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Abstract 
 
Atherosclerosis is a lipid-driven chronic inflammatory disorder. Monocytes and 
macrophages are key immune cells in the development of disease and clinical 
outcome. It is becoming increasingly clear that epigenetic pathways govern many 
aspects of monocyte and macrophage differentiation and activation. The dynamic 
regulation of epigenetic patterns provides opportunities to alter disease-associated 
epigenetic states. Therefore, pharmaceutical companies have embraced the targeting 
of epigenetic processes as new approaches for interventions. Particularly histone 
deacetylase (Hdac) inhibitors and DNA-methyltransferase inhibitors have long received 
attention and several of them have been approved for clinical use in relation to 
hematological malignancies. The key focus is still on oncology, but Alzheimer's disease, 
Huntington's disease and inflammatory disorders are coming in focus as well. These 
developments raise opportunities for the epigenetic targeting in cardiovascular 
disease (CVD). In this review we discuss the epigenetic regulation of the inflammatory 
pathways in relation to atherosclerosis with a specific attention to monocyte- and 
macrophage-related processes. What are the opportunities for future therapy of 
atherosclerosis by epigenetic interventions? 
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1. Introduction 
 
1.1. Cardiovascular disease  
Cardiovascular disease (CVD) is the most common cause of morbidity and mortality 
worldwide. 17.3 Million people are estimated to die of CVD annually, which is 30% of 
all deaths (WHO, 2015). Due to increased ageing and obesity prevalence, it is 
predicted that this number will further increase over time reaching 23.3 million in 
2030 (Mathers and Loncar, 2006). The primary underlying cause of CVD is 
atherosclerosis, a slowly progressing chronic inflammatory disorder of the arteries. 
Atherosclerotic lesions develop in the intima of medium and large arteries and are 
characterized by the accumulation of lipids, the infiltration of monocytes, T cells and 
mast cells and the formation of a fibrous cap. This cap encloses the lesion and is made 
of collagen produced by smooth muscle cells (SMCs). Increased atherosclerotic plaque 
growth results in narrowing of the lumen, which may result in angina pectoris. 
Moreover, increased accumulation of lipids, macrophages and T cells may result in 
unstable lesions which ultimately can rupture and initiate thrombosis. Thrombosis can 
eventually result in acute myocardial infarction or stroke which are the main cause of 
CVD and overall death worldwide (Lozano et al., 2012). Risk factors for atherosclerosis 
include smoking, obesity, high blood pressure, diabetes and hyperlipidaemia. These 
factors induce vessel inflammation, thereby enhancing atherosclerosis. 
 
1.2. Atherosclerosis is an inflammatory disorder 
Initiation of atherosclerosis develops as a result of a vascular injury, leading to a 
chronic inflammatory response over a long period of time (Ross, 1999). Vascular injury 
can result from shear stress, hyperlipidaemia and free radicals, which result in 
endothelial dysfunction. Together with high levels of circulating cholesterol and 
retention of oxidized low density lipoprotein (oxLDL) within the artery this triggers pro-
inflammatory responses, which in turn are the first steps in the development of 
atherosclerotic plaques (Hansson and Libby, 2006; Hansson et al., 2002).  
Inflammatory responses trigger local endothelial expression of adhesion molecules like 
vascular cell adhesion molecule 1 (VCAM- 1). Circulating monocytes and T cells attach 
to activated endothelial cells and locally produced chemokines cause monocytes and T 
cells to migrate into the arterial intima (Boring et al., 1998; Gu et al., 1998). Once 
entered into the arterial tissue, monocytes will differentiate into macrophages in 
response to differentiation factors like macrophage colony-stimulating factor (M-CSF) 
(Johnson and Newby, 2009). When these macrophages subsequently engulf 
apolipoprotein B containing modified lipoproteins (e.g. oxLDL) they become foam cells 
(Glass and Witztum, 2001). Uptake of modified lipoproteins by macrophages is 
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mediated by receptor-mediated endocytosis and pinocytosis, involving type A 
scavenger receptor and cluster of differentiation 36 (CD36) (Ashraf and Gupta, 2011; 
Kunjathoor et al., 2002). Stimulation of macrophages with those modified lipoproteins 
alters the inflammatory response. Yet, it still remains unclear whether these effects 
are pro- or anti-inflammatory and results appear to depend on experimental details. 
Indeed, Chavez-Sanchez et al. (2010) show that modified extracellular lipids can act via 
Toll-like receptor-2 and 4 (TLR-2 and TLR-4), thereby inducing inflammatory cytokine 
release from monocytes and macrophages. In contrast, Kannan et al. (2012) show that 
modified lipids rather block the cytokine response via TLR-2 and TLR-4 in human 
monocytes. In agreement with the latter observation, intracellular lipid accumulation 
dampens inflammation in peritoneal macrophages, an effect which is mediated by 
desmosterol (Spann et al., 2012). Intracellular accumulation of lipids does not result in 
down-regulation of scavenger receptors and thus leads to continued uptake and 
consequent foam cell formation (Rios et al., 2011). Accumulation of these lipid-laden 
macrophages in the vessel wall causes formation of so-called fatty streaks, the earliest 
signs of atherosclerotic disease. Not all fatty streaks develop into an atheroma, but 
they are precursors for plaques. Increase of macrophage intracellular lipids in 
combination with inflammatory signals will result in cytotoxicity and thus foam cell 
death. Release of their cellular content will further increase monocyte recruitment 
resulting in a vicious cycle. Therefore, foam cell formation is a crucial initiating step in 
the development of atherosclerotic lesions. 
Small plaques increase in size by the continuous accumulation of inflammatory cells 
and extra-cellular lipids. Inflammatory cytokines like interleukin-1 (IL-1) and interferon-
gamma (IFN-γ) together with growth factors (e.g. PDGF, thrombin) eventually cause 
SMCs to migrate from the media to the intima. Within the intima, SMCs are stimulated 
to produce collagen, elastin and proteoglycans resulting in fibrous cap formation. At 
this stage, foam cells are mostly located in the lipid core and T cells are found in 
clusters in the fibrous cap and shoulder regions of the lesion (Hansson et al., 2006). 
Expansion of the lipid core or increased SMC content results in narrowing of the lumen 
which can cause an occlusion. Furthermore, this can also cause thinning and 
eventually rupture of the fibrous cap resulting in thrombus formation (Fig. 1). 
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Fig. 1. Schematic representation of atherosclerotic plaque development. High levels of LDL get trapped in the 
intima of arteries leading to the formation of modified LDL (mLDL) and recruitment of monocytes. Monocytes 
adhere to the activated endothelium and migrate into the intima where they differentiate into macrophages. 
These macrophages scavenge modified lipid, causing foam cell formation. Increase uptake of lipids results in 
cytotoxicity, resulting in foam cell apoptosis and eventually necrotic core formation. Inflammatory cytokine 
secretion by macrophages and T cells promote further cellular activation and plaque growth and specific growth 
factors cause smooth muscle cell migration and fibrous cap formation. Indicated in red boxes are critical steps in 
atherogenesis. 
 
1.3. Macrophage function and polarization 
As their name suggests (in Greek, macros=big and phagein=eat and thus 
‘macrophage=big eater’), the first function of macrophages to be identified by 
Metchnikoff was phagocytosis and microbial killing (Schmalstieg and Goldman, 2008). 
Whilst this is an important feature, macrophages are functionally much more complex 
and are involved in about every disease. In fact, they play a role in virtually all aspects 
of life; from development, homeostasis and tissue repair and to immunity (Jantsch et 
al., 2014).  
Phenotypically, macrophages are phagocytic and express M-CSFR, CD11b, F4/80, CD64 
and CD68. Yet the presence of these markers does not reveal their activation status. 
Indeed, macrophages are the most plastic cells of the hematopoietic system and in 
response to microenvironment stimuli they will adapt different polarization states. 
Whilst several efforts have been made to classify macrophages, the binary M1/M2 
classification still remains the most used and offers a reductionist tool to describe 
extremes of their function (Martinez et al., 2013). 
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Classically activated macrophages (i.e. M1) are induced by the Th1 cytokine IFN-γ, TLR 
ligands like lipopolysaccharide (LPS) and danger signals. This well-studied activation 
status secretes pro-inflammatory cytokines (IL-1β, IL-6, tumor necrosis factor (TNF), 
and IL-12) and inflammatory chemokines, e.g. chemokine c-x-c motif ligand 1 and 2, 
chemokine c-c motif ligand 2–5 (CXCL1 and 2, CCL2-5). Classical activated 
macrophages also produce reactive oxygen and nitrogen intermediates, the latter 
from l-arginine by inducible nitric oxide (iNOS) synthase (Van den Bossche et al., 2012). 
In addition, enhanced expression of major histocompatibility complex (MHC)-I and 
MHC-II and co-stimulatory molecules ensures proper antigen-presentation and further 
induction of a polarized Th1 adaptive immune response. As such, M1 are crucial to 
protect the host against different types of threats, including bacterial infections, tumor 
growth, and intracellular parasites (Benoit et al., 2008; Laoui et al., 2011; Liese et al., 
2008; Rodriguez-Sosa et al., 2003).  
Although these pro-inflammatory macrophages are principally beneficial to protect 
the host against different types of threats, they can also cause considerable collateral 
tissue damage and lead to pathology. Indeed, unrestrained inflammatory activity of 
macrophages aggravates chronic inflammatory diseases such as atherosclerosis, 
multiple sclerosis and rheumatoid arthritis. To counter these harmful effects, 
macrophages can switch to an anti-inflammatory or regulatory state.  
More recently, it became clear that macrophages are also altered by diverse non-
inflammatory factors, including the Th2 cytokines IL-4 and IL-13, IL-10, transforming 
growth factor beta (TGF-β), glucocorticoids and immune complexes. All these types of 
non-M1 macrophages are often grouped under the generic term M2 (mainly defined 
as IL-10high and IL-12low), which was further subdivided into M2a, M2b and M2c 
by Mantovani et al. (2004). The Th2 cytokines IL-4 and IL-13 are the only inducers of 
the so-called bona fide alternatively activated macrophages (i.e. M2a) (Gordon, 2003). 
M2b are induced in the simultaneous presence of immune complexes and TLR or IL-1 
receptor ligands, and IL-10 induces M2c macrophages, which produce IL-10 and TGF-β 
themselves. 
M2 macrophages are important in anti-parasitic immune responses, promote tissue 
remodelling and wound healing, and have anti-inflammatory immunoregulatory 
functions. Conversely, these features make them undesirable during cancer 
progressing as they promote tumor growth and alternatively activated macrophages 
actually contribute to excessive type 2 inflammation during allergic asthma (Gordon 
and Martinez, 2010; Martinez et al., 2009). 
At the molecular level, the described functions are linked to a large collection of 
marker genes including arginase-1 (Arg1), macrophage mannose receptor (MR/Mrc1), 
found in inflammatory zone 1 (Fizz1/Retnla), chitinase-like 3 (Ym1/Chi3l3), E-cadherin 
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(Cdh1) and a broad range of anti-inflammatory cytokines (e.g. IL-10) and chemokines 
(Gordon and Martinez, 2010; Van den Bossche et al., 2009, 2012).  
While the M1/M2 classification is a useful working scheme, it is a simplification of the 
in vivo situation, where macrophages are exposed to a complex mixture of stimuli and 
adopt mixed activation profiles. Therefore, fully polarized classical activated 
macrophages or alternatively activated macrophages, generated by in vitro LPS plus 
IFN-γ or IL-4 (plus IL-13) stimulation, should be considered as the extremes of a 
continuum of closely related cells (Xue et al., 2014). In addition, macrophages display 
high plasticity and one activation status can be reprogrammed into the other to some 
extent (Mylonas et al., 2009). Understanding this phenotypic heterogeneity is 
absolutely vital because macrophages are critical in many diseases and have emerged 
as attractive targets for therapy. For these therapies to be efficient the clarification of 
the macrophage's transcriptional regulation is critical. 
 
1.4. Epigenetic regulation of gene transcription 
Epigenetic control of transcription refers to alterations in gene expression without 
changing the DNA itself. The chromatin structure determines DNA accessibility and 
therefore transcription factor (TF) binding and gene expression. Heterochromatin on 
one hand is densely packed chromatin where DNA is less accessible resulting in gene 
silencing; euchromatin on the other hand is the open conformation of the chromatin 
allowing TF binding and gene expression. The initiation of gene transcription requires 
the interaction between gene promoters and regulatory enhancer elements. Promoter 
regions are located proximal to transcription start sites and enhancer regions are 
found more distally. Both promoter and enhancers contain DNA motifs that are 
recognized by specific TFs. Promoter regions are mainly bound by general 
transcription factors and enhancers by lineage determining transcription factors 
(LDTFs). PU.1 is one of these LDTFs commonly present on enhancers of macrophages 
and together with factors like interferon regulatory factor-8 these LDTFs regulate 
macrophage differentiation and identity (Ghisletti and Natoli, 2013). 
DNA methylation and posttranslational modifications of histone tails, such as lysine 
methylation and acetylation, are the most common mechanisms causing changes in 
DNA accessibility. DNA methylation is associated with gene silencing while histone 
modifications can either result in gene activation or silencing. In addition to DNA 
methylation, different histone modifications set the histone code and regulate the 
interaction and function of transcriptions factors. As such, a large number of histone 
modifying enzymes regulate myeloid cell differentiation, macrophage polarization and 
the ensuing macrophage phenotype. 
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Histone methylation can be associated with either gene induction or repression, 
depending on the position of methylation and the number of methyl groups (i.e. 
mono-, di-, or trimethylation). While di- or trimethylation of histone H3 at lysine-4, -36 
and -79 is associated with gene activation, H3K9me2/3 and H3K27me3 are repressive 
histone marks. The relative activity of protein complexes containing histone 
methyltransferases (HMTs) and the opposing histone demethylases (HDMs) determine 
the overall histone methylation status at the different positions. As described in detail 
in Section 3, histone acetylation by histone acetyltransferases (HATs) usually increases 
gene transcription and their activity is counteracted by histone deacetylases (Hdacs) 
(Fig. 2). 
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The combination of both acetylation and methylation modifications of histone tails 
determine the histone code of enhancers and promoters and thereby control gene 
transcription or repression (Van den Bossche et al., 2014b). In a resting state, 
enhancers are characterized by the presence of H3K4me1/2 marks (Heintzman et al., 
2009, 2007) and repressive H3K27me3 marks, while promoters are characterized by 
H3K4me3 and H3K27me3. In macrophages, LPS stimulation leads to the recruitment of 
HATs and HDMs, resulting in chromatin remodelling, acetylation of H3 histone tails in 
promoters and enhancers and removal of the repressive H3K27me3 marks (Stender 
and Glass, 2013). Hereby, inactive repressed regions are turned into active regions, 
resulting in TF binding, activation of RNA polymerase II and eventually gene 
transcription. Thus, the orchestration of the epigenetic landscape is critical in 
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determining the macrophage phenotype and in regulating responses to environmental 
stimuli. 
 
2. Histone (de)methylation 
 
2.1. Histone methylation regulates macrophage activation and inflammatory 

responses 
HMTs can methylate both lysine and arginine residues but lysine methylation is most 
common. Eight classes of histone lysine methyltransferases (KMTs) are described. 
KMT1s and KMT8 methylate H3K9, KMT2s and KMT7s target H3K4 and KMT6 (also 
known as Ezh2) acts on H3K27 as a subunit of the polycomb repressive complex 2 
(PRC2). Except for lysine-specific demethylase 1 (LSD1, also known as KDM1A), all 
histone lysine demethylases (KDMs) belong to the family of Jumonji C-terminal domain 
(JmjC) containing enzymes. Whereas LSD1 removes mono- or di-methylation from 
H3K4 and H3K9, the JmjC family can remove all types of methylation from different 
histone tail lysines (Cloos et al., 2008; Hojfeldt et al., 2013). 
While histones can be methylated at H3K4, H3K36, H3K79, H3K9, H3K27 most studies 
in macrophages so far focussed on regulation of methylation and demethylation of 
H3K4 and H3K27. For example, the expression of the H3K4 HMT Myeloid Lymphoid 
Leukemia (MLL) was shown to increase upon LPS plus IFN-γ induced M1 activation of 
macrophages (Kittan et al., 2013) and directly linked to expression of inflammatory 
mediators. Moreover, it was shown that different MLLs are critical for the remodelling 
of the enhancer landscape in response to activation of macrophages (Kaikkonen et al., 
2013). 
While literature on H3K4 methylation in macrophages is relatively scarce, much more 
is known about the regulation of the repressive H3K27me3 mark in macrophages. The 
H3K27me3 mark together with the PRC2 complex, containing Enhancer of the zeste 
homolog 2 (Ezh2), embryonic ectoderm development (Eed), suppressor of zeste 12 
homolog (Suz12) and RbAp46/48 help to recruit the PRC1 complex and together PRC1 
and PRC2 repress many genes during diverse biological processes including 
development and tissue homeostasis (Margueron and Reinberg, 2011). 
Ezh2 was shown to be rhythmically recruited to the promoters of Ccl2 and Ccl8 genes 
in blood monocytes, resulting in cyclic gene silencing by H3K27me3 and thereby 
controlling the diurnal rhythms of inflammatory (Ly6Chi) monocyte numbers (Nguyen 
et al., 2013). PRC2 recruitment and its repressive activity depend on the interaction 
with the circadian regulator aryl hydrocarbon receptor nuclear translocator-
like (ARNTL/BMAL1). Accordingly, BMAL1 deficiency impairs Ezh2 recruitment and 
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the overall histone methylation status at the different positions. As described in detail 
in Section 3, histone acetylation by histone acetyltransferases (HATs) usually increases 
gene transcription and their activity is counteracted by histone deacetylases (Hdacs) 
(Fig. 2). 
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induces a more active chromatin state of Ccl2 and Ccl8 with more H3K4me3 activation 
marks and constitutive recruitment of RNA polymerase II (Pol II) to the promoter.  
Upon macrophage activation, TLR engagement induces Jumonji-C domain (Jmjd) 
containing demethylases like Jmjd3 which remove the repressive H3K27me3 marks 
(De Santa et al., 2007). While the production of the majority of pro-inflammatory 
cytokines is not affected in Jmjd3-deficient macrophages, it has been postulated that 
Jmjd3 fine-tunes M1 polarization (De Santa et al., 2009). Accordingly, also 
inflammatory cytokine induction by the acute-phase protein serum amyloid A (SAA) 
depends on Jmjd3 activity (Yan et al., 2014). Removal of repressive H3K27me3 marks 
by Jmjd3 is not only required for the pro-inflammatory response, but is also induced 
by and needed for IL-4 signalling in M2 macrophages (Ishii et al., 2009) during 
helminth infection and responses to chitin (Satoh et al., 2010). The dual role of Jmjd3 
in both M1 and M2 macrophages is not inevitably conflicting and indicates the need 
for removal of repressive H3K27me3 marks to allow responses to numerous 
environmental queues.  
Supporting this hypothesis, Chen et al. (2012a) clarified part of the molecular 
mechanism underlying Jmjd3-induced transcription during macrophage 
differentiation. Jmjd3 associates with the H3K27 demethylase KIAA1718 and directly 
binds to and regulates the expression of multiple genes in the human HL-60 leukemia 
cell line during 12-O-tetradecanoyl-phorbol 13-acetate (TPA)-induced macrophage 
differentiation. Both demethylases cooperate to resolve H3K27me3 repressive marks 
on differentiation genes poised for activation with a bivalent H3K4me3/H3K27me3 
mark and promoter-proximal paused Pol II. As such Jmjd3 and KIAA1718 allow Pol II 
travelling and activation of gene transcription. Moreover, both demethylases help to 
localize the elongation factors SPT6 and SPT16 and thus further promote 
transcriptional elongation. These findings are factual for macrophage differentiation, 
but might also illuminate the critical role of Jmjd3 during seemingly heterogeneous 
modes of macrophage activation described above. Overall, Jmjd3 is needed to permit 
several responses to distinct external stimuli including LPS, SAA, IL-4, RANKL and M-
CSF, and Jmjd3 activity thus is not associated with one particular macrophage 
activation status (Chen et al., 2012a; De Santa et al., 2009, 2007; Ishii et al., 2009; 
Kruidenier et al., 2012; Satoh et al., 2010; Yan et al., 2014; Yasui et al., 2011) (Fig. 3). 
 
Histone lysine modifications not only regulate macrophage activation in 
atherosclerosis, but also control inflammatory responses in other cell types and in 
other diseases. Indeed, SMC knockdown of the H3K4me2 demethylase LSD-1 in a 
diabetic mouse model increases inflammatory responses in vascular SMC and 
accordingly LSD-1 overexpression blunts inflammatory cues (Reddy et al., 2008). 
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Furthermore, the H3K4 methyltransferase Ash1l supresses TLR-induced IL-6 and TNF 
production in macrophages (Xia et al., 2013). Accordingly, overall silencing of Ash1l 
results in mice that are more susceptible to auto-immune disease due to enhanced IL-
6 production. Besides H3K4, the residue H3K9 was also shown to be involved in 
chronic inflammatory disease as mice lacking the H3K9 demethylase Jmjd1a develop 
obesity, hyperlipidaemia and eventually gain metabolic syndrome (Inagaki et al., 2009; 
Tateishi et al., 2009). 
 

 
 
Fig. 3. Control of macrophage activation and polarization. Monocytes differentiate into macrophages by 
differentiation factors like M-CSF. The surface markers expressed by macrophages do not reveal the activation 
status of the macrophage. Macrophages are activated or polarized by various stimuli resulting in different 
phenotypes. Stimulation with IL-4/IL-13 results in anti-inflammatory macrophages, LPS/IFN-γ stimuli leads to 
inflammatory macrophages and uptake of modified lipids induces foam cell formation. Several histone-modifying 
enzymes (indicated in the nuclei) are described to be involved in the regulation of these macrophage phenotype 
subtypes. 
 
2.2. Pharmacological inhibition of HMTs and HDMs 
Several pharmacological inhibitors of histone-modifying enzymes have been applied to 
study the effect of blockade of epigenetic enzymes on the inflammatory response. 
Kruidenier et al. were the first to develop a selective small-molecule inhibitor of the 
KDM6 subfamily H3K27me3 demethylases Jmjd3 and Utx. They showed that this so-
called GSK-J4 inhibitor could be applied to block epigenetic remodelling in response to 
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LPS stimulation of macrophages. Inhibiting KDM6 activity with GSK-J4 suppresses LPS-
induced TNF production in human macrophages by blocking the removal of H3K27me3 
marks and reducing Pol II binding to the Tnf promoter (Kruidenier et al., 2012). 
Because of these anti-inflammatory effects, specifically inhibiting monocyte and 
macrophage H3K27me3 demethylases could be of interest for the treatment of 
atherosclerosis. 
While inhibitors of the H3K27 methyltransferase Ezh2 are explored as cancer 
therapeutics (Lund et al., 2014), their impact on immune cells is currently unknown. 
While various small molecule Ezh2 inhibitors exist, 3-deazaneplanocin A (DZNep) 
remains the most commonly used. DZNep disrupts the PRC2 complex and was shown 
to be effective as cancer therapy as reviewed by Crea et al. (2012). Yet, recent data 
suggest that DZNep is not specific for Ezh2 since it also inhibits methylation of H3K9, 
H4K20, H3K79 and H3K4 (Miranda et al., 2009). Small molecule inhibitors that act on 
the catalytic site of Ezh2 seem to be more selective and are therefore more valuable 
to study the specific role of H3K27me3 (Knutson et al., 2014, 2012). Kim et al. created 
a new small molecule inhibitor which is not targeting the catalytic domain of the 
enzyme but blocks the Ezh2–Eed interaction. This disrupts the PRC2 complex thereby 
inhibiting the activity of both Ezh1 and Ehz2. Several of these H3K37me3 
methyltransferase inhibitors affect tumor development, but the impact on 
inflammatory responses remains unknown. 
As described in Section 2.1. the H3K4me3 modification is an activating histone mark. 
Pharmacological inhibition of the H3K4 methyltransferase MLL with MI-2-2 suppresses 
the induction of the inflammatory gene Cxcl10 (Kittan et al., 2013). Bekkering et al. 
(2014) studied the regulation of H3K4 methylation in macrophages in relation to CVD. 
They demonstrated that oxLDL treatment of monocytes enhances H3K4me3 marks at 
promoter regions of several inflammatory genes (e.g. TNF, MCP-1, IL-6) leading to a 
predisposed pro-inflammatory state that is imprinted long-term and which is also 
referred to as “training”. Pre-treatment of the cells with the broad-range 
methyltransferase inhibitor MTA prevented oxLDL-induced training of macrophages 
and thus abandoned their inflammatory state.  
Using the same inhibitor, we recently showed that IFN-γ/LPS-induced IL-6 and TNF 
secretion by macrophages is blocked by HMT inhibition (Van den Bossche et al., 
2014a). These observations suggest the involvement of HMTs that set activating 
H3K4me2/3 or H3K36me2/3 histone marks during inflammatory responses. Since 
MLL family members have been associated with inflammatory macrophage 
responses, they might account for these remodelling processes. In contrast, IFN-
γ/LPS-induced Il1b gene expression appeared to be enhanced by HMT inhibition 
which is in line with data showing that the H3K9 methyltransferase G9a is needed 
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to create an epigenetically silenced state during LPS tolerance (Chen et al., 2009). 
The TF RelB and G9a together directly interact to generate epigenetic silencing in 
endotoxin tolerance and reflect the need for HMT activity to silence the pro-
inflammatory gene Il1b. 
Hence, blocking macrophage responses through broad-spectrum HMT inhibition 
results in effects on both activating and repressive marks in inflammatory pathways. 
Further elucidation of the exact contribution of subfamily members of HMTs is thus a 
prerequisite before further considerations for treatment of atherosclerosis can be 
made. 
 
3. Regulation of macrophages by histone acetylation 
While it is clear that pro-inflammatory gene expression in macrophages is linked to 
histone acetylation, the role of particular histone acetyltransferases (HATs) in 
macrophages remains relatively unstudied. In contrast, there is a large body of data on 
the role of Hdacs in inflammatory responses of macrophages. Moreover, recent data 
show that inhibiting bromodomain proteins that ‘read’ the histone acetylation code 
can be applied to dampen macrophage activation. 
 
3.1. Hdacs and their inhibitors 
Hdacs counteract HAT activity and remove acetyl-groups from histones. Hence, Hdacs 
lead to closed chromatin and repressed gene expression. Transcription factor 
complexes that mediate their recruitment to specific sites throughout the genome 
tightly regulate Hdac binding. In humans, 18 Hdacs are grouped into four families, 
based on activity and sequence homology (Shakespear et al., 2011). Classes I and II 
Hdacs are both Zn2+dependent enzymes, with the class I (Hdac1-3 and 8) having more 
deacetylase activity compared to class II Hdacs (Hdac4-7, 9, 10). Class I Hdacs, 
generally reside in the nucleus (except for Hdac3 that can shuttle between nucleus 
and cytoplasm), while class II Hdacs are found both in the cytoplasm and nucleus. 
Several classes I and II Hdac members act in concert in large regulatory complexes, 
such as the co-repressor Silencing Mediator for Retinoid and Thyroid receptors (SMRT) 
complex and the Nuclear receptor co-Repressor (NCoR) complex. Class III Hdacs 
comprise the sirtuins (Sirt1-7) and use nicotinamide adenine dinucleotide (NAD+) as 
co-factor. Hdac11 is the sole member of the class IV Hdacs, resembling class I Hdac 
activity but with limited sequence similarity.  
With the increased understanding of the role of Hdacs in pathologies, many Hdac 
inhibitors have been developed and studied for the treatment of diseases. Hdac 
inhibitors, such as valproic acid, have a long history in neurological disorders and have 
been used for treatment of epileptics, mood-disorders and migraine (Rosenberg et al., 
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co-factor. Hdac11 is the sole member of the class IV Hdacs, resembling class I Hdac 
activity but with limited sequence similarity.  
With the increased understanding of the role of Hdacs in pathologies, many Hdac 
inhibitors have been developed and studied for the treatment of diseases. Hdac 
inhibitors, such as valproic acid, have a long history in neurological disorders and have 
been used for treatment of epileptics, mood-disorders and migraine (Rosenberg et al., 
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2007). In recent years many Hdac inhibitors have been tested for the treatment of 
various cancers (Falkenberg and Johnstone, 2014). Two of them have now been 
approved for treatment of T-cell lymphoma (Ververis et al., 2013). In general these 
inhibitors act by inducing cell cycle arrest or apoptosis of the tumor target cells. 
However, it is important to notice that Hdacs not only target histones but also other 
proteins (i.e. Signal Transducers and Activators of Transcription 1 (STAT1) (Kramer et 
al., 2009)). Hence, part of the effects of Hdac inhibitors may be mediated through 
altered deacetylation of transcription factors or upstream mediators. 
 
3.2. Hdac inhibition suppresses inflammation 
Broad spectrum Hdac inhibiting hydroxamic acid derivatives such as trichostatin A 
(TSA), suberoyl anilide bishydroxamide (SAHA) and ITF2357 (givinostat) reduce the 
inflammatory cytokine production by peripheral blood mononuclear cells (PBMC) and 
macrophages in response to various stimuli (Grabiec et al., 2012; Han and Lee, 2009; 
Leoni et al., 2005, 2002). Also SMCs and endothelial cells, which play an important role 
in atherosclerosis, are affected by Hdac inhibition. Hdac inhibition in endothelial cells 
reduces TNF-dependent VCAM-1 induction and monocyte adhesion (Inoue et al., 
2006) and decreases endothelial NOS levels (Rossig et al., 2002). Short-chain fatty 
acids (particularly butyrate and valproic acid) are potent inhibitors of mainly class I 
Hdacs and thereby also exhibit anti-inflammatory effects. Butyrate for example inhibits 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activity and TNF 
production in LPS-stimulated PBMCs (Usami et al., 2008) and blocks NF-κB activation 
in lamina propria macrophages from colitis patients (Luhrs et al., 2002). In line with 
their anti-inflammatory effects, Hdac inhibitors have been tested in numerous 
inflammatory disease models (Grabiec et al., 2011). Particularly TSA, SAHA and 
ITF2357 effectively improve, asthma, multiple sclerosis, lupus, sepsis and ulcerative 
colitis in mouse models (Hancock et al., 2012). Interestingly, evidence also shows an 
important role for Hdacs in cardiac remodelling in response to myocardial infarction or 
hypertension and Hdac inhibition has been shown to be effective for treatment of 
consequent cardiac hypertrophy (McKinsey, 2012). Based on these data, the field is 
now eagerly awaiting the effectiveness of Hdac inhibition in large clinical trials with 
Hdac inhibitors in for instance rheumatoid arthritis patients (Grabiec and Reedquist, 
2013). 
 
3.3. Hdac inhibition as atherosclerosis therapy 
We recently demonstrated that broad-spectrum Hdac inhibition has beneficial anti-
atherogenic effects as it partly inhibits inflammatory macrophage activation and blunts 
apoptosis, without augmenting foam cell formation in primary macrophages (Van den 
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Bossche et al., 2014a). Yet, broad-spectrum Hdac inhibitors have contra-indications 
that prevent their direct use in atherosclerosis therapy. Indeed, TSA unexpectedly 
enhanced atherosclerotic lesion formation in the LDL-receptor−/− mouse model of 
atherosclerosis (Choi et al., 2005). An increase in histone acetylation at the promoter 
region of CD36, resulting in CD36 up-regulation in RAW264.7 macrophages was 
provided as an explanation for these observations by the authors. In primary 
macrophages however, the expression of the oxLDL-receptors CD36 and Msr1 is not 
increased upon Hdac inhibition (Van den Bossche et al., 2014a). Conversely, we and 
others observed increased histone acetylation and gene expression of the efflux 
mediators ATP-binding cassette transporter (Abca1) and ATP-binding cassette sub-
family G member 1 (Abcg1) in macrophages (Ku et al., 2012; Van den Bossche et al., 
2014a; Xu et al., 2011).  
So in contrast to what happens in macrophage cell lines, Hdac inhibition appears to 
have no detrimental effects on foam cell formation in primary macrophages and could 
even be beneficial. Hence, the observed increased atherosclerotic lesion formation 
upon whole-body Hdac inhibition is probably not due to increased lipid loading by 
macrophages, but might be explained by effects of TSA on other (non-immune) cells. 
Therefore, targeting Hdac inhibitors specifically to macrophages will be required. 
Moreover, inhibiting particular Hdacs will be probably more ideal to treat 
atherosclerosis. Indeed, the anti- and pro-inflammatory activities of different Hdac 
inhibitors are separable over a concentration range, suggesting that particular Hdac 
enzymes have distinct effects on macrophage activation (Halili et al., 2010).  
Supporting this hypothesis, two specific Hdacs have recently been linked to human 
CVD and atherosclerosis. Hdac9 was identified in a genome wide association study to 
be associated with large vessel stroke (Bellenguez et al., 2012) and as a susceptibility 
locus in ischemic stroke and coronary artery disease (Dichgans et al., 2014; Markus et 
al., 2013). Interestingly, Hdac9 expression is induced during macrophage 
differentiation and its macrophage-specific deletion reduces LPS-mediated 
inflammatory cytokine secretion and enhances peroxisome proliferator-activated 
receptor gamma (PPAR-γ) expression (Cao et al., 2014). In LDL-receptor−/− mice, both 
systemic and bone marrow deletion of Hdac9 reduced atherosclerosis. Hdac9-
deficient macrophages show reduced inflammatory gene expression and increased 
expression of genes involved in lipid handling. In the absence of Hdac9, histone 
acetylation at the Pparg1, the Abca1 and the Abcg1 promoter is increased, resulting in 
enhanced cholesterol efflux and decreased foam cell formation (Cao et al., 2014).  
 
We recently compared expression of classes I and II Hdacs in RNA samples from 
unstable versus stable human atherosclerotic plaques and identified Histone 
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So in contrast to what happens in macrophage cell lines, Hdac inhibition appears to 
have no detrimental effects on foam cell formation in primary macrophages and could 
even be beneficial. Hence, the observed increased atherosclerotic lesion formation 
upon whole-body Hdac inhibition is probably not due to increased lipid loading by 
macrophages, but might be explained by effects of TSA on other (non-immune) cells. 
Therefore, targeting Hdac inhibitors specifically to macrophages will be required. 
Moreover, inhibiting particular Hdacs will be probably more ideal to treat 
atherosclerosis. Indeed, the anti- and pro-inflammatory activities of different Hdac 
inhibitors are separable over a concentration range, suggesting that particular Hdac 
enzymes have distinct effects on macrophage activation (Halili et al., 2010).  
Supporting this hypothesis, two specific Hdacs have recently been linked to human 
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al., 2013). Interestingly, Hdac9 expression is induced during macrophage 
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inflammatory cytokine secretion and enhances peroxisome proliferator-activated 
receptor gamma (PPAR-γ) expression (Cao et al., 2014). In LDL-receptor−/− mice, both 
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expression of genes involved in lipid handling. In the absence of Hdac9, histone 
acetylation at the Pparg1, the Abca1 and the Abcg1 promoter is increased, resulting in 
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deacetylase 3 (Hdac3) as the sole up-regulated Hdac in unstable plaque areas 
(Hoeksema et al., 2014). Hdac3 supports M1 activation and at the same time blunts 
M2 polarization. Hdac3-deficient macrophages are unable to activate a large part of 
the inflammatory gene expression program. The biggest proportion of these genes 
depend on autocrine/paracrine IFN-β/Stat1 activation loop, and deletion of Hdac3 
results in an IFN-β secretion defect which was caused by the up-regulation of 
prostaglandin endoperoxide synthase, Ptgs1 (Cox-1) (Chen et al., 2012b). Moreover, 
Hdac3-deficient macrophages display an M2-like phenotype even in the absence of 
external stimuli and are hyperreactive to IL-4 (Mullican et al., 2011). Thus, removal of 
Hdac3 creates M2-like anti-inflammatory macrophages and therefore, 
pharmacological inhibition of Hdac3 might be beneficial in various diseases. We 
recently demonstrated a role for macrophage Hdac3 in the regulation of the 
atherosclerotic plaque phenotype (Hoeksema et al., 2014). Myeloid-specific deletion 
of Hdac3 in LDL-receptor−/−mice induces a stable plaque phenotype by increasing 
collagen deposition. Hdac3-deleted macrophages showed epigenetic remodelling of 
the Tgfb1 locus resulting in enhanced gene transcription. TGF-β in turn drives smooth 
muscle cells to increase collagen production and this promotes fibrotic lesions. In 
human atherosclerotic lesions HDAC3 correlates with macrophages and macrophage 
activation markers and inversely correlates with pro-fibrotic TGFB1 expression. 
Moreover, we found that macrophage Hdac3 deletion improves lipid handling by de‐
repression of PPARγ and liver X receptor (LXR) responses. Overall, Hdac3 is a key 
regulator of macrophage and activation and thus is an interesting target for 
intervention. In contrast to its effects in macrophages, it was shown that Hdac3 
knockdown in endothelial cells induces apoptosis, decreases vascular integrity and 
increases neointima formation in experimental atherosclerosis (Zampetaki et al., 
2010), again indicating that a cell-specific intervention to target Hdac3 would be 
desirable. 
 
3.4. Sirtuin activation is anti-inflammatory and athero-protective 
Sirtuins are a specific subclass of Hdacs and remove lysine acetyl residues on both 
histone and non-histone proteins. By using NAD+ as a co-factor, sirtuins are sensors of 
metabolic restriction. They were first described to regulate metabolism and life span in 
yeast (Ralser et al., 2012) and were later shown to be involved in the same processes 
in mammalian cells. Several studies demonstrated that Sirt1 activity is athero-
protective by blocking NF-κB in endothelial cells and macrophages (Stein et al., 2010a, 
2010b; Zhang et al., 2008). This suppresses endothelial expression of adhesion 
molecules such as VCAM-1 and ICAM-1 and blunts macrophage activation. 
Additionally, Sirt1 reduces foam cell formation by promoting LXR-regulated reverse 
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cholesterol transport. Resveratrol, a well-known anti-oxidant, likely exerts part of its 
anti-atherogenic effects through Sirt1 activation (Baur and Sinclair, 2006). It should be 
noted however, that the majority of the described effects of Sirt1 are mediated by 
direct deacetylation effects on transcription factors (e.g. p65, LXR) and not necessarily 
involve epigenetic modification through histone deacetylation. Hence, the exact 
epigenetic effects of sirtuin activation in relation to atherosclerosis remain to be 
determined. 
 
3.5. BET proteins promote macrophage activation 
As described above TLR-induced pro-inflammatory gene expression in macrophages is 
generally associated with increased histone acetylation. Bromodomain and extra 
terminal domain (BET) proteins recognize and ‘read’ acetylated histones and enhance 
transcription by stimulating RNA polymerase II-mediated transcriptional elongation 
(Jang et al., 2005; Yang et al., 2005). Synthetic acetylated histones mimics (i.e. JQ1, I-
BET) block BET activity and thereby particularly inhibit the expression of inflammatory 
secondary response genes. As such, BET inhibition protects against endotoxic shock 
and bacterial sepsis (Nicodeme et al., 2010). Recent data further show that 
bromodomain readers are also critical for the formation of the enhancer landscape 
upon LPS stimulation in macrophages (Kaikkonen et al., 2013). Moreover, the group of 
Jorge Plutzky expanded on these studies and showed that also endothelial cell 
activation requires p65- and BET protein-dependent remodelling of the enhancer 
landscape (Brown et al., 2014). Accordingly, in vivo BET protein inhibition impairs 
endothelial cell activation and leukocyte adherence, thereby strongly reducing 
atherosclerosis development in JQ1-treated LDL-receptor−/− mice. 
 
4. Future directions 
Risk factors for atherosclerosis are determined both genetically and behaviorally. High 
blood pressure and elevated levels of circulating LDL are the main risk factors for CVD 
(WHO, 2015). Treatment of atherosclerosis progression is still mainly limited to lipid 
lowering therapy, which reduces the risk for CVD by approximately 25% (Baigent et al., 
2010; Mihaylova et al., 2012; Rabar et al., 2014). To further improve treatment of 
patients, targeting of inflammatory pathways is now considered to offer additional 
benefits over and in combination with traditional therapies (Ridker and Luscher, 2014).  
 
With the emergence of epigenetic modifiers as anti-inflammatory agents in many 
chronic inflammatory disorders also CVD might benefit from evaluation of such 
compounds for treatment of disease. General Hdac inhibition acts anti-inflammatory 
but care should be taken since pre-clinical data in mice is not supportive for anti-
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the Tgfb1 locus resulting in enhanced gene transcription. TGF-β in turn drives smooth 
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human atherosclerotic lesions HDAC3 correlates with macrophages and macrophage 
activation markers and inversely correlates with pro-fibrotic TGFB1 expression. 
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patients, targeting of inflammatory pathways is now considered to offer additional 
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atherosclerotic effects and even show worsening of disease (Choi et al., 2005). Recent 
insights into specific submembers of the Hdac family, such as Hdac3 and Hdac9 (Cao et 
al., 2014; Hoeksema et al., 2014), show that targeting specific Hdacs may be more 
effective then broad-spectrum inhibition. Moreover, these studies show that 
additional beneficial effects, like improved plaque stability by acting on fibrosis 
pathways and improved lipid handling by macrophages may add to atherosclerosis-
beneficial effects of inhibiting these specific Hdacs. Additional epigenetic targets for 
suppression of inflammatory pathways are now developing with the emergence of 
bromodomain inhibitors and compounds acting on release of suppressive histone 
marks at inflammatory target genes. However, careful evaluation of such approaches 
in cellular and pre-clinical models now is the first step to take. In this light, the recent 
data showing that bromodomain inhibition in LDL-receptor−/− mice reduces plaque 
development is of great promise (Brown et al., 2014).  
High levels of LDL and the presence of other risk factors might prime immune cells and 
change their epigenetic profile to a predisposed pro-inflammatory state. This may 
imprint an epigenetic memory, also referred to as “training”, with long-lasting effects 
on inflammatory responses (Saeed et al., 2014). Effectiveness of lipid lowering 
therapies in hyperlipidemic patients may suffer from such training effects reducing 
effectiveness because of an imprinted pro-inflammatory state. The recent study 
showing such training effects of treating isolated monocytes with oxLDL supports such 
lipid imprinted memory leading to enhanced inflammatory responses (Bekkering et al., 
2014). Erasing epigenetically imprinted patterns in inflammatory cells by short-term 
targeting of specific epigenetic pathways may still be far on the horizon of therapies 
but it should be considered to further improve risk reduction in dyslipidemic patients.  
 
Pharmacological blockade of epigenetic enzymes as therapeutic modality may need 
cell specific targeting of compounds to overcome unwanted side effects of systemic 
inhibition. We recently showed that Hdac3 deletion in monocytes and macrophages is 
very beneficial in a mouse model of atherosclerosis (Hoeksema et al., 2014) but similar 
blocking of Hdac3 in endothelial cells showed that Hdac3 is essential for endothelial 
cell survival and its blockade in these cells dramatically increases plaque development 
(Zampetaki et al., 2010). Thus, cell specific targeting of inhibiting compounds may be a 
prerequisite for success in treating disease. Duivenvoorden et al. recently very 
elegantly showed that statin-loaded HDL nanoparticles target to and accumulate in 
atherosclerotic plaques in mice and directly reduce macrophage numbers and local 
inflammation within the plaque (Duivenvoorden et al., 2014). HDL-nanoparticles 
loaded with specific histone modifying enzyme inhibitors will be of great interest, and 
might serve as a delivery vehicle for epigenetic compounds. Alternatively, esterase-
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sensitive motifs (ESM) could be valuable devices to direct epigenetic inhibitors 
specifically to macrophages. Carboxylesterase-1 is predominantly expressed in human 
monocytes and macrophages and can be used to cell-selectively hydrolyze inactive 
drugs with an ESM into pharmacologically active drugs. Interestingly, ESM varieties of 
Hdac inhibitors were shown to be very effective anti-inflammatory and anti-arthritic 
agents and might therefore be beneficial as atherosclerosis treatment as well 
(Needham et al., 2011).  
In conclusion, epigenetic processes are now emerging as a major layer of regulation of 
pathology in disease including chronic inflammatory diseases like atherosclerosis. A 
better understanding of the exact regulatory mechanisms of epigenetic pathways 
driving inflammation is slowly emerging and will aid in developing novel tools for 
treatment of disease. It may possibly also aid in better diagnosis and stratification of 
patients based on their epigenetic profile, showing potential predisposed states for 
disease. Future targeting of specific epigenetic pathways in cardiovascular disease may 
thus offer exciting novel approaches for treatment of disease. 
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data showing that bromodomain inhibition in LDL-receptor−/− mice reduces plaque 
development is of great promise (Brown et al., 2014).  
High levels of LDL and the presence of other risk factors might prime immune cells and 
change their epigenetic profile to a predisposed pro-inflammatory state. This may 
imprint an epigenetic memory, also referred to as “training”, with long-lasting effects 
on inflammatory responses (Saeed et al., 2014). Effectiveness of lipid lowering 
therapies in hyperlipidemic patients may suffer from such training effects reducing 
effectiveness because of an imprinted pro-inflammatory state. The recent study 
showing such training effects of treating isolated monocytes with oxLDL supports such 
lipid imprinted memory leading to enhanced inflammatory responses (Bekkering et al., 
2014). Erasing epigenetically imprinted patterns in inflammatory cells by short-term 
targeting of specific epigenetic pathways may still be far on the horizon of therapies 
but it should be considered to further improve risk reduction in dyslipidemic patients.  
 
Pharmacological blockade of epigenetic enzymes as therapeutic modality may need 
cell specific targeting of compounds to overcome unwanted side effects of systemic 
inhibition. We recently showed that Hdac3 deletion in monocytes and macrophages is 
very beneficial in a mouse model of atherosclerosis (Hoeksema et al., 2014) but similar 
blocking of Hdac3 in endothelial cells showed that Hdac3 is essential for endothelial 
cell survival and its blockade in these cells dramatically increases plaque development 
(Zampetaki et al., 2010). Thus, cell specific targeting of inhibiting compounds may be a 
prerequisite for success in treating disease. Duivenvoorden et al. recently very 
elegantly showed that statin-loaded HDL nanoparticles target to and accumulate in 
atherosclerotic plaques in mice and directly reduce macrophage numbers and local 
inflammation within the plaque (Duivenvoorden et al., 2014). HDL-nanoparticles 
loaded with specific histone modifying enzyme inhibitors will be of great interest, and 
might serve as a delivery vehicle for epigenetic compounds. Alternatively, esterase-
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sensitive motifs (ESM) could be valuable devices to direct epigenetic inhibitors 
specifically to macrophages. Carboxylesterase-1 is predominantly expressed in human 
monocytes and macrophages and can be used to cell-selectively hydrolyze inactive 
drugs with an ESM into pharmacologically active drugs. Interestingly, ESM varieties of 
Hdac inhibitors were shown to be very effective anti-inflammatory and anti-arthritic 
agents and might therefore be beneficial as atherosclerosis treatment as well 
(Needham et al., 2011).  
In conclusion, epigenetic processes are now emerging as a major layer of regulation of 
pathology in disease including chronic inflammatory diseases like atherosclerosis. A 
better understanding of the exact regulatory mechanisms of epigenetic pathways 
driving inflammation is slowly emerging and will aid in developing novel tools for 
treatment of disease. It may possibly also aid in better diagnosis and stratification of 
patients based on their epigenetic profile, showing potential predisposed states for 
disease. Future targeting of specific epigenetic pathways in cardiovascular disease may 
thus offer exciting novel approaches for treatment of disease. 
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