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Summary
Cardiovascular disease is the primary cause of mortality
in the world, and tightly associated with the metabolic syndrome, which is a cluster of interconnected metabolic dysfunctions including insulin resistance, obesity, hypertension and dyslipidaemias. These dysfunctions increase the
risk of developing atherosclerosis and consequent cardiovascular diseases, such as myocardial infarction and
stroke. Atherosclerosis is primarily triggered by increased
plasma cholesterol levels and can be classified as an immunometabolic disease, a chronic disease that is affected by both metabolic and inflammatory triggers and/or mediators. These triggers and mediators activate common
downstream pathways, including nuclear receptor signalling. Interestingly, specific cofactors that bind to these
complexes act as immunometabolic integrators. This review provides examples of such co-regulator complexes,
including nuclear sirtuins, nuclear receptor co-repressor 1
(NCOR1), nuclear receptor interacting protein 1 (NRIP1),
and prospero homeobox 1 (PROX1). Their study might
provide novel insight into mechanistic regulations and the
identification of new targets to treat atherosclerosis.
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Atherosclerosis is a chronic immunometabolic disease and
remains asymptomatic until a plaque becomes large
enough to obstruct the lumen to cause ischaemic pain or
ruptures causing a myocardial infarction, stroke or peripheral artery disease. Research over the past decades demonstrated that the chronic accumulation of lipids, especially
cholesterol, in our circulation is the major trigger of atherosclerosis. First, most gene candidates identified in familial
genetic or genome-wide association studies for coronary
artery disease or atherosclerosis, are associated with lipid
and/or lipoprotein metabolism [1, 2]. Second, the primary choice of treatment in patients with high-risk to develop
cardiovascular diseases is to lower the levels of circulating total and low density lipoprotein (LDL)-cholesterol by
primarily targeting hepatic cholesterol metabolism and/or
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the intestinal cholesterol uptake, with, for example, statins,
proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors and/or ezetimibe [3–10]. Third, all the genetic and
dietary mouse models that are used to promote atherosclerosis development function by primarily altering the
lipoprotein metabolism towards a humanised profile [11].
This knowledge suggests that the hyperlipidaemia, especially the hypercholesterolaemia, combined with the genetic predisposition is the major trigger of the disease.
Nevertheless, recent research showed that metabolic and
inflammatory processes are closely interconnected at the
cellular level as well as via intra- and inter-organ communication (fig. 1) [12, 13].

The liver regulates systemic cholesterol metabolism
The liver plays a crucial role in the development of atherosclerosis by regulating metabolic and inflammatory
processes, such as the expression of pro-inflammatory cytokines and acute phase response proteins, the secretion
of very low density lipoprotein (VLDL) particles, the uptake of cholesterol from the circulation, and biliary cholesterol excretion (fig. 2). An immunometabolic dysregulation in the liver can promote nonalcoholic fatty liver
disease (NAFLD) and the development of atherosclerosis.
Importantly, NAFLD leads to adverse cardiovascular functions, such as increased oxidative stress and endothelial
dysfunction, hypercoagulability and accelerated development of atherosclerosis [14–16]. Most of the currently used
drugs primarily target hepatic cholesterol synthesis via the
inhibition of hydroxymethylglutaryl-coenzyme A (HMGCA) reductase (statins) or hepatic cholesterol re-uptake
from the circulation by decreasing the breakdown of the
LDL receptor (e.g., PCSK9 inhibitors or silencing) [4–10].

Macrophage foam cells promote plaque development
Upon exposure to atherogenic triggers, vascular endothelial cells are activated and start to express adhesion molecules. These adhesion molecules attract and activate blood
monocytes, which then transmigrate into the arterial intima. Macrophages are the most abundant population of
cells within the plaques and one hallmark of atherogenesis
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is the excessive accumulation of cholesterol in monocytederived macrophages, leading to foam cell formation. The
uptake of modified – especially oxidised – low-density
lipoproteins (oxLDL) is driven by scavenger receptors and
these are stored as cholesterol esters in lipid droplets.
Moreover, macrophages interact with other immune cells,
especially T cells, and this immune response can promote
pro- or anti-inflammatory processes (fig. 2) [17, 18].

Clinical evidence of immunometabolic regulation
Several powerful cardiovascular drugs demonstrated that
metabolic and inflammatory processes can be targeted to
treat atherosclerosis (fig. 3), such as the HMG-CA reductase inhibitors (statins) to lower LDL-cholesterol levels, or
interleukin-1β (IL-1β) receptor antagonists or colchicine
to block the pro-inflammatory processes in cardiovascular
disease and type-2 diabetes [4, 5, 19–21]. Although these
drugs primarily target either a metabolic or an inflammatory process, recent research demonstrated that they do

also affect inflammatory or metabolic signalling, respectively. For example, besides targeting the HMG-CA reductase, statins exert various pleiotropic effects that are
mediated by intermediates of the cholesterol biosynthesis
pathway. A recent study demonstrated that, by inhibiting
mevalonate synthesis, statins counteract the epigenetic reprogramming that leads to trained immunity in monocytederived macrophages [22]. Other metabolites of the cholesterol biosynthesis pathway, such as farnesyl
pyrophosphate and geranylgeranyl pyrophosphate, also exhibit important anti-inflammatory effects [23]. Further
studies demonstrated that statins also modulate the response of the adaptive immune system, such as the function of Th17 cells in autoimmune disease [24].

Crosstalk of inflammatory and metabolic signalling
One of the first hints for a direct role of inflammatory
processes in the development of a metabolic disease came
in the 1990s, when it was shown that normal and ather-

Figure 1: Immunometabolic dysregulation promotes atherogenesis. Different organs contribute to atherogenesis by expressing and/or
secreting immunometabolic mediators upon exposure to atherogenic risk factors over our lifetime, which leads to the chronic dysregulation
that promotes the disease development and progression.

Figure 2: Contribution of the liver and macrophages to atherogenesis. Overview displaying protective and deleterious functions of the liver and macrophages in atherogenesis. For example, the liver promotes the beneficial biliary excretion of cholesterol, but on the other hand it
can promote increased VLDL secretion and inflammatory cytokine expression. Chronic inflammation and lipid accumulation in the liver can further increase the risk of atherosclerosis. APR = acute phase response; NAFLD = nonalcoholic fatty liver disease; oxLDL = oxidised low-density lipoprotein; VLDL = very low-density lipoprotein.
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osclerotic arteries express tumour necrosis factor (TNF)
[25]. Two years later, it was demonstrated that the adipose
tissue secretes TNF in obese and/or diabetic mice and humans, thereby directly linking an inflammatory cytokine to
another chronic metabolic disease [26–28]. Later studies
showed that the genetic deletion of Tnf reduces atherosclerosis development [29–31], and it is now known that various cytokines and chemokines regulate atherogenesis [32,
33].
Binding of TNF and other cytokines and chemokines to
their corresponding receptors induces the activation of
downstream signalling kinases, including IκB kinase
(IKK), c-Jun N-terminal kinase (JNK), p38 and Janus kinase (JAK) (fig. 4). Signalling from these kinases leads to
the activation of central inflammatory transcription factors,
such as nuclear factor-κB (NF-κB) upon IKK signalling,
activating protein-1 (AP-1) upon p38/JNK (MAPK) signalling, or signal transducers and activators of transcription (STAT) upon JAK1 signalling. Notably, these inflammatory transcription factors also regulate metabolic
processes at different layers. For example, they interact
with and coordinate the transcriptional activity of metabolic transcription factors, such as the nuclear receptors
peroxisome proliferator-activated receptor γ (PPARγ) and
liver X receptors (LXRs), which in turn are activated by
specific lipids [34–36]. Furthermore, inflammatory signalling can induce the expression of central metabolic regulators, such as sterol regulatory element-binding proteins
(SREBP-1 and SREBP-2), and of a series of metabolic enzymes [37–41].

Lipid-responsive nuclear receptors with immunometabolic functions
The family of nuclear receptors can be subdivided into
endocrine receptors that are bound by hormones, adopted
orphan nuclear receptors that are activated by different
metabolites such as fatty acids and cholesterol derivates,
and orphan nuclear receptors that do not (yet) have any
known natural ligand [42, 43]. Importantly, most nuclear
receptors have a ligand binding pocket and are therefore
potential drug targets. The function of several nuclear receptors in atherosclerosis has been reviewed previously
[44]. The class of adopted and orphan nuclear receptors is
of special interest since several of them are bound and activated by specific lipids, such as PPARγ, LXRs and liver receptor homologue-1 (LRH-1) (fig. 4). Besides regulating various metabolic processes, these lipid-binding
nuclear receptors also mediate transrepression of pro-inflammatory molecules in metabolic organs and immune
cells [34–36, 45–47], thus acting as immunometabolic regulators.

Transcription cofactors as immunometabolic
integrators
Transcriptional co-regulators play a central role in immunometabolic regulation because they are regulated by
upstream inflammatory or metabolic mediators and coordinate the transcriptional activity of key immunometabolic transcription factors. Importantly, several cofactors are
expressed in a tissue-specific manner, at a specific time
point during development or upon specific upstream stimuli, therefore acting under very specific conditions. From
an immunometabolic point of view it will be very inter-

Figure 3: Anti-atherosclerotic and/or cardioprotective drugs targeting inflammatory or metabolic pathways. Examples of drugs that
target inflammatory or metabolic processes that promote the development of atherosclerosis.
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esting to identify and study the co-regulators that are implicated in both inflammatory and metabolic processes.
Approximately 300 transcriptional cofactors exist in mammalian cells [48], but the function of most these cofactors
is not yet known. The functions of some selected cofactors
that regulate atherogenesis are summarised below.

Sirtuins – multiple roles in atherosclerosis and
cardiovascular diseases
Sirtuins are nutrient-sensitive protein deacetylases, which
play important roles in various molecular and physiological processes [49]. SIRT1, the best studied sirtuin, exerts
various protective cardiovascular functions. Several studies demonstrated that SIRT1 diminishes the development
of atherosclerosis and exhibits other cardioprotective effects (fig. 5) [51, 52]. By deacetylating and interfering with
the activation of the RelA/p65 subunit of NF-κB, SIRT1
inhibits inflammatory signalling, prevents macrophage
foam cell formation, diminishes endothelial cell activation
and reduces the expression of tissue factor, a key factor
in the activation of the coagulation cascade during arteriothrombosis [53–56]. Besides exerting these direct anti-inflammatory effects, SIRT1 also regulates the function
of specific nuclear receptors. These studies highlight that
SIRT1 acts as an immunometabolic regulator. Other sirtuins also exert distinct cardioprotective functions (reviewed
in [57]). Several approaches that were tested in order to
induce the activity of sirtuins by increasing the levels of

its substrate, nicotinamide adenine dinucleotide (NAD+),
showed protective cardiometabolic effects [58–63].

NCOR1 – an emerging regulator of immunometabolic processes
NCOR1 forms a large co-repressor complex containing histone deacetylases that inhibit the transcriptional function
of nuclear receptors [64, 65]. Tissue-specific deletions of
Ncor1 in metabolic organs showed that it regulates fatty
acid metabolism, mitochondrial functions, insulin sensitivity, bile acid composition and intestinal cholesterol absorption [66–69]. Moreover, NCOR1 exerts both pro- and antiinflammatory functions in macrophages, and its deletion in
adipocytes reduces adipose tissue macrophage infiltration
and inflammation [35, 67, 70, 71].
Recently published data demonstrated that the deletion of
macrophage Ncor1 promotes atherosclerosis development
in mice, and their atherosclerotic lesions displayed thinner
fibrous caps and larger necrotic cores, suggesting that
NCOR1 stabilises atherosclerotic plaques [72]. At the molecular level, it was shown that NCOR1 binds to the Cd36
promoter, a scavenger receptor that mediates the uncontrolled uptake of modified LDL particles [73, 74]. Consequently, NCOR1-deficient peritoneal macrophages displayed increased CD36 expression and enhanced
accumulation of oxLDL compared with control
macrophages (fig. 5). The increased expression of CD36

Figure 4: Immunometabolic signalling at the cellular level. Simplified overview of important signalling pathways that are activated by inflammatory or metabolic mediators, such as cytokines and lipids, which trigger downstream inflammatory (red labels) or metabolic pathways
(blue labels), and activate key transcription factors. Transcription cofactors (yellow) play a central immunometabolic role by directly reacting to
upstream immune and metabolic mediators and coordinating the downstream responses at the nuclear level, either by directly driving the expression of target genes or by interfering with the function (e.g., transrepression) of other transcription factors, such as the AP-1 or NF-κB.
CHOL = cholesterol; FA = fatty acid; HODE = Hydroxyoctadecadienoic acid; DNL = de novo lipogenesis; Mϕ = macrophage; nSIRTs = nuclear
Sirtuins; PUFAs = polyunsaturated fatty acids; RCT = reverse cholesterol transport.
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was secondary to a derepression of PPARγ target genes.
Treatment of peritoneal macrophages with the PPARγ agonist rosiglitazone led to an enhanced expression of several
direct and indirect PPARγ target genes, including both
pro- and anti-inflammatory molecules, thus suggesting that
NCOR1 exerts atheroprotective functions by repressing
detrimental functions of PPARγ in macrophages (fig. 5).
To establish the contribution of macrophage NCOR1 in human atherosclerosis, the authors further explored its expression in publicly available datasets and showed that
the expression of Ncor1 was reduced in carotid plaques
in comparison to non-atherosclerotic biopsies from mammary arteries. Moreover, analysis of expression data from
laser micro-dissected macrophages [75] revealed that all
significantly changed PPARγ target genes were robustly
increased in macrophages from ruptured compared with
non-ruptured plaques, and targeted protein analyses
showed that NCOR1 is reduced in ruptured compared to
non-ruptured carotid plaque [72].
Earlier studies demonstrated that NCOR1 can also interact
with B cell lymphoma-6 (BCL6), a transcriptional repressor that belongs to a class of zinc-finger transcription factors. This interaction promotes the repression of several
processes, including the expression of pro-inflammatory
NF-κB target genes [76–78].
In the liver, nuclear co-repressors modulate liver energy
metabolism during the fasting-feeding transition. The
NCOR1-HDAC3 complex regulates both catabolic and anabolic processes in the liver. Upon feeding, the target of
rapamycin complex 1 (mTORC1)-AKT signalling pathway is activated by increasing levels of glucose and insulin, which leads to the phosphorylation of serine 1460
of NCOR1 (pS1460 NCOR1). The pS1460 phosphorylation reduces the capacity of NCOR1 to interact with LXRs,
hence increasing the transcription of de novo lipogenesis genes, and conversely, it fosters the interaction with
PPARα and ERRα, thus subsequently repressing downstream ketogenic and Oxphos genes [68]. Under fasting

conditions, the NCOR1-HDAC3 complex represses the expression of de novo lipogenesis genes (fig. 5) [79, 80].

PROX1 – a critical regulator of hepatic metabolism
Prospero-related homeobox 1 (PROX1) is a conserved corepressor that is mainly expressed in liver, lymphatic vessels, lens, dentate gyrus, neuroendocrine cells of the adrenal medulla, megakaryocytes, and platelets [81]. It interacts
with several nuclear receptors, including the LRH-1, oestrogen-related receptor (ERR), steroid and xenobiotic receptor (SXR), and retinoic acid-related orphan receptors
(ROR), as well as other transcriptional regulators, such as
HDAC3 or lysine-specific demethylase 1 (LSD1) [82–84].
The interaction of PROX1 with LRH-1 was first described
in Drosophila [85] and human cells [86], and the LRH-1/
PROX1 interaction has been reported to regulate liver development and function [86, 87]. Importantly, it was
demonstrated that PROX1 is required to promote the beneficial effects of LRH-1 on reverse cholesterol transport
and atherogenesis: Atherosclerosis-prone mice carrying a
mutation that abolishes the SUMOylation of LRH-1 are
significantly protected from atherosclerosis development
by promoting reverse cholesterol transport (fig. 5) [88].
This study highlighted that a single posttranslational modification of a nuclear receptor is sufficient to modulate the
function of the protein and impact on the development
of chronic cardiovascular diseases. Moreover, LRH-1 drives the differentiation of macrophages towards an anti-inflammatory phenotype (fig. 5) [89] . Whether or not the
LRH-1-PROX1 complex affects the development of atherosclerosis in humans in not yet known. However, as it
is a potent regulator of bile acid synthesis and composition [90], it is tempting to assume that this nuclear receptor-co-repressor complex plays a key role in chronic hepatic diseases or upon liver transplantation. On the other
hand, the same LRH-1 mutation promotes the development
of NAFLD and early signs of steatohepatitis and Lrh-1-deficient mice are protected against hepatic cancer [91, 92].

Figure 5: Regulation of immunometabolic processes by nuclear receptor-corepressor networks. Scheme illustrating how transcriptional
corepressor complexes (in red) repress the function of nuclear receptors and SREBPs (in purple) and thus regulate key atherosclerotic
processes in the liver and macrophages. CHOL = cholesterol; FA = fatty acid; oxLDL = oxidised LDL; PL = phospholipid; THR = thyroid hormone receptor. Adapted from [50].
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RIP140 – a regulator of macrophage metabolism and inflammation
Nuclear receptor interacting protein 1 (NRIP1; also known
as receptor interacting protein 140, RIP140) is a co-regulator that is ubiquitously expressed, interacts with several
nuclear receptors and regulates downstream immunometabolic processes [93, 94]. Interestingly, TLR signalling
leads to RIP140 ubiquitination and degradation, which in
turn reduces pro-inflammatory cytokine production and
promotes endotoxin tolerance [95]. Moreover, RIP140 promotes foam cell formation by inhibiting LXR-driven Abca1 and Abag1 expression, thus impairing HDL-driven
cholesterol efflux from macrophages [96, 97]. Consistently, microRNA-specific silencing of Rip140 in
macrophages reduces the development of atherosclerotic
lesions in Apoe knockout mice (fig. 5) [96].
In the liver, RIP140 is recruited to a complex of krüppellike factor 15 (KLF15) and LXR/RXR on the promoter of
genes regulating de novo lipogenesis and thus regulating
the feeding-fasting transition (fig. 5) [98, 99]. This
RIP140-KLF15-LXR complex likely regulates other
processes that affect atherosclerosis development in the
liver, macrophages and other tissues. Notably, KLF15 mRNA expression is reduced in human atherosclerotic compared to nonatherosclerotic aortae, and the systemic or
smooth muscle cell-specific deletion of Klf15 aggravates
atherosclerosis development in Apoe knockout mice [100].

macrophages could protect against excessive oxLDL uptake, macrophage foam cell formation and pro-inflammatory gene expression, and thus prevent further growth and
destabilisation of atherosclerotic plaques [50, 72], such
as in primary prevention for patients with very high risk
for atherosclerotic disease or in secondary prevention. In
the liver, targeting NCOR1, for example with synthetic
siRNAs conjugated to triantennary N-acetylgalactosamine
carbohydrates [9, 103], could be tested to prevent fatty acid
and cholesterol synthesis in patients with NAFLD, which
is a growing patient population globally and exposed to increased cardiovascular risk [50, 68]. However, these therapeutic approaches first have to be tested in pre-clinical
models before being translated to humans.
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