) (C20:4), is
pivotal to the generation of prostaglandins (PGD2, PGE2 or PGF2),
thromboxane A2 (TXA2), prostacyclin (PGI2) and leukotriens (Marcus
et al., 1982).

1.1.2. Impact of systemic metabolic alterations on endothelial barrier
integrity and function

Altered shear stress and enhanced turbulent blood flow at inner
curvatures and branch points of arteries increase the chances to trap LDL
and other cholesterol-rich apoB-containing particles into the intima of
the vessels through transcytosis and/or tight junction dysfunction
(Mundi et al., 2018). This process is triggered by enhanced endothelial
permeability, coupled to hypercholesterolemia and is considered the
critical starting point driving EC switch to a pro-inflammed, pro--
thrombotic and atherogenic layer. Recently attention was focused on
understanding how lipid accumulation could influence EC metabolism
together with promoting EC activation. Lipids carried by lipoproteins
(mainly in their oxidized form) induce a strong activation of the in-
flammatory response through the activation of the endothelial NF-kB
cascade; this event leads to the production of pro-inflammatory cyto-
kines (TNFa, IL-1B), chemoatractant proteins (CCL1, CX3CL1, CCL5),
and leukocyte adhesion molecules (E-selectin and VCAM-1), that are
pivotal for immune cell recruitment at the vessel wall. Incubation of ECs
with triglycerides-rich lipoproteins (TGRLs) promotes the expression of
adhesion molecules (VACM-1, E-selectin and CD31) (Norata et al., 2006)
and pro-inflammatory genes (PAI-1, CCL2 and IL-6), an effect more
pronounced with TGRL from patients with hypertrygliceridemia or
increased levels of small dense atherogenic LDL (sdLDL) (Norata et al.,
2007; Norata et al., 2009). Interestingly, removal of cholesterol from
ECs, such as by high-density lipoproteins (HDL) exerts,
anti-inflammatory, anti-thrombotic and anti-proteolytic activity on ECs
and thus counteracts the pro-atherogenic potential induced by lipid
accumulation (Norata and Catapano, 2005). The athero-protective role
of HDL is further confirmed by the observation that these mechanisms of
defence are lost in case of oxidative modifications of HDL, as observed in
patients with coronary artery disease (CAD) (Kratzer et al., 2014), thus
turning HDL to pro-inflammatory mediators (Callegari et al., 2006;
Norata et al., 2004; Pirillo et al., 2019).

Beyond hypercholesterolemia, also increased plasma glucose levels
were shown to affect EC metabolism and function. In diabetic patients,
hyperglycaemia favours EC intracellular glucose uptake that, however,
is diverted into the polyol pathway to produce sorbitol and fructose, that
ultimately promotes the nonenzymatic generation of AGEs; a negative
effect also supported by marked activation of insulin signalling path-
ways which further fuels glucose uptake via intracellular trafficking of
GLUT4 (de Zeeuw et al., 2015). Excessive glucose uptake also affects
mitochondrial dynamics, with an increase in organelle fission leading to
mitochondrial fragmentation, elevated ROS production which could
contribute to EC toxicity (Kluge et al., 2013).

Dietary nutrients which are metabolized by the gut microbiota also
impact endothelial function and CVD. Trimethylamine N-Oxide
(TMAO), which is derived from conversion in the liver of TMA (pro-
duced by gut microbiota from choline/phosphatidylcholine and L-
carnitine), activates NF-KB signalling in ECs thus triggering a pro-
inflammatory response, followed by the recruitment and adhesion of
leukocytes to ECs (Boini et al., 2017). This mechanism appears to be
critical to explain the proatherogenic role of this molecule and the as-
sociation of its plasma levels with CAD. On the contrary, other
microbiota-derived molecules exert beneficial effects on endothelial
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integrity and function. This is the case of short-chain fatty acids (SCFAs),
fatty acids with less than six carbon atoms, such as acetic acid, propionic
acid and butyric acid or gaseous metabolites, as Hydrogen Sulfide (H5S),
that improves vascular tone (Amedei and Morbidelli, 2019).

In summary endothelial function is deeply related to its metabolism
under physiological conditions as well as when metabolic capacity is
exceeding (such as in presence of excessive extracellular nutrients). In
the latter case, ECs may undergo specific adaptations that impact the
maintenance of barrier integrity and vascular tone and in the long term
contributes to atherogenesis also by influencing the function of other
cells present in the arteries such vascular smooth muscle cells and/or
promoting immune cell recruitment.

1.2. Vascular smooth muscle cells

Lying below the endothelial layer of the tunica media of vascular
vessel, vascular smooth muscle cells (VSMCs) are highly contractile cells
involved in the maintenance of vessel structure and vascular tone. Under
physiological conditions, autocrine production of TGFf maintains the
contractile phenotype, by promoting the transcription of the co-
activator Myocardin (MYOCD), that controls the expression of con-
tractile smooth muscle cell (SMC) proteins, such as smooth muscle cell
myosin heavy chain (MYH11), SM22a/Transgelin, actin (ACTA2) and
smoothelin. Under perturbed and damaged conditions, VSMCs may turn
to a synthetic phenotype state to preserve vasal functionality and pro-
mote vascular remodeling; this phenomenon is known as VSMCs plas-
ticity and is tightly regulated at the transcriptional level (Owens et al.,
2004).

1.2.1. Adaptations of VSMC metabolism from physiological to pro-
atherogenic conditions

Contractile SMCs mainly rely on aerobic metabolism via OXPHOS,
where carbohydrates are used through the glycolytic pathway to support
the mitochondrial cycle of tricarboxylic acids (TCA) and the production
of energy by the electron transport chain. Functional mitochondria are
therefore key for energy production in VSMCs. Of note, mitochondria
are highly dynamic organelles, continuously switching between fused
and fixed forms. The fused form of mitochondria is characterized by a
higher metabolic activity due to the presence of a complex network of
cristae and more electron transport chain complexes. On the contrary,
fixed mitochondria are less metabolically active and more prone to be
recycled toward the autophagic process called mitophagy. Fission allows
the formation of smaller and more globular mitochondria and is medi-
ated by the activation of dynamins, such as Dynamin Related Protein 1
(Drpl), which are cytosolic proteins recruiting mitochondrial fission 1
(FIS1) protein at the mitochondrial membrane, to form a spiral around
the outer membrane of mitochondria (OMM) constricting and cleaving
mitochondria into two parts. At the opposite, fusion is characterized by
the formation of a complex mitochondrial network where mitofusinl
(MFN1) and mitofusin2 (MFN2) mediate the fusion of the OMM, while
optic atrophy 1 (OPA1l) mediates that of the internal mitochondrial
membrane (IMM). This mitochondrial dynamism has a huge impact on
cellular functionality and differentiation, with contractile VSMCs
showing more fused mitochondria and increased need of FAs as a source
of acetyl-CoA for TCA cycle (Kuznetsov et al., 2009).

VMSCs plasticity is particularly relevant during atherogenesis when
VSMCs turn to the synthetic phenotype, characterized by highly prolif-
erative and migratory potential. MicroRNAs such as mir143/145 are
instrumental in supporting a pro-atherogenic switch toward a synthetic
phenotype (Norata et al., 2012, 2013) which occurs when TGFp pro-
duction is reduced while platelet-derived grow factor BB (PDGF-BB),
produced locally by SMCs and inflammatory cells, is increased, thus
promoting VSMC migration to the intima, neointimal hyperproliferation
and LDL uptake. Moreover, PDGF-BB stimulation coupled to the accu-
mulation of cholesterol and oxidized phospholipids promotes
Kruppel-Like Factor 4 (KLF4) activation (Deaton et al., 2009), a
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pluripotent transcription factor, that in turn, upregulates the expression
of proinflammatory proteins, proliferative genes, ultimately leading to
VSMC switch to “macrophage-like foam cells” (Tang et al., 2011) with
phagocytotic ability (Shankman et al., 2015).

Metabolically, VSMCs polarization toward a synthetic state is strictly
dependent on cellular metabolic rewiring, with increased anabolic and
catabolic rate to support macromolecules production and energy gen-
eration. Proliferation of synthetic VSMCs requires the production of
building blocks necessary for the synthesis of new macromolecules. This
effect is mediated by PDGF-BB-dependent PI3K/Akt activation (Perez
et al., 2010) and the subsequent increase in the expression of genes
involved in anaerobic glycolysis including glucose transporter type 4
(GLUT4), hexokinase (HK2) and lactate dehydrogenase (LDH), which
support a faster generation of ATP in response to proliferative stimulus
as compared to glycolysis coupled to OXPHOS. Of note, this metabolic
adaptation resembles the Warburg effect described in cancer cells,
where increased glycolytic flux also fuels side pathways that are used for
the biosynthesis of new macromolecules, including ribose 5-phosphate,
a precursor of nucleotide synthesis, and NADPH for FA production, both
critical for cell proliferation and differentiation (Werle et al., 2005).
Increased glycolytic rate also provides the intermediate 3-phosphoglyc-
erate, used for the synthesis of new amino acids and, therefore, proteins.
Interestingly, proliferating VSMCs adopt anaerobic glycolysis (Barron
and Parrillo, 1995) both in hypoxic condition, an effect that depends on
the activation of hypoxia-inducible factor 1-alpha (HIFla) (Liu et al.,
2017), and even under normal oxygen levels. Of note, the oxidation of
lactate from pyruvate produces NAD™ from NADH, a critical cofactor of
glycolysis, which further fuels anaerobic metabolism. Under these con-
ditions, the excess of lactate is eliminated extracellularly by specific
transporters and can act as signalling molecule by activating mTOR,
AMPK and PI3K/Akt in a paracrine fashion. PDGF-BB also impacts
mitochondrial plasticity by reducing MFN2 expression, thus limiting
mitochondrial fusion, and supporting mitochondrial fragmentation
(fixation). The latter status induces the preferential use of FAs as a
metabolic substrate for energy production through fatty acid p-oxidation
rather than using Acetyl-CoA and pyruvate coming from glucose meta-
bolism. The increased metabolic flux thought p-oxidation coupled to
mitochondrial fixation favors the generation of ROS (Turrens, 2003),
that may drive lipid peroxidation and promote mitochondrial damage
(Fig. 2).

In summary, atherogenic conditions induce PDGF-BB production
which promotes VSMCs phenotype switch by acting both on cellular
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metabolism and mitochondrial dynamics. The infiltration of immune
cells in the tunica intima plays a key role in redirecting VMSCs fate to-
ward a proliferative phenotype as they lose their primary function of
contraction in the tunica media, migrate in the intima in response to pro-
inflammatory activation of ECs thus participating to atheroprogression.

2. Metabolic adaptation in innate and adaptive immune cells

Accumulation of lipoproteins and lipids in the intima of arterial walls
elicits an immune response where pro-inflammatory leukocytes are
recruited to the vascular interface thanks to the engagement with che-
moattractant and adhesion molecules expressed by endothelial cells.
This response, which initially is aimed at clearing potentially damaging
lipid accumulation, turns to a chronic inflammatory response that per-
petuates immune cell recruitment and activation in the atherosclerotic
plaque (Yvan-Charvet et al., 2019). These cells undergo specific
immunometabolic reprogramming as a consequence of different sub-
strate availability in the plaque, together with the need to acquir-
e/maintain the activation status and to support innate and adaptive
immune responses (Fig. 3).

2.1. Metabolic changes associated to monocyte and macrophage
activation

The vast majority of macrophages present in the atherosclerotic
plaque derive from circulating monocytes. Monocytosis is an indepen-
dent risk factor for CVD and is associated to increased atherogenesis and
impaired resolution of inflammation (Flynn et al., 2019). Hypercholes-
terolemia and cholesterol enrichment in bone marrow and splenic he-
matopoietic cells increase the rate of monocyte precursor proliferation
(Yvan-Charvet et al., 2010), and similar mechanisms have been reported
in hyperglycaemic conditions (Nagareddy et al., 2013). When cellular
cholesterol metabolism is impaired, such as is the case for defects of
cholesterol efflux, monocytes acquire a pro-inflammatory state that is
probably a consequence of epigenetic priming occurring in myeloid
precursors in the bone marrow (Christ et al., 2018). This epigenetic
priming extends also to genes associated to cellular metabolism,
resulting in a preferential use of aerobic glycolysis toward oxidative
phosphorylation that contributes to maintain a prolonged state of
hyperactivation that increases the ability of monocytes to reach the
atherosclerotic plaque and become macrophages.

Monocyte derived-macrophages, which are specialized cells

Fig. 2. Lying below the endothelial layer of vascular
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committed to recognize “damage” signals and engulf “not self” material,
localize in the intima to clear the tissue from modified and oxidized li-
poproteins by engaging scavenger receptors (SR), including scavenger
receptor A (SR-A), SR-B1, SREC-1, MARCO, CD36, LOX-1 and scavenger
receptor for phosphatidylserine and oxidized LDL (also known as
CXCL16) (Kzhyshkowska et al., 2012). The expression of these re-
ceptors, unlike the LDL-R, is not regulated by cellular cholesterol con-
tent and therefore, under continuous lipid overload, macrophages turn
into foam cells that are trapped within the arterial intima where they can
ultimately die causing necrotic core formation together with the release
of cholesterol crystals and other cellular debris. At the molecular level,
oxLDL trigger the inflammatory “priming” of macrophages leading to
increased expression of IL-13 mRNA and the activation of the
nucleotide-binding domain-like receptors Family Pyrin Domain Con-
taining 3 (NLRP3) inflammasome (Sheedy et al., 2013). Of note, a
proper NLRP3 activity requires to boost both fatty acid synthesis (FAS)
and fatty acid oxidation (FAO), with FAS promoting inflammatory gene
transcription and FAO boosting ROS production (Moon et al., 2015,
2016). In parallel, pro-inflammatory activation of macrophages is
characterized by increased glycolytic flux to sustain rapid demand of
energy for ATP production and, in line with this, monocyte-derived
macrophages from patients with coronary artery disease (CAD) display
elevated glucose utilization compared to control subjects (Shirai et al.,
2016); indeed imaging of glucose uptake in the plaque is used to detect
macrophage infiltration. This metabolic preference associates with
increased mitochondrial stress and production of IL-6 and IL-1f, that is
typical of M1 pro-inflammatory macrophages while anti-inflammatory
or pro-resolutive M2 macrophages prefer oxidative phosphorylation. It
is important to stress that immune cells continuously undergo metabolic
adaptations, that in macrophages is explified by the engagement of
SREBP1-dependent lipid metabolism, after a first glycolytic phase.; De
novo lipid synthesis is required both to support the interaction between
membrane lipid rafts and actin cytoskeleton for an efficient phagocytosis
(Lee et al., 2018), and to generate anti-inflammatory lipids during the

pro-resolutive phase (Oishi et al., 2017), such as resolvins, bioactive
molecules that stimulate self-limited innate responses, that enhance
innate microbial killing and clearance, and are organ-protective (Serhan
and Levy, 2018). Of note, by controlling ATP-citrate lyase (ACLY) (Sato
et al., 2000), SREBP also regulates the amount of acetyl-CoA that can be
used for histone acetylation and thus influences the expression of several
pro-inflammatory genes (Lauterbach et al., 2019). In parallel, in the
context of the atherosclerotic plaque, hypoxia activates the HIF-1la
pathway which in turn, promotes glycolysis, NLRP3 activation (Folco
et al.,, 2014), sterol synthesis and suppresses cholesterol efflux. The
latter mechanisms contribute to the accumulation of cellular cholesterol
which ultimately leads to cell death.

Adaptations in cellular metabolism also occur during efferocytosis, a
process used by phagocytes for the clearance of apoptotic macrophages,
indeed, first the conversion of arginine to ornithine and putrescine is
pivotal to drive Racl activation (Yurdagul et al., 2020) and second the
activation of lysosomal acid lipase (LAL) guides the hydrolysis of
esterified lipids derived from apoptotic cell engulfment, and provides
the substrate for the synthesis of 25-hydroxycholesterol and 27-hydrox-
ycholesterol, both endogenous ligands of liver-X-receptor (LXR), a
transcription factor controlling cholesterol efflux (Gomaraschi et al.,
2019; Viaud et al., 2018); these mechanisms are critical to promote
macrophage pro-resolutive activity.

In parallel with monocytes and macrophages, other innate immune
cells populate the atherosclerotic plaque, including neutrophils, natural
killer cells (NKs) and mast cells. While the role of NKs is still contro-
versial (Winkels and Ley, 2018), both mast cells and neutrophils
contribute to disease severity (Drechsler et al., 2010; Kovanen and Bot,
2017). Neutrophils are recruited at early stages of atherosclerosis where
they foster monocyte recruitment and macrophage activation by cyto-
toxic mechanisms that are exacerbated under hypercholesterolaemic
and hyperglycaemic conditions through a feedback mechanism
increasing neutrophil generation in the bone marrow and at extra-
medullary sites.
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2.2. Immunometabolic regulation of adaptive response

Dendritic cells (DCs), are normally found in healthy arteries, accu-
mulate in atherosclerotic lesions where engulf “atherosclerosis-related
antigens” and thereafter migrate to lymphatic tissues, including tertiary
lymphoid organs and vessel adventitia in a CCL19/21-CCR7 dependent
manner, to instruct lymphocytes (Trogan et al., 2006; Zernecke, 2015).
Also, DC activity is controlled by cellular cholesterol metabolism;
indeed, a proper cholesterol content in lipid rafts is required to maintain
a functional MHCII localization and apolipoprotein E works in an
autocrine fashion to maintain this equilibrium (Bonacina et al., 2018).
During atherosclerosis, a massive cellular lipid accumulation triggers
NLRP3 activation and supports DCs antigen-presentation and lympho-
cyte activation (Bonacina et al., 2018; Ito et al., 2016; Westerterp et al.,
2017) which occurs also in the aorta (MacRitchie et al., 2020).
Lymphocyte activation, in turn, is generally accompanied by a metabolic
switch from lipid oxidation, characteristic of naive state, to cellular
glycolysis which is orchestrated by mTOR, an evolutionarily conserved
ser/thr kinase that integrates nutrient sensing and antigen-receptor
signalling (Marelli-Berg et al., 2012). Upon TCR engagement, T cells
upregulate glucose transporters and increase glycolytic flux for both
rapid ATP production and generation of biosynthetic precursors for
amino acids and nucleic acids via the pentose phosphate pathway (PPP)
(Lunt and Vander Heiden, 2011). This metabolic rewiring allows both
clonal expansion and the acquisition of effector functions; on the con-
trary, the inhibition of glycolysis selectively reduces the expression of
cell cycle proteins and the production of IFNy and granzyme, in both
mouse and human CD8 T cells (Cham et al., 2008; Cham and Gajewski,
2005; Renner et al., 2015). Besides, T cells polarization, differentiation,
migration and the acquisition of a memory phenotype are controlled by
cellular metabolism (Norata et al., 2015; Vuononvirta et al., 2020). In
patients with atherosclerotic diseases and in experimental mice, lym-
phocytes are more polarized toward T effectors subsets (Ammirati et al.,
2012); whether this is the result of the atherosclerotic plaque inflam-
matory milieu or could depend on a direct metabolic effect of hyper-
cholesterolaemia on lymphocyte sterol metabolism is debated.
However, cholesterol has been shown to be critical in proliferating T
cells to support their anabolic needs, including cell membrane produc-
tion, while, when too abundant, becomes cytotoxic. Homeostasis of
cellular cholesterol is controlled by two classes of transcription factors:
LXRs and SREBPs. T cell proliferation is associated with a down-
regulation of pathways involved in cholesterol efflux and promotion of
lipid synthesis (LXRs repression and SREBPs activation), as a strategy to
increase the biomass for generation of new cells (Bensinger et al., 2008;
Kidani et al., 2013). In parallel the increased availability of cholesterol
in plasma membrane favors TCR clustering, thus enhancing T cell sig-
nalling, and improves effector CD8 antitumor function (Yang et al.,
2016). By contrast, in thymocytes, lipid raft content, that is crucial for
cell responsiveness to apoptosis-inducing signals for elimination of
autoreactive T cells, is modulated by LXR activation (Chan et al., 2020).

Also, the function of B lymphocytes is regulated at the metabolic
level. These cells have been involved in the production of antibodies to
both naive and oxidation-specific epitopes (OSEs) on LDL particles that
might attenuate disease development although other B cells subsets
might play a pro-atherogenic role (Ait-Oufella et al., 2010; Binder et al.,
2003; Caligiuri et al., 2002; Major et al., 2002). Similar to T cells, BCR
engagement reprograms B cell metabolism by activation of the nutrient
sensor mTOR that in turn is crucial for B cell development, differentia-
tion, and function (Iwata et al., 2017). After antigen stimulation and B
cell activation, increased glucose uptake results in the upregulation of
OXPHOS and TCA cycle; under this condition, TCA is supported by
anapleurotic fuels, such as glutamine, while pyruvate, rather than being
metabolized to lactate, is converted into acetyl-CoA for biomass syn-
thesis (Waters et al., 2018). Also, cholesterol biosynthetic pathway is
increased upon cell activation (including co-stimulatory interaction
between CD40-CD40L), and is required for cell growth, organelle
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biogenesis, and cellular replication (Shimabukuro-Vornhagen et al.,
2014). Bioproducts of cholesterol metabolism, such as the oxysterols 7a,
25-HC and 7a,27-HC, are highly expressed in B cells and act as ligands of
the orphan receptor EBI2, thus affecting B cell migration to outer folli-
cles in lymphoid organs after antigen stimulation (Kelly et al., 2011).

3. Concluding remarks: therapeutic opportunities

Several lines of evidence indicate that during atherosclerosis cellular
fate is controlled by metabolic reprogramming.

Interestingly, different cell types utilize specific metabolic pathways
to adapt to the new milieu and/or to accommodate for the metabolic
requests to fulfil their activities under resting or activated conditions.
These adaptations play a key role in directing the interaction of cells at
vascular-immune interface and allow to identify selective “metabolic
checkpoints” that could be exploited to control cellular activation. In
this scenario, “metabolic drugs” would be beneficial in specific patho-
logical settings by modulating cellular metabolic responses, beyond
ameliorating plasma biomarker profile.

3.1. Pharmacological modulation of lipid metabolism

Statins inhibit the enzyme p-hydroxy p-methylglutaryl-coenzyme A
(HMG-CoA) reductase, the rate-limiting step for cholesterol synthesis
and promote the expression of the LDL-R in the liver, thus favouring
LDL-C reduction and cardiovascular protection (Pirillo et al., 2020).
Large clinical trials have demonstrated a cardiovascular benefit that
goes beyond LDL-C reduction and could be attributed to their immu-
nomodulatory functions via controlling cholesterol availability, as sug-
gested by the reduction in markers of systemic inflammation such as
CRP (Catapano et al., 2017). In line with this observation, statin treat-
ment has been reported to reduce disease activity and inflammation in
subjects with multiple sclerosis and systemic lupus erythematosus
(Chataway et al., 2014; Ulivieri and Baldari, 2014), while more recently,
were shonw to decrease the inflammatory response and lower the risk of
death in Covid-19 patients during hospitalization, further pointing to an
immunomodulatory role of these molecules (Zhang et al., 2020). How-
ever, it’s still debated whether the anti-inflammatory potential of statin
is mediated at cellular level (ECs, VSMCs, or/and immune cells) or
rather depends on systemic reduction of LDL-C levels; the latter is sup-
ported by the evidence that the dramatic drop in plasma cholesterol
levels mediated by anti-PCSK9 antibodies is associated with a lower
inflammatory phenotype of circulating monocytes (Bernelot Moens
et al., 2017). However, numerous in vitro studies have demonstrated
additional effects of statins exerted at cellular level. Statins treatment
enhances endothelial function and NO availability, reduces the expres-
sion of NADH oxidase, thus limiting the production of ROS (Wassmann
et al,, 2002), and dampens pro-inflammatory cytokine and metal-
loproteinase expression in monocytes and macrophages (Rezaie-Majd
et al., 2002). Statins reduce the polarization of macrophage toward M1
phenotype and counteract the trained immunity phenotype induced by
oxLDL treatment in primary human monocytes by epigenetic reprog-
ramming (Bekkering et al., 2018; Riksen and Netea, 2020). Similarly, in
lymphocytes, inhibition of cholesterol synthesis, by dampening the
activation of Activator Protein (AP-)1 and NF-kb expression (Cheng
et al., 2010), reduces cellular proliferation and cytokine production and
promotes Treg differentiation (Jameel et al., 2013; Kagami et al., 2009).

Bempedoic acid is a recently approved hypocholesterolemic pro-
drug that, after being activated in the liver, inhibits ATP-citrate lyase
(ACLY), an enzyme upstream of HMG-CoA reductase in the cholesterol
biosynthetic pathway, thus resulting in the reduction of cholesterol
plasma levels as a consequence of increased LDL-R expression and li-
poprotein uptake (Laufs et al., 2019). Similar to statins, treatment with
bempedoic acid reduces CRP levels (Laufs et al., 2019; Ruscica et al.,
2020), thus suggesting that the immunomodulatory effect could depend
on the inhibition of cholesterol biosynthesis in the liver and the
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reduction of lipoprotein burden. ACLY has been recently shown to be
critical also in contributing the acetyl-CoA pool required for histone
acetylation and the regulation of TLR-driven gene expression after LPS
stimulation (Lauterbach et al., 2019; Williams and O’Neill, 2020). This
implies that approaches able to target ACLY specifically in macrophages
in the atherosclerotic plaque could reduce their activation. At present
this is not possible with bempedoic acid, as its conversion to the active
compound only occurs in the liver, but support the need for investigating
novel ACLY inhibitors with a different tissue/cell selectivity.

Fibrates are selective agonists of PPAR-a, a transcription factor
highly expressed in liver and skeletal muscle, that, by promoting FAO
and inducing lipoprotein lipase and apoA-I expression, regulate energy
homeostasis and lipoprotein metabolism (Duval et al., 2007); this results
in the reduction of plasma triglyceride levels. The cardiovascular benefit
derived from PPAR-a agonism has also been associated to their
anti-inflammatory properties, exerted by repressing STAT, AP-1, NF-«B,
and NFAT expression and directly inducing the expression of IL-1 re-
ceptor antagonist (Mandard and Patsouris, 2013). The main
anti-inflammatory effect is mediated in the context of liver by directly
targeting hepatocytes and Kupffer cells (Stienstra et al., 2007), endo-
thelial cells (Mandard and Patsouris, 2013) and T cells by inhibiting
IFN-y and promoting IL-4 secretion (Lovett-Racke et al., 2004; Marx
et al., 2004).

3.2. Pharmacological modulation of glucose metabolism

Metformin is the first-line medication for the treatment of diabetes.
Acting via both AMP-activated protein kinase (AMPK)-dependent and
AMPK-independent mechanisms, metformin reduces hepatic glucose
production and increases the sensitivity to insulin of peripheral tissues,
thus contributing to normalize plasma glucose levels (Rena et al., 2017).
AMPK-depend inhibition of mTORC1 also explains the benefit in the
context of cancer and cardiovascular diseases as well as the immuno-
modulatory effect (Howell et al., 2017). Metformin inhibits monocyte to
macrophage differentiation and restrains the inflammatory response of
activated macrophages; reduces NETosis formation by neutrophils and
increases differentiation of T cells into both regulatory and memory T
cells (Schuiveling et al., 2018). Treatment with metformin increases the
resistance to many Gram negative and Gram positive pathogens, and
contribute to reduce auto-immune disease burden in humans. Metfor-
min treatment improves insulin resistance both in endothelial cells,
resulting in an increase vasodilation (Nafisa et al., 2018), and in VSMCs,
thus controlling proliferation, migration and inflammation (Lu et al.,
2013) by PGC-1p upregulation (Guo et al., 2013).

Thiazolidinediones are PPAR-y agonists regulating the expression of
several genes involved in the regulation of glucose, lipid and protein
metabolism with the net effect of improving the response to insulin in
skeletal muscle and adipose tissue (increasing glucose uptake) and in the
liver (decreasing hepatic glucose production). PPAR-y agonism has been
associated with anti-inflammatory effects in other pathological condi-
tions, including inflammatory bowel disease, CNS inflammation, and
LPS-induced cardiac and pulmonary inflammation (Mandard and Pat-
souris, 2013). In adipose tissue, PPAR-y activation favours the alterna-
tive activation of macrophages (Odegaard et al., 2007) promoting lipid
metabolism (Kratz et al., 2014). PPAR-y expression by visceral
AT-resident Treg cells is instrumental for their ability to control the
inflammatory state of AT and thereby insulin sensitivity (Cipolletta
et al., 2012).

PFKFB3 inhibitors reduce anaerobic glycolysis by blocking the 6-
Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 enzyme. This
protein is highly expressed by tumour cells, explaining the interest of
PFKB3 inhibitors for cancer therapy (Lu et al., 2017), but also in endo-
thelial cells. Indeed, inhibition of PFKB3 reduces endothelial cell pro-
liferation and angiogenesis (Cantelmo et al., 2016; Schoors et al., 2014),
but plays also an anti-inflammatory effect by limiting NLRP3 activation
(Finucane et al., 2019).
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Translating experimental pharmacology to the clinic will imply that
these drugs should target vascular cells and/or immune cells in vivo to a
reasonable concentration without heading directly to the liver (primary
site of action) or exerting side effects due to the elevated levels required
to target peripheral cells. This suggests that pharmacology should
explore novel strategies to vehiculate metabolic drugs selectively at
cellular level, thus helping in improving disease outcome and control
immunometabolic responses in the context of cardiovascular diseases. In
this scenario, the use of nanoparticle-based drug delivery systems, via
conjugation with immunotherapeutic agents will improve the pharma-
cokinetic profile and facilitate the delivery of multiple therapeutic’
combinations at cellular level. Recently, advanced nanoparticle-based
drug delivery systems were successfully tested in cancer immuno-
therapy and show to reduce toxic side effects and immune-related
adverse events, as well as maximize the pharmacological benefit (Lim
et al., 2019). This suggests that also repurposing nanoparticles as de-
livery system of immune/metabolic-therapeutic agents to cells at the
vascular/immune interphase would offer an additional pharmacological
approach to cardiovascular diseases.
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