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Abstract: Dysregulated epigenetic mechanisms promote transcriptomic and phenotypic alterations in
cardiovascular diseases. The role of histone methylation-related pathways in atherosclerosis is largely
unknown. We hypothesize that lysine-specific demethylase 1A (LSD1/KDM1A) regulates key molec-
ular effectors and pathways linked to atherosclerotic plaque formation. Human non-atherosclerotic
and atherosclerotic tissue specimens, ApoE-/- mice, and in vitro polarized macrophages (Mac)
were examined. Male ApoE-/- mice fed a normal/atherogenic diet were randomized to receive
GSK2879552, a highly specific LSD1 inhibitor, or its vehicle, for 4 weeks. The mRNA and protein ex-
pression levels of LSD1/KDM1A were significantly elevated in atherosclerotic human carotid arteries,
atherosclerotic aortas of ApoE-/- mice, and M1-Mac. Treatment of ApoE-/- mice with GSK2879552
significantly reduced the extent of atherosclerotic lesions and the aortic expression of NADPH oxidase
subunits (Nox1/2/4, p22phox) and 4-hydroxynonenal-protein adducts. Concomitantly, the markers
of immune cell infiltration and vascular inflammation were significantly decreased. LSD1 blockade
down-regulated the expression of genes associated with Mac pro-inflammatory phenotype. Nox
subunit transcript levels were significantly elevated in HEK293 reporter cells overexpressing LSD1.
In experimental atherosclerosis, LSD1 mediates the up-regulation of molecular effectors connected
to oxidative stress and inflammation. Together, these data indicate that LSD1-pharmacological
interventions are novel targets for supportive therapeutic strategies in atherosclerosis.

Keywords: NADPH oxidase; oxidative stress; LSD1; histone methylation; atherosclerosis

1. Introduction

Compelling clinical and experimental evidence revealed that in a large number of hu-
man pathologies, including atherosclerosis-related cardiovascular diseases (CVDs), highly
complex networking and functional interactions between genetic variants and epigenetic
mechanisms transducing inherited and environmental signals promote transcriptomic
and phenotypic alterations [1–3]. Contrasting the non-modifiable nature of the innate or
acquired genetic information encoded in the DNA sequence, the plasticity of epigenetic
changes provides for the potential therapeutic benefit of resetting the dysregulated ex-
pression of disease-specific genes employing selective pharmacological interventions [4].
Histone methylation-related epigenetic pathways have emerged as important drug targets
in various human malignancies [5]. Hitherto, the potential role of histone methylation-
based regulatory mechanisms in the pathoetiology of atherosclerosis has been poorly
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understood [6–8]. Unlike the highly dynamic histone acetylation-induced chromatin relax-
ation via electric charge neutralization of the lysine residues, histone methylation does not
modify the DNA–histone electrostatic interactions. Consequently, different combinations
of mono-/di-/tri-methylated histones or modules of histone modifications function as
“epi-mutations” that control the recruitment of chromatin-associated proteins, typically
referred to as “readers”, which induce or repress the formation of active transcriptional
complexes. Two major and highly specialized enzymatic systems known as “writers” (ly-
sine methyltransferases/KMTs, arginine methyltransferases/PRMTs) and “erasers” (lysine
demethylases/KDMs) fine-tune the specific signature and the level of histone methyla-
tion. Noteworthily, within the epigenetic landscape, H3K4me2, H3K4me3, and H3K79me3
histone marks are typically associated with transcriptional activity, whereas H3K9me2,
H3K9me3, H3K27me2, H3K27me3, and H4K20me3 are characteristically related with
transcriptional repression of the target genes [5,9].

Lysine-specific demethylase 1 (LSD1/KDM1A), the first identified epigenetic enzyme
endowed with histone demethylase activity, is a FAD-dependent amine oxidase that specif-
ically interacts and demethylates mono-/demethylated lysine 4/9 residues on histone H3
(i.e., H3K4me1/2, H3K9me1/2) [10]. As a general principal, the recruitment of LSD1 to
gene promoter and enhancer regions triggers transcriptional repression when demethy-
lating H3K4me1/2 (histone marks of active gene expression), also functioning as a key
epigenetic driver of gene transcription when acting on H3K9me1/2 (repressive histone
marks). Besides histones, LSD1 also regulates the activity of non-histone proteins, including
transcription factors, to modulate the gene expression and controls specific protein stabil-
ity/degradation pathways [11,12]. In addition, LSD1 itself is subjected to post-translational
modifications (e.g., methylation, phosphorylation) that significantly impact the biological
functions of the enzyme [13].

Alterations in histone methylation patterns have been increasingly associated with
the pathology of CVD, both clinically and experimentally [14–16]. Hitherto, the functional
implication of LSD1 in the regulation of key pathobiological pathways mechanistically
linked to atheroma formation, such as oxidative stress and inflammation, has been scantily
elucidated. Furthermore, the involvement of LSD1 in mediating the expression of NADPH
oxidase (Nox), a master regulator of oxidative stress and inflammation in atherosclerosis, is
largely unknown [17,18].

Based on the current knowledge in the field, we hypothesized that LSD1 could play a
role in atherogenesis by acting as a key epigenetic regulator of atherosclerosis-related patho-
logical processes, namely Nox up-regulation, oxidative alteration of macromolecules, and
inflammation via inflammatory markers. To test this hypothesis, human non-atherosclerotic
and atherosclerotic arterial samples, apolipoprotein E-deficient (ApoE-/-) mice, and cul-
tured mouse monocyte (Mon)-derived macrophages (Mac) were investigated.

We provide evidence that archetypal KDM subtypes, including LSD1, are up-regulated
in advanced human atherosclerotic lesions, aorta of atherosclerotic ApoE-/- mice, and
cultured mouse pro-inflammatory macrophages (M1). In addition, we demonstrate that
inhibition of LSD1 (via GSK2879552) (1) significantly reduces atherosclerotic lesion forma-
tion, the aortic expression of Nox subtypes, and 4-hydroxynonenal (4-HNE)-protein adduct
formation; (2) decreases the markers of immune cell infiltration, inflammation, and vascular
remodeling; and (3) significantly down-regulates the expression of selected oxidative stress
and pro-inflammatory genes in cultured M1 macrophages.

These results point to LSD1 as a potential pharmacological target in atherosclerosis and
indicate that LSD1-oriented treatment could become an important supportive therapeutic
option in CVD.

2. Materials and Methods
2.1. Materials

Unless specifically indicated, general chemicals, reagents, kits, and laboratory disposables
were obtained from Sigma-Aldrich, Darmstadt, Germany; Thermo Fisher Scientific/Invitrogen,
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Waltham, MA, USA; Carl Roth, Karlsruhe, Germany; R&D Systems, Minneapolis, MN, USA;
Roche, Basel, Switzerland; Bio-Rad, Herklis, CA, USA; Eppendorf, Hamburg, Germany; and
TPP. The tranylcypromine derivative LSD1 pharmacological inhibitor, GSK2879552 (4-[[4-
[[[(1R,2S)-2-phenylcyclopropyl]amino]methyl]-1-piperidinyl]methyl]-benzoic acid, C23H28N2O,
purity ≥ 98%, CAS No. 1401966-69-5), was purchased from Cayman Chemical, Ann Arbor,
MI, USA. Primary and secondary antibodies were from Santa Cruz Biotechnology, Dallas,
TX, USA; Abcam, Cambridge, UK; Thermo Fisher Scientific, Waltham, MA, USA; and R&D
Systems, Minneapolis, MN, USA. The pCMV6-Entry and pCMV6-KDM1A/LSD1 plasmids
were purchased from Origene, Rockville, MD, USA.

2.2. Harvesting of Human Non-Atherosclerotic and Atherosclerotic Arterial Tissues

Non-atherosclerotic tissue fragments of ≈ 1–2 mm length derived from the superior
thyroid arteries (STA), located in the proximity of the endarterectomized area, and carotid
artery-derived atherosclerotic plaques were obtained as discarded biological materials from
patients subjected to extended carotid endarterectomy (at University Hospital, Bucharest).
Comprehensive Doppler ultrasound imaging and angio-CT interrogation were employed
to ascertain the severity of carotid stenosis (i.e., carotid stenosis ≥ 70%) in each patient
prior to the surgical procedure. The clinical characteristics of the patients are presented in
Table S1 (Supplementary Materials File). The study was performed in accordance with the
ethical directives for medical research involving human subjects (The Code of Ethics of
the World Medical Association, Declaration of Helsinki). Written informed consent was
obtained from all patients enrolled in the study. The experimental protocols were approved
by the ethical committee of the Institute of Cellular Biology and Pathology (ICBP) “Nicolae
Simionescu” (#11/29.06.2016, #03/07.04.2021).

2.3. Set-Up of Experimental Atherosclerosis Mouse Model and Treatment Strategy

Male ApoE-/- mice (B6.129P2-Apoetm1Unc/J; strain number 002052) and C57BL/6J
mice (strain number 000664) obtained from The Jackson Laboratory were employed. The
mice were exposed to 12 h of light/dark cycles and had access to standard rodent diet
and water ad libitum. At 8 weeks of age, ApoE-/- mice were divided into two groups:
(1) receiving a normal diet (ND, control, n = 15) and (2) fed a high-fat, cholesterol-rich diet
(HD, n = 30) for 10 weeks to accelerate the development of atherosclerotic lesions through-
out the aorta as previously described [19]. After 10 weeks on a normal or atherogenic
diet, the mice were further distributed into three experimental groups (n = 15/group) to
receive via intraperitoneal (i.p.) injection 5 mg/kg GSK2879552 pharmacological inhibitor
of LSD1 or its vehicle (5% DMSO + 95% PBS, pH 7.4), for 4 weeks. The three groups were
(1) ApoE-/- (ND) + vehicle, (2) ApoE-/- (HD) + vehicle, and (3) ApoE-/- (HD) + GSK2879552.

The dose and the procedure of GSK2879552 treatment of mice were established in
accordance with the data derived from preceding reports [20,21]. The animal studies
were conducted in agreement with the guidelines of EU Directive 2010/63/EU, and the
associated experimental protocols were approved by the ethical committee of the ICBP
“Nicolae Simionescu” (#04/07.04.2021).

2.4. Cell Culture Experimental Design

Cultured resting (M0) and polarized pro-inflammatory (M1) and anti-inflammatory
(M2) mouse Mon-derived Mac were employed to examine the expression pattern of archety-
pal KDM subtypes and the potential implication of LSD1 in mediating the up-regulation of
oxidative stress- and inflammation-related genes. Mon were freshly isolated by negative
selection procedure from the spleen of C57BL/6J mice (n = 40) employing an EasySep
mouse monocyte isolation kit (Stemcell Technologies, Vancouver, BC, Canada). Mon-to-
Mac differentiation (M0) and polarization were performed as previously described [22]
employing 100 ng/mL LPS + 20 ng/mL IFNγ to induce the M1-like Mac or 20 ng/mL
IL-4 to promote the M2-like Mac phenotype. The cells were further exposed for 24 h to
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medium alone (M0–Mac) or medium with polarization factors (e.g., LPS + IFNγ/M1-Mac;
IL-4/M2-Mac) in the absence or presence of 5µM LSD1-inhibitor (GSK2879552).

A human embryonic kidney 293 (HEK293) cell line obtained from the American Type
Culture Collection (ATCC), generally acknowledged for its high transfection efficiency, was
employed in transfection assays.

2.5. Histology and Microscopic Examination

The overall structural alterations and the cell identification were assessed by hematoxylin–
eosin (H&E) staining of human non-atherosclerotic STA and carotid artery-derived atheroscle-
rotic tissue samples. After surgical harvesting, the arterial specimens were rinsed in PBS
(pH 7.4), fixed in 4% buffered-paraformaldehyde solution, cryoprotected, and embedded in
optimal cutting temperature compound. Cryosections (5 µm thick) of STA and carotid artery
were mounted onto SuperFrost Plus microscope slides (Thermo Scientific, Waltham, MA,
USA), stained with H&E solution according to manufacturer’s protocol (Carl Roth, Karlsruhe,
Germany), and examined and photographed with a Zeiss Axio Observer microscope (Carl
Zeiss, Jena, Germany).

2.6. Assessment of Plasma Total Cholesterol and Triglyceride Levels in Mice

At sacrifice, blood samples (≈1 mL) were collected from mice via cardiac puncture in
EDTA-coated tubes (Becton Dickinson Vacutainer spray-coated EDTA tubes) and subjected
to plasma preparation through centrifugation. Total cholesterol and triglyceride levels were
determined spectrophotometrically in the plasma of mice using standard colorimetric kits
(Dialab, Vienna, Austria).

2.7. Assessment of Atherosclerotic Lesion Formation in Mice

The formation of atherosclerotic lesions throughout the aorta of ApoE-/- mice was
determined by en face Oil Red O (ORO) staining as previously described [22]. ImageJ
software (NIH Image, Bethesda, MD, USA) was employed to quantify the extent of ORO
positive staining area.

2.8. Real-Time Polymerase Chain Reaction Assay (Real-Time PCR)

Total RNA was purified from human and mouse arterial tissues and cultured Mac/HEK293
cells using column-based RNA isolation kits (Qiagen/tissue, Hilden, Germany, Sigma/cells,
Darmstadt, Germany). Prior to RNA purification, human and mouse tissues were washed
with ice-cold PBS (pH 7.4), resuspended in QIAzol lysis reagent, and subjected to glass
bead homogenization (BioSpec). MMLV reverse-transcriptase was employed to synthe-
size the complementary DNA strand (cDNA) according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA, USA). The amplification of cDNA was assessed
by real-time PCR assay employing the SYBR Green I fluorescent probe (LightCycler 480 II
thermocycler, Roche, Basel, Switzerland). The comparative CT method [23] was used to
quantify the mRNA expression using the β-actin mRNA level for internal normalization.
The sequences of the oligonucleotide primers used to analyze the mRNA expression levels
of Nox components and inflammatory mediators are included in Table S2 (Supplementary
Materials File). The oligonucleotide primer sequences used to analyze the expression of
KDM transcripts were derived from Origene, Rockville, MD, USA.

2.9. Western Blot Assay

The total protein extracts derived from human and mouse arterial tissues and the
cultured HEK293 cells were prepared as previously described [22]. After surgical har-
vesting, the tissue specimens were rinsed in ice-cold PBS (pH 7.4), resuspended in RIPA
buffer containing a protease inhibitor cocktail (Sigma, Darmstadt, Germany), and sub-
jected to mechanical homogenization (BioSpec, glass bead diameter: 1 mm). Cultured
cells were washed with PBS (pH 7.4) and collected in RIPA buffer containing protease
inhibitors. After dilution in 2 × Laemmli’s buffer (Serva, Odessa, TX, USA), the tissue and
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cell lysates were incubated for 20 min at 95 ◦C, run on SDS-PAGE (30 µg protein/lane),
and transferred onto nitrocellulose membranes (Bio-Rad, Herklis, CA, USA). The primary
antibodies were as follows: LSD1/KDM1A (rabbit monoclonal, ab129195, dilution 1:1000),
Nox1 (rabbit polyclonal, ab131088, dilution 0.5 µg/mL), Nox2 (mouse monoclonal, sc-
130543, dilution 1:200), Nox4 (rabbit polyclonal, sc-30141, dilution 1:200), p22phox (mouse
monoclonal, sc-271262, dilution 1:200), 4-hydroxynonenal/4-HNE (mouse monoclonal,
MAB3249, dilution 1 µg/mL), CD68 (mouse monoclonal, sc-130543, dilution 1:200), CD80
(mouse monoclonal, sc-376012, dilution 1:200), CD86 (mouse monoclonal, sc-19617, dilu-
tion 1:200), TLR2 (mouse monoclonal, sc-21760, dilution 1:200), TLR4 (mouse monoclonal,
sc-52962, dilution 1:200), NOS2 (mouse monoclonal, sc-7271, dilution 1:200), VCAM-1
(mouse monoclonal, MA5-11447, dilution 1:500), MMP2 (mouse monoclonal, sc-13594, di-
lution 1:200), MMP9 (mouse monoclonal, sc-393859, dilution 1:200), and β-actin (mouse
monoclonal, sc-47778, dilution 1:500). Anti-rabbit IgG-HRP (sc-2370, dilution 1:5000) and
anti-mouse IgG-HRP (sc-2031, dilution 1:5000) were used as secondary antibodies. The
chemiluminescence signal of the protein bands was detected with the ImageQuant LAS
4000 system (Fujifilm, Port Area, Tokyo, metropolitan area). The TotalLab software was em-
ployed for densitometric analysis using the β-actin protein level for internal normalization.

2.10. Transfection Assay

HEK293 cells were seeded at a density of 1 × 105 cells per well into 12-well tissue
culture plates 24 h prior to transfection. Transient transfection was performed employing
Viromer Red reagent using 11 ng/µL pCMV6-Entry (empty vector, control) or pCMV6-
LSD1/KDM1A (NM_015013) mammalian expression vectors (Origene, Rockville, MD,
USA). At 24 h post-transfection, the cells were subjected to neomycin selection for 3 days.
The neomycin-resistant cells (i.e., cells efficiently transfected with the pCMV6 expression
vectors) were used for further experiments.

2.11. Statistical Analysis

Data obtained from a minimum of three independent experimental conditions were
expressed as mean ± standard deviation. Statistical analysis was performed by t-test and
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test; p < 0.05 was
considered as statistically significant.

3. Results
3.1. LSD1 Expression Is Up-Regulated in Atherosclerotic Human Carotid Arteries

First, we examined whether KDM subtype levels are dysregulated in human atheroscle-
rosis, focusing on the expression profiling of a high-priority KDM panel. The latter included
LSD1 expression in samples of atherosclerotic tissue derived from human carotid arteries and
non-atherosclerotic tissue obtained from STA, as controls. Microscopic examination of the
tissue sections (H&E staining) showed typical structural alterations of the fibro-lipid advanced
atherosclerotic plaques and the presence of immune cell infiltration. No structural alterations
and atherosclerotic lesions were detected in the STA specimens (Figure 1A–C). The initial gene
expression profiling assays demonstrated significant increases in the mRNA expression lev-
els of LSD1/KDM1A (≈20-fold), KDM2A (≈8-fold), KDM3A (≈4-fold), KDM3B (≈1.5-fold),
KDM4A (≈4-fold), KDM5A (≈2-fold), and KDM5B (≈11-fold) in human atherosclerotic le-
sions as compared with non-atherosclerotic control levels. No significant changes in KDM1B,
KDM2B, and KDM4B transcript levels were detected in atherosclerotic tissues as compared
with non-atherosclerotic STA conditions (Figure 1D–M). Moreover, Western blot assays revealed
significantly elevated protein levels of LSD1/KDM1A (≈3.5-fold) in tissue homogenates derived
from atherosclerotic lesions as compared to controls, the non-atherosclerotic tissue (Figure 2).
Collectively, these data demonstrated the association between up-regulated mRNA/protein
levels of LSD1/KDM1A and other KDM subtypes in advanced human atherosclerotic lesions.
Considering the current status of knowledge in the field, one could predict that LSD1/KDM1A
modulates atherosclerosis-relevant signaling pathways.
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Figure 1. The mRNA expression levels of archetypal KDM subtypes are significantly up-regulated
in atherosclerotic human carotid arteries. Representative H&E staining images taken under
5× magnification of (A) non-atherosclerotic STA and (B,C) carotid artery-derived atherosclerotic
sections obtained from a study patient undergoing extended carotid endarterectomy. (D–M) Real-
time PCR-based gene expression analysis depicting the augmented mRNA levels of LSD1 (KDM1A),
KDM2A, KDM3A, KDM3B, KDM4A, KDM5A, and KDM5B in human atherosclerotic lesions. n = 4–9,
** p < 0.01, *** p < 0.001. p-values were taken in relation to non-atherosclerotic condition. Non-athero,
non-atherosclerotic specimens; Athero, atherosclerotic specimens.
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Figure 2. The protein level of LSD1 (KDM1A) is significantly elevated in atherosclerotic human carotid
arteries. (A) Western blot assay-associated densitometric analysis depicting the LSD1 (KDM1A)
relative protein expression level in human non-atherosclerotic STA and carotid artery-derived
atherosclerotic tissue specimens. (B) Representative immunoblot showing the up-regulation of
LSD1 (KDM1A) protein level in atherosclerotic tissue derived from human carotid arteries as com-
pared to non-atherosclerotic arterial samples. n = 4–7, *** p < 0.001. p-value was taken in relation to
non-atherosclerotic condition.

3.2. The Gene and Protein Expression Levels of LSD1 Are Up-Regulated in the Aorta of
Atherosclerotic Mice

Next, we examined the occurrence of a similar KDM subtype expression pattern in
the aorta of ApoE-/- mice fed a high-fat, cholesterol-rich diet (HD) for 14 weeks, an experi-
mental set-up partially resembling human atherosclerosis [19]. The gene expression profil-
ing demonstrated significant increases in the mRNA levels of LSD1/KDM1A (≈5-fold),
KDM2A (≈5.5-fold), KDM3A (≈4.5-fold), KDM4A (≈5.5-fold), KDM5A (≈4-fold), and
KDM5B (≈5-fold) in the aorta of atherosclerotic ApoE-/- (HD) mice compared to the values
obtained for ApoE-/- (ND) animals (Figure 3). A significantly elevated LSD1/KDM1A
protein level (≈2 -fold) was determined by protein analysis assays in tissue homogenates
derived from the atherosclerotic aorta of ApoE-/- (HD) mice as compared to ApoE-/- (ND)
animals (Figure 4). These data indicated that various KDM subtypes, including LSD1, could
control similar pathological mechanisms in both human and experimental atherosclerosis.

3.3. Pharmacological Inhibition of LSD1 Activity by GSK2879552 Reduces Atherosclerotic Lesion
Formation in the Aorta of Hypercholesterolemic Mice

To explore the potential functional implication of LSD1 in the process of atheroma
formation in ApoE-/- mice, we employed a clinically approved LSD1 pharmacological
inhibitor, GSK2879552. After 10 weeks on a normal or high-fat, cholesterol-rich diet,
male ApoE-/- mice were randomly distributed into three experimental groups to receive
GSK2879552 or its vehicle for 4 weeks. A schematic depiction of the experimental design
and treatment strategy is presented in Figure 5A. As expected, significant increases in total
plasma cholesterol (≈3-fold) and triglyceride (≈2.5-fold) levels were determined in the HD
mice after 14 weeks of an atherogenic diet compared to control mice fed a normal diet. No
significant changes in these plasma parameters and body weight were detected following
long-term pharmacological blockade of LSD1 by GSK2879552 in HD mice compared to
vehicle-treated mice (Figure 5B–D). As revealed by Oil Red O staining, the extent of the
atherosclerotic lesional area was significantly augmented (≈15-fold) throughout the aorta
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of ApoE-/- (HD) mice as compared to ApoE-/- (ND) control mice. Long-term adminis-
tration of GSK2879552 significantly decreased (≈40%) the progression of atherosclerotic
lesions in ApoE-/- (HD) mice as compared with vehicle-treated animals (Figure 5E,F).
These data suggest that inhibition of up-regulated LSD1 in hypercholesterolemic mice
negatively interferes with LSD1-related signaling pathways that are mechanistically linked
to atherosclerotic plaque formation, regardless of increased plasma total cholesterol and
triglyceride levels.

Antioxidants 2022, 11, x FOR PEER REVIEW 9 of 24 
 

 
Figure 3. The mRNA levels of LSD1 and selective KDM subtypes induced in an experimental animal 
model of atherosclerosis. (A–F) Real-time PCR gene expression profiling analysis indicating the up-
regulation of LSD1 (KDM1A), KDM2A, KDM3A, KDM4A, KDM5A, and KDM5B transcript levels 
in the atherosclerotic aorta of ApoE-/- mice. n = 4, *** p < 0.001. p-value was taken in relation to ApoE-
/- (ND) condition. 

 
Figure 4. The relative abundance of LSD1 (KDM1A) protein is elevated in atherosclerotic ApoE-/- 
mice. (A) Western blot assay-associated densitometric analysis indicating the augmented level of 
LSD1 (KDM1A) protein in the atherosclerotic aorta of ApoE-/- mice after 14 weeks on high-fat, 
cholesterol-rich diet. (B) Representative immunoblot showing the elevated level of LSD1 (KDM1A) 
protein in the aorta of ApoE-/- (HD) as compared with ApoE-/- (ND) mice. n = 3, ** p < 0.01. p-value 
was taken in relation to ApoE-/- (ND) condition. 

3.3. Pharmacological Inhibition of LSD1 Activity by GSK2879552 Reduces Atherosclerotic 
Lesion Formation in the Aorta of Hypercholesterolemic Mice 

To explore the potential functional implication of LSD1 in the process of atheroma 
formation in ApoE-/- mice, we employed a clinically approved LSD1 pharmacological 
inhibitor, GSK2879552. After 10 weeks on a normal or high-fat, cholesterol-rich diet, male 
ApoE-/- mice were randomly distributed into three experimental groups to receive 

Figure 3. The mRNA levels of LSD1 and selective KDM subtypes induced in an experimental animal
model of atherosclerosis. (A–F) Real-time PCR gene expression profiling analysis indicating the
up-regulation of LSD1 (KDM1A), KDM2A, KDM3A, KDM4A, KDM5A, and KDM5B transcript levels
in the atherosclerotic aorta of ApoE-/- mice. n = 4, *** p < 0.001. p-value was taken in relation to
ApoE-/- (ND) condition.
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Figure 4. The relative abundance of LSD1 (KDM1A) protein is elevated in atherosclerotic ApoE-/-
mice. (A) Western blot assay-associated densitometric analysis indicating the augmented level of
LSD1 (KDM1A) protein in the atherosclerotic aorta of ApoE-/- mice after 14 weeks on high-fat,
cholesterol-rich diet. (B) Representative immunoblot showing the elevated level of LSD1 (KDM1A)
protein in the aorta of ApoE-/- (HD) as compared with ApoE-/- (ND) mice. n = 3, ** p < 0.01. p-value
was taken in relation to ApoE-/- (ND) condition.
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Figure 5. LSD1-related signaling pathways contribute to atherosclerotic lesion formation in ApoE-
/- mice. (A) Schematic depiction of the general experimental set-up to promote atherosclerotic
lesion formation throughout the aorta of ApoE-/- mice and the animal treatment strategy with the
GSK2879552 pharmacological inhibitor. (B–D) Evaluation of plasma total cholesterol and triglyceride
levels and body weight of ApoE-/- mice at the end of the treatment procedure. (E) Quantification
of atherosclerotic lesion area in each animal group. (F) Representative images of en face Oil Red
O (ORO) staining depicting the extent of atherosclerotic lesion formation throughout the aorta of
ApoE-/- mice. The aortas were photographed in the absence and presence of the lipid staining
solution. n = 6, ** p < 0.01, *** p < 0.001. p-values were taken in relation to ApoE-/- (ND) condition.
## p < 0.01. p-value was taken in relation to ApoE-/- (HD) condition.

3.4. LSD1-Dependent Signaling Mediates the Up-Regulation of Nox Subunit Expression in the
Atherosclerotic Mice Aorta

Since Nox enzymes are important contributors to ROS overproduction, oxidative
stress, and inflammation in atherogenesis [24–27], we analyzed the potential implication
of LSD1 in the regulation of Nox subtype expression in atherosclerotic mice. By real-time
PCR and Western blot assays, we detected in the atherosclerotic mice aorta significant
increases in the mRNA and protein levels of Nox catalytic subunits, namely of Nox1
(mRNA: ≈ 2-fold; protein: ≈ 3-fold), Nox2 (mRNA: ≈ 3-fold; protein: ≈ 2-fold), Nox4
(mRNA: ≈ 5-fold; protein: ≈ 2-fold), and the essential subunit p22phox (mRNA: ≈ 2-fold;
protein: ≈ 7-fold). Administration of GSK2879552 suppressed the up-regulation of Nox
subunit expression in the aorta of atherosclerotic mice (Figure 6A–L). The data indicate that
LSD1 may induce epigenetic alterations converging to up-regulation of Nox expression
and, potentially, to excess formation of Nox-derived ROS in experimental atherosclerosis.
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Figure 6. Long-term pharmacological inhibition of LSD1 activity prevents the up-regulation of Nox
subunit gene and protein expression levels in the atherosclerotic aorta of ApoE-/- mice. (A–D) Gene
expression analysis showing the suppressive effects of GSK2879552 on Nox1, Nox2, Nox4, and p22phox
mRNA levels in the aorta of hypercholesterolemic ApoE -/- (HD) mice. (E,F,I,J) Western blot assay-
associated densitometric analysis indicating that the relative protein abundance of each Nox subunit
is significantly decreased in the aorta of GSK2879552-treated ApoE-/- (HD) mice as compared with
vehicle-treated ApoE-/- (HD) mice. (G,H,K,L) Representative immunoblots showing the labeling of the
Nox subunit proteins at the predicted molecular weight and the regulation of Nox subunit protein levels
in the aorta of each animal group. n = 3–6, ** p < 0.01, *** p < 0.001. p-values were taken in relation to
vehicle-treated ApoE-/- (ND) condition. # p < 0.05, ## p < 0.01, ### p < 0.001. p-values were taken in
relation to vehicle-treated ApoE-/- (HD) condition.
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3.5. Inhibition of LSD1 Function Reduces the Formation of 4-HNE-Protein Adducts in the Aorta of
Atherosclerotic Mice

To investigate the impact of GSK2879552 intervention on the oxidative stress markers
that indicate the sustained and excessive formation of ROS potentially generated by up-
regulated Nox enzymes [28], we next examined the relative level of 4-HNE-protein adducts
in the aorta of ApoE-/- mice. 4-HNE-modified proteins with molecular weights ranging
from ≈90 kDa to ≈20 kDa were detected by Western blot in the aortic protein extracts.
A significantly elevated formation of 4-HNE-protein adducts (≈3-fold) was found in the
aorta of ApoE-/- (HD) mice compared to control mice. Long-term administration of
GSK2879552 to ApoE-/- (HD) mice prevented the aortic accumulation of 4-HNE-altered
proteins (Figure 7). The data suggest that LSD1-dependent signaling pathways are likely to
play a role in atherogenesis by mediating ROS overproduction and the ensuing oxidative
stress-induced structural alterations of proteins.
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Based on the fact that immune cell infiltration, typically Mon/Mac in the ApoE-/- 
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Figure 7. GSK2879552-induced pharmacological inhibition of LSD1 function attenuates the for-
mation of 4-HNE-protein adducts in atherosclerotic ApoE-/- mice. (A) Western blot assay-related
densitometric analysis showing the reduction of 4-HNE-modified protein levels in the aorta of
GSK2879552-treated ApoE-/- (HD) mice. (B) Representative immunoblot demonstrating the in-
hibitory effects of GSK2879552 treatment on 4-HNE-protein adduct accumulation in the aorta of
ApoE-/- mice under hypercholesterolemic conditions. n = 3, ** p < 0.01. p-value was taken in relation
to vehicle-treated ApoE-/- (ND) condition. # p < 0.05. p-value was taken in relation to vehicle-treated
ApoE-/- (HD) condition.

3.6. Pharmacological Inhibition of LSD1 Down-Regulates the Aortic Expression of Markers of
Immune Cells, Inflammation, and Vascular Remodeling in Atherosclerotic ApoE-/- Mice

Based on the fact that immune cell infiltration, typically Mon/Mac in the ApoE-/-
model, is instrumental for atherosclerotic lesion development [29,30], we further examined
the relative expression levels of key immune cell markers in aortic homogenates derived
from each animal group. As demonstrated by Western blot assays, the expression levels of
CD68 (≈2-fold), CD80 (≈2-fold), CD86 (≈2-fold), TLR2 (≈1.75-fold), and TLR4 (≈2-fold)
immune cell-specific proteins were found significantly augmented in the atherosclerotic
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aorta of ApoE-/- (HD) mice as compared with ApoE-/- (ND) mice. The molecular signature
of enhanced immune cell accumulation in the atherosclerotic aorta of ApoE-/- (HD) mice
was associated with a robust increase in NOS2 (≈1.75-fold) protein level, a major source
of ONOO- and an indicator of inflammation. Noteworthily, up-regulated TLR2, TLR4,
and NOS2 are important markers associated with a pro-inflammatory Mac phenotype [31].
Long-term administration of GSK2879552 inhibitor to ApoE-/- (HD) mice resulted in a sig-
nificant attenuation in the aortic CD68, CD80, CD86, TLR2, TLR4, and NOS2 protein levels
compared with vehicle-treated HD mice (Figure 8). In line with this evidence, GSK2879552
significantly diminished the up-regulation of MCP-1 (≈2-fold), TNFα (≈2.5-fold), and
NOS2 (≈2.5-fold) transcript levels in the aorta of atherosclerotic mice (Figure S1 in Sup-
plementary Materials File). Consistent with these findings, GSK2879552 intervention
significantly reduced the up-regulation of VCAM-1 (≈2.5-fold), a cell surface molecule
that mediates the adhesion of immune cells to vascular endothelium, in the atherosclerotic
mice aorta (Figure 9). Interestingly, we detected an elevated (≈5-fold) protein level of
extracellular matrix remodeling enzyme MMP9, an important trigger of plaque remodeling
and destabilization, in the aorta of ApoE-/- (HD) mice that was significantly decreased
by GSK2879552. However, MMP2 was not significantly down-regulated in response to
LSD1 pharmacological inhibition (Figure S2 in Supplementary Materials File). Thus, other
than the inhibitory effect on Nox subunit expression and attenuation of oxidative stress,
GSK2879552-induced LSD1 inhibition could have an anti-atherosclerotic effect by reducing
the lesional accumulation of Mon/Mac and the ensuing inflammatory response.
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Figure 8. Pharmacological inhibition of LSD1 down-regulates the expression of markers of immune cells
and inflammation in the atherosclerotic aorta of ApoE-/- mice. (A–C, G–I) Western blot assay-associated
densitometric analysis showing the down-regulation of CD68, CD80, CD86, TLR2, TLR4, and NOS2
protein levels in the aorta of GSK2879552-treated ApoE-/- (HD) mice. (D–F, J–L) Representative im-
munoblots depicting the inhibitory effects of GSK2879552 treatment on the examined protein expression
levels in the aorta of ApoE-/- (HD) mice. n = 3–6, * p < 0.05, ** p < 0.01, *** p < 0.001. p-values were taken
in relation to vehicle-treated ApoE-/- (ND) condition. # p < 0.05, ## p < 0.01, ### p < 0.001. p-values were
taken in relation to vehicle-treated ApoE-/- (HD) condition.
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Figure 9. (A) Long-term pharmacological blockade of LSD1 function down-regulates the relative
expression level of VCAM-1 protein in atherosclerotic ApoE-/- mice. (B) Representative immunoblot
showing the modulation of aortic VCAM-1 protein level in ApoE-/- (HD) mice following GSK2879552
treatment. n = 3, *** p < 0.001. p-value was taken in relation to vehicle-treated ApoE-/- (ND) condition.
## p < 0.01. p-value was taken in relation to vehicle-treated ApoE-/- (HD) condition.

3.7. Increased Expression of LSD1 Is Associated with a Pro-Inflammatory Mac Phenotype

Since Mac infiltration is instrumental in all phases of atherosclerotic lesion devel-
opment (e.g., foam cell formation, important cellular sources of ROS and inflammatory
mediators), we complemented the in vivo studies with experiments on in vitro polarized
pro-inflammatory (M1) and anti-inflammatory (M2) mouse Mac, an experimental set-up
that recapitulated to some extent the function of different Mac populations in atheroma-
tous lesions [31]. Significantly elevated transcript levels of LSD1/KDM1A (≈2.5-fold),
KDM2A (≈3-fold), KDM3A (≈3.5-fold), KDM4A (≈3-fold), KDM5A (≈5.5-fold), and
KDM5B (≈5-fold) were revealed by gene expression profiling in M1-Mac in comparison
with resting (M0) Mac. The mRNA level of KDM5A was found significantly elevated
(≈2.5-fold) in M2-Mac when compared with M0-Mac (Figure S3 in Supplementary Ma-
terials File). These data obtained in vitro corroborate well and extend our above results
regarding KDM subtype expression in human atherosclerotic lesions and ApoE-/- mice.

3.8. Inhibition of LSD1 Down-Regulates the Expression of Oxidative Stress and Pro-Inflammatory
Genes Associated with M1-Mac Phenotype

The observation that LSD1 is up-regulated in M1-Mac led us to hypothesize that LSD1
could play a role in shaping the Mac pro-inflammatory function. To address this issue,
we examined the gene expression of Nox subtypes and key pro-inflammatory mediators
in resting (M0) and polarized (M1/M2) Mac cultured in the absence/presence of 5 µM
GSK2879552 for 24 h. In line with our previous study [22], significant increases in the
transcript levels of the Nox subunit (Nox1 (≈20-fold), Nox2 (≈7-fold), Nox4 (≈4-fold), and
p22phox (≈5-fold)) and inflammatory markers (MCP-1 (≈7-fold), TNFα (≈2.5-fold)) were
determined in cultured M1-Mac. The GSK intervention resulted in a significant reduction in
the transcript level of Nox subtypes and inflammatory mediators in M1-Mac. Noteworthily,
LSD1 inhibition significantly attenuated the mRNA levels of Nox2, Nox4, p22phox, MCP-1,
and TNFα in M0-/M2-Mac (Figures S4 and S5 in Supplementary Materials File).

3.9. Overexpression of LSD1 Induces the Up-Regulation of Nox Subunit Transcript Levels in
HEK293 Reporter Cells

To further explore the potential implication of LSD1 in mediating Nox up-regulation,
we performed transfection assays employing HEK293 reporter cells to overexpress the hu-
man LSD1 gene. This is an artificial experimental set-up that mimics, to some extent, the up-
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regulation of LSD1 associated with both human and experimental atherosclerosis, namely
atherosclerotic ApoE-/- mice and cultured pro-inflammatory (M1) Mac. Noteworthily,
previous studies showed that the HEK293 cell line represents a reliable in vitro model to
investigate various aspects of Nox regulation and function [32–34]. Transient transfection of
HEK293 cells with pCMV6-KDM1A resulted in a marked up-regulation of LSD1/KDM1A
mRNA (≈1000-fold) and protein (≈3-fold) levels. Of note, significant increases in Nox1
(≈5-fold), Nox2 (≈3-fold), Nox4 (≈4-fold), Nox5 (≈3-fold), and p22phox (≈3-fold) tran-
script levels were detected in HEK293 reporter cells overexpressing LSD1/KDM1A as
compared with empty vector (pCMV6-Entry)-transfected cells (Figure 10). These results
further strengthen the hypothesis whereby up-regulated LSD1 triggers a chain of molecular
events converging to enhanced expression of Nox subtypes in experimental atherosclerosis.
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Figure 10. Overexpression of LSD1 triggers the up-regulation of Nox1, Nox2, Nox4, Nox5, and
p22phox transcript levels in HEK293 reporter cells. (A) Agarose gel electrophoresis (1%) depicting
the digestion products of the pCMV6-Entry and pCMV6-KDM1A expression vectors with SgfI/MluI
restriction enzymes. Note the release of a ≈ 2.5 kb DNA fragment corresponding to human LSD1
(KDM1A) open reading frame following pCMV6-KDM1A enzymatic digestion. Validation of LSD1
(KDM1A) (B) gene and (C) protein up-regulation following transfection of the HEK293 cells with
pCMV6-KDM1A expression vector. (D) Representative immunoblot depicting the up-regulation
of LSD1 protein in pCMV6-KDM1A-transfected HEK293 cells. (E–I) Real-time PCR-based gene
expression analysis showing the induction of Nox1, Nox2, Nox4, Nox5, and p22phox transcript levels
in HEK293 cells overexpressing the human LSD1 (KDM1A) gene. n = 3, ** p < 0.01, *** p < 0.001.
p-values were taken in relation to pCMV6-Entry-transfected cell condition.

4. Discussion

As mentioned above, emerging clinical and experimental evidence indicates that
epigenetic instability is mechanistically associated with transcriptomic alterations in CVD.
Over time, these alterations could lead to the imprinting of a long-lasting toxic epigenetic
memory, a condition that may further aggravate the oxidative reactions and inflammatory
responses in the vasculature [4,35–40].

The abnormal expression pattern of selective histone methylation marks, particularly
enhanced H3K4me2 and reduced H3K9me2 levels, was determined in endothelial cells,
vascular smooth muscle cells, and infiltrated inflammatory immune cells within human
advanced atherosclerotic lesions [14]. These important findings potentially implicate LSD1
in the process of atheroma formation, among other dysregulated KMT and KDM subtypes.
Nonetheless, the role of histone methylation-based pathways and in particular LSD1 in
atherosclerosis is still incompletely understood, regardless of major breakthroughs in the
field of epigenetics of CVD [41].

Intrigued by this fact, we questioned whether LSD1 could control important patho-
logical networks and downstream molecular effectors linked to the regulation of cellular
sources of ROS overproduction (i.e., Nox enzymes), oxidative stress-induced structural
alterations of proteins, and inflammatory markers in atherosclerosis.
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To address this issue, we employed (i) human non-atherosclerotic and atherosclerotic
tissue specimens, (ii) in vivo experimental model of atherosclerosis, namely ApoE-/- mice,
and (iii) in vitro polarized M1/M2-Mac derived from primary cultures of mouse Mon.

The key findings of this study are as follows: (1) the expression levels of archetypal
KDM subtypes, including KDM1A (LSD1), KDM2A, KDM3A, KDM4A, KDM5A, and
KDM5B, are significantly elevated in human atheromas, aortas of atherosclerotic mice, and
cultured pro-inflammatory Mac; (2) long-term pharmacological inhibition of LSD1 reduces
the formation of atherosclerotic lesions in hypercholesterolemic ApoE-/- mice; (3) LSD1
is implicated in or mediates the up-regulation of mRNA and protein expression levels of
Nox1, Nox2, Nox4, and p22phox and the formation of 4-HNE-protein adducts in the aorta
of atherosclerotic mice, as demonstrated by the inhibitory effect of GSK2879552 treatment;
(4) blockade of LSD1 function significantly reduces the aortic expression of markers of
immune cell infiltration, inflammation, and vascular remodeling (CD68, CD80, CD86, TLR2,
TLR4, NOS2, VCAM-1, MMP9) in atherosclerotic mice; (5) inhibition of LSD1 suppresses
the up-regulation of genes mechanistically associated with oxidative stress (Nox1, Nox2,
Nox4, p22phox) and inflammation (MCP-1, TNFα) in cultured mouse pro-inflammatory
Mac; (6) overexpression of LSD1/KDM1A induces Nox1, Nox2, Nox4, Nox5, and p22phox
transcript levels in HEK293 reporter cells.

In search of the prospective implication of selective KDMs in atherosclerosis, we per-
formed initial gene/protein expression profiling of archetypal KDM subtypes in atheroscle-
rotic plaques derived from patients with severe carotid artery stenosis. The results showed
significant increases in LSD1 (KDM1A) mRNA and protein levels, along with other KDMs
heaving a steady or significantly up-regulated expression in advanced human atheroscle-
rotic lesions as compared with non-atherosclerotic tissue specimens.

To gain pathophysiological and mechanistic insights into the role of LSD1 in atheroge-
nesis, ApoE-/- mice were employed as an in vivo model of atherosclerosis. Significantly
elevated mRNA and protein levels of LSD1/KDM1A, along with up-regulated transcript
levels of KDM2A, KDM3A, KDM4A, KDM5A, and KDM5B subtypes, were determined
in the aorta of ApoE-/- mice with established atherosclerosis, an experimental set-up
that recapitulated to some extent important pathophysiological characteristics of human
atherosclerotic disease [19]. Considering the highly similar gene and/or protein expression
pattern of selective KDMs, including LSD1, in both clinical and experimental atheroscle-
rosis, we may speculate that these epigenetic enzymes direct, at least in part, comparable
pathobiological effects underlying atheroma formation in humans and ApoE-/- mice.

Clinical and experimental oncology provided much of the current understanding of
LSD1 expression and function. Mechanistically, the up-regulation of LSD1 in carcinogenesis
induces the demethylation of H3K4me1/2 and, consequently, the transcriptional repression
of specific genes contributing to various aspects of human malignancies, such as alteration
of tumor suppression mechanisms, growth arrest, cell differentiation, and apoptosis [42,43].
Despite being clinically different diseases, various forms of cancer and atherosclerosis dis-
play, to some extent, overlapping dysregulated molecular effectors and signaling pathways
typically associated with exacerbation of ROS production, oxidative stress, inflammation,
cellular phenotypic alterations, and enhanced cell proliferation and migration. In this
context, further assessment of clinically approved compounds for various pathologies (i.e.,
cancer) may be considered for drug repurposing for related pharmacological targets in
atherosclerosis. Such a strategy could potentially accelerate the development of novel
treatment algorithms to improve the therapeutic outcome in CVD. Therefore, we tested a
potent, highly specific, and clinically approved LSD1 pharmacological inhibitor developed
by the GlaxoSmithKline Company (GSK2879552) for cancer therapy, particularly for acute
myeloid leukemia (AML) and small lung cancer cells (SCLC) [44]. Our study provides
evidence that GSK2879552-induced inhibition of LSD1 significantly reduces the progression
of atherosclerotic lesions in hypercholesterolemic mice without having a significant impact
on plasma levels of total cholesterol and triglycerides.
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Since ROS overproduction, typically generated by up-regulated Nox, is acknowledged
as a key trigger of redox-sensitive pro-inflammatory signaling pathways and oxidative stress-
induced insults in atherosclerosis [24–27], we next investigated the pathophysiological scenario
whereby dysregulated LSD1 plays a role in the modulation of Nox subunit gene and protein
expression in atherosclerotic mice. We provide evidence that the pharmacological blockade
of LSD1 suppresses the up-regulation of mRNA and protein levels of Nox catalytic subunits,
namely Nox1, Nox2, and Nox4, as well as of the p22phox essential subunit in the atheroscle-
rotic mice aorta. Noteworthily, it has been previously demonstrated that pharmacological
inhibition of Nox1/4 function (GKT137831) or genetic ablation of various Nox subtypes (e.g.,
p47phox, Nox2) reduces ROS overproduction and the atherosclerotic lesion formation in
ApoE-/- mice [25–27]. Considering this convincing evidence and our results, we may assume
that the anti-atherosclerotic effects of GSK2879552 treatment are likely to be determined, at
least in part, by the down-regulation of Nox expression and the ensuing reduced Nox-derived
ROS formation in the aorta of ApoE-/- mice.

As reported by several comprehensive studies, the up-regulation of Nox subunit
expression is typically associated with an overall increase in NADPH-stimulated ROS
production in different cardiovascular disorders [27]. Yet, considering the relative specificity
of the currently used methods to assess ROS production, the implication of other sources
should be considered [45,46]. Thus, the detection of ROS production reflecting the highly
dynamic and complex in vivo conditions represents a major challenge in free radical biology
research [47]. Considering these technical aspects, instead of measuring the potential
of aortic tissue to produce ROS in a test tube, we indirectly assessed the formation of
ROS in a pathologically relevant context. Covalent modification of proteins at histidine
residues by 4-HNE resulting in 4-HNE-protein adduct formation is acknowledged as a
reliable and long-lasting marker for oxidative stress insult in different pathologies. Thus,
we determined the relative level of the oxidative stress-induced structural alteration of
proteins, namely the aortic formation of 4-HNE-protein adducts in mice. Interestingly, the
levels of 4-HNE-protein adducts were significantly reduced in the aorta of atherosclerotic
mice following GSK treatment. These data further support the implication of LSD1 in
atherogenesis by regulating target genes (e.g., Nox) and signaling pathways converging
to ROS overproduction and oxidative stress. Noteworthily, it has been shown that ROS
production driven by activated Nox contributes to 4-HNE formation in experimental
models of cardiovascular diseases [28].

Possible mechanistic explanations regarding LSD1-induced Nox subunit up-regulation
may emerge from previous studies demonstrating that advanced human atherosclerotic
lesions are associated with decreased levels of H3K9me2, an important histone substrate of
LSD1 demethylation activity [14]. Thus, we may speculate that the up-regulation of LSD1
in atherosclerosis functions as a key epigenetic inducer of gene transcription by reducing
the level of repressive histone marks. In line with this hypothesis, we demonstrate in this
study that transient overexpression of LSD1 in HEK293 reporter cells produces significant
increases in human Nox1, Nox2, Nox4, Nox5, and p22phox transcript levels. This evidence
suggests that Nox subunit genes may be important targets of LSD1, a key finding that fur-
ther implicates LSD1-dependent signaling pathways not only in atherogenesis, but also in
other different pathologies associated with increased Nox expression, ROS overproduction,
and oxidative stress (e.g., cancer, diabetes, hypertension, neurodegeneration).

Other than H3K4/H3K9 histones, LSD1 regulates the function of multiple non-histone
proteins, including transcription factors [13]. Evidence exists that LSD1 plays a major
role in mediating inflammatory response in various cell types, by molecular mechanisms
that involve the activation of the NF-kB transcription factor [48–50]. Since NF-kB is an
important transcriptional regulator of Nox subtypes in vascular and immune cells under
pro-inflammatory conditions [51–53], we may safely assume that LSD1 plays a role in the
regulation of Nox subunit expression via NF-kB-dependent mechanisms. Furthermore, a
highly organized functional crosstalk between LSD1 and HDAC1 has been demonstrated in
breast cancer cells, in which silencing of LSD1 expression augmented the tumor suppressive
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effects of the pan-HDAC inhibitor SAHA [54–56]. Consistent with this important evidence
highlighting that some HDAC inhibitors may affect LSD1 activity, we have previously
demonstrated that pan-HDAC inhibition by SAHA reduces Nox expression, oxidative
stress, the level of immune cell markers, and the progression of atherosclerotic lesions in the
aorta of hypercholesterolemic ApoE-/- mice [22,57]. It is important to note that the GSK-
induced inhibition of LSD1 also produced significant decreases in the expression of markers
of immune cell infiltration (CD68, CD80, CD86, TLR2, TLR4), inflammation (VCAM-1,
NOS2), and vascular remodeling (MMP9) in the aorta of atherosclerotic mice. Collectively,
these data further implicate LSD1 in the etiology and progression of atherosclerotic le-
sions and provide additional support for a potential LSD1-HDAC1 functional interplay
in atherogenesis.

Since Mon-derived Mac are important cellular drivers of atherosclerotic lesion for-
mation [31], we examined the potential implication of LSD1 in mediating the Mac inflam-
matory response. For this purpose, in vitro polarized pro-inflammatory (M1) and anti-
inflammatory (M2) mouse Mac were employed. The transcript levels of LSD1 (KDM1A),
KDM2A, KDM3A, KDM4A, KDM5A, and KDM5B were found significantly elevated in
cultured M1-Mac in a highly similar manner with the KDM subtype expression pattern
associated with both human and mouse atherosclerotic lesions. Moreover, inhibition of
LSD1 significantly reduced the transcript levels of important markers associated with
M1-Mac phenotype, namely, Nox subtypes, MCP-1, and TNFα. Considering the fact that
LPS is a key inducer of M1-Mac polarization in vitro, our data are in a good agreement
and extend a previous study demonstrating that LSD1 plays a major role in mediating
LPS-induced inflammatory response of vascular smooth muscle cells via NF-kB-dependent
signaling. Consistent with these findings, it has been demonstrated that LSD1 is a trigger
of renal inflammation in hepatitis B virus-associated glomerulonephritis [58]. Collectively,
these data strengthen the role LSD1 as an important regulator of inflammatory signaling
pathways in different pathological states.

It is worth mentioning that dysfunctional endothelial cells (ECs) and vascular smooth
muscle cells (VSMCs) are instrumental in the process of atheroma formation. Interestingly,
pharmacological inhibition of LSD1 reduced EC proliferation and inflammatory response,
VSMC proliferation, and neointimal hyperplasia [59–61]. Together, these data suggest that
LSD1-related signaling pathways could regulate important pathological aspects in multiple
cell types implicated in atherogenesis.

Besides oxidative stress and inflammation, alterations in lipid metabolism play a major
role in atherogenesis. Reportedly, LSD1 stimulates lipogenesis by acting as a positive regu-
lator of sterol regulatory element-binding proteins, whilst knockdown of LSD1 decreases
triglyceride levels in hepatocytes [62]. In the line with this evidence, it was shown that
inhibition of LSD1 prevents metabolic alterations in obese db/db mice by increasing insulin
sensitivity in the adipose tissue and reducing triglyceride accumulation and gluconeoge-
nesis in the liver [63]. Collectively, these reports indicate that LSD1 controls important
pathways in lipid metabolism. Yet, the potential mechanistic links between dysregulated
LSD1 and the modulation of cholesterol transport pathways and the foam cell formation
process in atherosclerosis remain open issues and require further attention.

Noteworthily, in addition to LSD1 (KDM1A), other archetypal KDM subtypes were
found significantly up-regulated in human and experimental atherosclerosis. As a function
of the pathophysiological context, some of these enzymes display similar activities in the
regulation of gene expression whilst other KDMs possess opposite biological functions [5].
Thus, it was previously demonstrated that KDM3A plays a major role in the up-regulation
of Nox2 and Nox4 expression in experimental myocardial infarction [64]. Other than that,
KDM3A has been identified as important regulator of neointima formation in experimental
atherosclerosis [65] whilst KDM4A mediates oxidized LDL-induced pro-inflammatory Mac
polarization [66]. Furthermore, members of the KDM5 histone demethylase family were
associated with CVD [67]. Noteworthily, KDM5B has been implicated in the up-regulation
of NOS2 expression [68,69]. Moreover, unveiling the specific roles of KMT-dependent
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signaling pathways in atherosclerotic lesion formation remains an open issue that should
be further addressed.

Consequently, the existence of positive or negative feedback regulatory mechanisms
within the KDM family and the complex networking and functional cooperation between
KDMs, KMTs, and gene-specific transcription factors remain arguable issues. In addition,
the limitations of the ApoE-/- animal model, and animal models of atherosclerosis in
general, in accurately replicating the complexity of severe human atherosclerosis as well as
the potential occurrence of gender-specific epigenetic alterations should be considered.

5. Conclusions

In conclusion, the novelty of this study is the demonstration that LSD1 is up-regulated
in human advanced atherosclerotic lesions, as well as in in vivo and in vitro experimen-
tal models of atherosclerosis. Importantly, LSD1 inhibition reduces the progression of
atherosclerotic lesions by a mechanism that involves the down-regulation of the expression
of key molecular effectors contributing to atheroma formation in the aorta of hypercholes-
terolemic mice. This mechanism is the negative regulation of Nox subunit expression and
potentially ROS overproduction as reflected in the reduced level of oxidative stress-induced
structural alterations of proteins, mitigation of immune cell infiltration, inflammation, and
vascular remodeling markers. Nevertheless, other pathophysiological processes that could
be influenced by LSD1 inhibition remain to be further examined. Collectively, the data
suggest that LSD1 is a novel therapeutic target and that LSD1-oriented pharmacological
interventions could become an important supportive therapeutic strategy in atherosclerosis-
related CVD.
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