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Introduction
Cardiovascular diseases (CVDs) are the leading cause of mortal-

ity in the United States and account for one of every three deaths, 
more than all forms of cancer combined.1 It is well established that 
endothelial dysfunction is a major determinant of the initiation 
and/or progression of several CVDs, including atherosclerosis, hy-
pertension, and heart failure.2,3 A healthy and metabolically active 
endothelium has several pivotal autocrine, paracrine, and endo-
crine functions that help to maintain vascular homeostasis.3 Thus, 
restoring impaired vascular homeostasis by improving endothelial 
function can serve as a promising therapeutic target in the treat-
ment of several cardiovascular disorders. There are many classes 
of drugs under investigation or already approved for the treatment 
of CVDs, including: (A) antihypertensive drug classes such as 
angiotensin-converting enzyme inhibitors, angiotensin AT1 re-
ceptors blockers, beta-blockers, and calcium channel blockers;4 (B) 
nitric oxide (NO) donors and endothelial NO synthase enhancers 
(substrates, cofactors, and transcription enhancers);5 (C) anti-in-
flammatory drugs;6 (D) statins with their pleiotropic properties;7 
(E) phosphodiesterase 5 inhibitors;8 and (F) other cardiovascular 
drugs reviewed elsewhere.4,9,10 Whereas these drugs may improve 
endothelial function and are useful in reducing the progression of 
CVD, it is likely that novel endothelial-targeted therapies can fur-
ther improve cardiovascular care.

Nucleic acid-based therapies are well suited for targeting endo-
thelial dysfunction in CVD given their ability to reprogram and/
or restore gene function. However, several biological obstacles 
limit both the delivery and stability of genetic material.11 Barriers 
to efficacious delivery of nucleic acids include circulating nucle-
ases, the cytoplasmic membrane, endosomal sequestration, and 
degradation in the enzyme-rich and highly acidic lysosomal com-
partment, cytoplasmic nucleases, and, in the case of plasmid DNA, 
penetration through the nuclear membrane. Viral vectors have 
major disadvantages for clinical use, including the actual or poten-
tial integration into the host genome, immunogenicity, biological 
variability, and manufacturing complexities for clinical products. 
Accordingly, substantial research has focused on the development 
of non-viral nanoplatforms based on lipids and polymers, inor-
ganic iron oxide, and gold nanoparticles.12-15 Nanotherapeutics for 

delivery of nucleic acids prove promising given the ability of the 
carriers to efficiently package the material; in addition, the multi-
functionality of the platforms allow them to incorporate targeting 
ligands and chemistries that enable rapid endosomal escape and 
other useful attributes. In this review, we discuss the role of nucleic 
acids in vascular regulation and dysfunction and potential nano
therapeutics that may restore endothelial function.

Pathophysiology of Endothelial Dysfunction 
The endothelial monolayer lining the systemic vascular system 

maintains vascular homeostasis. Its heterogeneity across multiple 
vascular beds allows dynamic and organ-specific regulation of 
blood flow, vascular structure, permeability, and interaction with 
circulating blood elements.16 In the arterial circulation, this inter-
face usually promotes an anti-inflammatory, antithrombotic, and 
quiescent state of the vessel wall that is critical for cardiovascular 
health.10 The endothelium releases vasorelaxant molecules such as 
nitric oxide (NO), prostacyclin, adrenomedullin, and endotheli-
um-derived hyperpolarizing factors (EDHFs) as well as endothe-
lium-derived constricting factors (EDCFs) such as endothelin.10 In 
most conduit arteries, the vasodilators predominate, releasing in 
response to the tractive force of blood flow and maintaining the 
vascular smooth muscle in a relaxed state. Notably, these vasodi-
lators also suppress proliferation of vascular smooth muscle cells 
and prevent the adherence of immune cells and platelets.10 

All known cardiovascular risk factors (e.g., hypercholesterol-
emia, diabetes mellitus) are associated with impaired endothelial 
function characterized by a shift in the balance between endothelial 
vasodilators and constrictors. While decreased NO bioavailability 
is considered a hallmark of endothelial dysfunction (also known 
as endothelial activation), there are also other pathological conse-
quences, including increased expression of adhesion molecules and 
cytokines; altered vascular permeability through a decrease in gap 
junction proteins, which facilitates the transendothelial migration 
of immune cells (monocytes, macrophages, and platelets) and mac-
romolecules (lipoproteins) across the vessel wall; altered vessel re-
activity and vasospasm capable of inducing angina and myocardial 
infarction; increased production of reactive oxygen and nitrosative 
species; increased production of vascular growth factors that stimu-
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late the proliferation of underlying smooth muscle cells; and an al-
tered thrombotic/fibrinolytic balance that leads to increased depo-
sition of thrombin, fibrin, and extracellular matrix remodeling and 
increased platelet aggregation.17-20 Any alteration in the functions 
of the strategically located endothelial monolayer disrupts vascular 
homeostasis and contributes to the development and progression of 
various cardiovascular disorders such as atherosclerosis.21

Role of Nucleic Acid Construct in Regulating 
Endothelial Functions

Endothelial dysfunction/activation involves elements of both 
innate and adaptive immunity, which may occur as an acute or 
chronic inflammatory response. The innate immunity-derived sur-
veillance mechanisms play a vital role in triggering inflammation 
in CVD.22 These mechanisms involve specialized pattern recogni-
tion receptors (PRRs) and their response to pathogen-associated 
molecular patterns (PAMPs) and endogenous damage-associated 
molecular patterns (DAMPs). The precise nucleic acid-sensing 
pathways involve PRRs belonging to four major receptor families 
that include the membrane-based toll-like receptors (TLRs).23 These 
TLRs work synergistically with specific receptors that identify the 
DAMPs and PAMPs within vasculature and elicit an activated, 
prothrombotic, and proinflammatory response. This in turn leads 
to further endothelial damage and may induce epigenetic changes 
that can cause phenotypic alterations.22-25 Since exogenous nucleic 
acids can stimulate the PRRs and trigger endothelial activation and 
inflammation, nucleic acid therapies must be cloaked by nanopar-
ticle delivery systems as described below.

DAMPs, PAMPs, and Endothelial Dysfunction
The endothelium-based recognition of different DAMPs and 

PAMPs (Figure 1) and subsequent cellular responses are an in-
tegral component of the innate immune response in endothelial 
dysfunction.22 An activated endothelium produces a variety of sub-

stances, including proinflammatory cytokines from the interleukin 
(IL) family; immune cell-attracting chemokines; vascular endothe-
lial (VEGF), platelet-derived, and fibroblast growth factors (FGF); 
and adhesion molecules such as intercellular adhesion molecule-1 
(ICAM-1) and P-selectin. All of these substances contribute to 
endothelium-related vascular injury.22,26 In addition, as a response 
to various stimuli, endothelial cells (ECs) act as semiprofessional 
antigen-presenting cells by expressing the major histocompatibil-
ity complex class II and costimulatory molecules, which induce 
migration of lymphocytes across endothelium to underlying tissue 
at the site of vascular injury.22 Several research groups have re-
ported that oxidative injury-induced DAMPs primarily drive the 
innate-immune response associated with a dysfunctional endothe-
lium.25 Recent studies have reported altered mitochondrial dynam-
ics and endoplasmic reticulum-induced stress as factors initiating 
EC activation.27,28 Alterations in the function of these organelles 
may modulate endothelial nitric oxide synthase (eNOS) activity, 
alter barrier function, and prompt endothelial cell migration and 
angiogenesis.28 Thus, impaired organelles act as potential triggers 
(presenting endothelial DAMPs) that generate excessive reactive 
oxygen species (ROS), which can increase the expression of endo-
thelial adhesion molecules and inflammatory cytokines.29 To vary-
ing degrees, the activation of the endothelium may be offset by the 
endothelial elaboration of anti-inflammatory cytokines such as IL-
10.30 It is the shift in balance between the secreted proinflammatory 
and anti-inflammatory cytokines that modulates the inflammatory 
cascade associated with dysfunctional endothelium.30

DNA Damage and Repair in Vascular Disease
Oxidative stress-induced damage to nuclear and mitochondrial 

DNA also contributes to endothelial dysfunction.31 Various forms 
of DNA damage have been reported in vascular diseases, including 
single-strand and double-strand breaks, telomere dysfunction, and 
base-pair modifications such as oxidation, deletion, and mispair-

Figure 1. Pathophysiological role 
of PAMPs and DAMPS in endo-
thelial dysfunction. PAMPs and 
DAMPS activate the endothelial 
cells through a pattern recognition 
receptor (PRR)-based interaction 
that triggers the initial inflamma-
tory response. In the absence of 
endothelial repair, the inflammation 
leads to a proinflammatory and 
prothrombotic response mani-
fested by several cardiovascular 
diseases. PAMPS: pathogen asso-
ciated molecular patterns; DAMPS: 
damage associated molecular 
patterns; S100A8/A9: S100 calci-
um-binding protein A8 or A9; HSP: 
heat shock proteins; HMGB1: 
high mobility group box 1 protein; 
mtDNA: mitochondrial DNA; LDL: 
low-density lipoprotein; Ox-LDL: 
oxidized low-density lipoprotein; 
ROS: reactive oxygen species
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ing.32 Based on the type of DNA damage and stage of the cell cycle, 
vascular cells employ the different DNA repair pathways such as 
base excision repair, nucleotide excision repair, nonhomologous 
end joining, and homologous recombination in an attempt to cor-
rect the damaged DNA.32 While there is evidence highlighting the 
presence of both DNA damage and repair in vascular disorders, it 
is the ineffective repair that leads to growth arrest, cell senescence, 
and apoptosis, all of which promote further disease progression by 
activating the inflammatory cascade.32 Interestingly, mitochondrial 
DNA (mtDNA), in circulation as well as in the cellular cytosol, in-
duces genomic DNA damage and subsequent endothelial dysfunc-
tion, which is implicated in a host of vascular diseases like diabetes, 
hypertension, and atherosclerosis.29 Endothelial mitochondria are 
endowed with significant DNA repair capacity. However, mito-
chondrial proximity with the oxidative respiratory chain and the 
absence of histone or chromatin structures around the mitochon-
dria render it susceptible to oxidative damage, making it a potential 
presenter of DAMPs and a source of endothelial dysfunction.29 
Thus, therapeutic strategies designed to prevent DNA damage or 
induce/enhance DNA repair mechanisms, particularly focused on 
inducers like mtDNA, can serve as potential targets for treating en-
dothelial dysfunction-mediated vascular disorders.

MicroRNA and Their Role in Vascular Homeostasis
MicroRNAs (miRNAs) play a pivotal role in vascular develop-

ment and function by regulating the expression of genes through 
post-transcriptional modification or translational repression. Dicer, 
a key enzyme involved in the biosynthesis and processing of mi
RNAs, also plays a vital role in the regulatory functions of ECs.33 
Endothelium-specific inactivation of this enzyme is associated with 
altered expression of vascular endothelial growth factor (VEGF), 
eNOS, IL-8, and the angiopoietin cell surface receptors Tie-I and 
Tie-2, compromising endothelial function.34 In addition, miRNAs 
also serve as paracrine ligands of the toll-like receptors, an exo-
some-mediated activity that is independent of post-transcriptional 
regulatory function.35 Several miRNAs have been identified to play 
an important role in regulating endothelial function in normal as 
well as pathological conditions (Table 1).36 Of the miRNAs studied 
to date, miR-126 is considered the key regulator of vascular func-
tion.33 With low expression during senescence and overexpression 
during re-endothelialization and angiogenesis, miR-126 specifical-
ly targets regulators of proangiogenic VEGF and the angiopoietin 
pathway that helps to maintain vascular integrity and inhibit 
endothelial activation.33 Variable expression patterns of circulating 
miR-126 have been reported in several vascular disorders such as 
myocardial infarction, angina (miR-126 up-regulation), diabetes, 
and heart failure (miR-126 down-regulation), among others.33 Sim-
ilarly, a recent study reported miR-19a as a functional link between 
endothelial dysfunction, risk factors such as hyperlipidemia and 
inflammation, and the ensuing atherosclerosis.37 On the whole, 
endothelial miRNAs play a major role in regulating several key en-
dothelial functions, including monitoring immune cell trafficking 
and inflammation, regulating EC senescence, regulating endotheli-
al progenitor cell biology, maintaining endothelial barrier function, 
and regulating the vascular tone of blood vessels.36 Therefore, tar-
geting miRNAs and their expression patterns paves the way for a 
novel platform for treating vascular disorders.

Nucleic Acid-Based Therapeutic Delivery Strategies for 
Vascular Diseases

The advent of nanotechnology has led to the development of 
several nanoformulations capable of site-specific drug delivery. 

These can serve as robust platforms for treating endothelial dys-
function in cardiovascular diseases. One formulation by our own 
group used an omega-3-polyunsaturated fatty acid (PUFA)-rich 
oil-in-water nanoemulsion system selectively targeting fibrin clots 
within the plaque region to deliver 17-β-estradiol (17-βE) in a 
murine model of atherosclerosis.38 This formulation combined the 
pleiotropic cardio- and vasoprotective properties of PUFAs and 17-
βE with the targeting efficiency of the fibrin-binding CREKA pep-
tide, leading to a relatively high targeting efficiency and maximum 
exposure/accumulation of 17-βE within plasma and tissues.39 In 
vitro delivery to cultured ECs led to an increased production of 
nitric oxide, while in vivo delivery in apolipoprotein-E knock out 
(ApoE-/-) mice fed a high-fat diet decreased the levels of circulating 
lipids, reduced gene expression of inflammatory markers associat-
ed with atherosclerosis, and reduced vascular lesions.38 

It is important to note that the success of conventional and in-
vestigational therapeutic molecules is limited by their palliative 
nature and may not restore a healthy vascular endothelium. Endo-
thelial dysfunction is characterized by several overlapping patho-
logical components, each of which is associated with a unique nu-
cleic acid expression pattern, opening several avenues for genetic 
therapies. As nucleic acids have limited in vivo stability and poor 
permeability across cellular membranes, adequate delivery of these 
molecules to disease sites is a major hurdle limiting their therapeu-
tic applications. In addition, the exogenous nucleic acids must be 
delivered in a manner that reduces their activation of nucleic ac-
id-sensing PRRs. Thus, several nucleic acid-based nanotherapeutics 
are being developed to treat vascular disorders, with the endothe-
lium serving as one of the most prominent targets. The following 
section describes advances in nanoparticle-mediated delivery of 
genetic material targeting endothelial dysfunction in CVD as well 
as emerging strategies (e.g., ASOs, aptamers) in which nanoparti-
cles may potentially result in efficacious clinical translation.

DNA-Based Therapeutics 
DNA-based therapeutics that deliver angiogenic factors are one 

of the most promising strategies in the area of cardiovascular gene 
therapy. Among the several angiogenic factors studied, the initial 
gene therapy trials evaluated the effect of angiopoietins, FGF, 
HIF-α, and VEGF-A in the treatment of either ischemia-induced 
vascular conditions or peripheral occlusive disorders.40 The VEGF 
family of growth factors is crucial in regulating several endothelial 
functions including vasodilation and nitric oxide release, recruit-
ment of circulating progenitor cells, regulation of vascular per-
meability, and endothelial proliferation and migration,41 making 
it particularly well-suited for gene therapy targeting endothelial 
dysfunction. 

In terms of gene delivery platforms, adenoviral vectors, ade-
no-associated viral vectors, and lentiviral vectors have been used 
to translate DNA-based therapeutic strategies, with lentiviral 
vectors capable of specifically targeting endothelial dysfunction.40 
An example of DNA-based gene therapy using proangiogenic 
VEGF is the ongoing KAT301 clinical trial.40 This trial is evaluating 
the safety and efficacy of the adenoviral vector-mediated delivery 
of VEGF-D, a mature form of VEGF, delivered using the NO-
GA-mediated transendocardial injection system in patients with 
severe coronary heart disease (NOGA® XP Cardiac Navigation 
System, Biologics Delivery Systems Group, Cordis Corporation, 
Miami Lakes, FL).42 Preliminary results at 3 months demonstrated 
increased myocardial perfusion with intramyocardial delivery 
of VEGF-D in segments with the lowest perfusion reserve, thus 
justifying a phase II/III evaluation.42 Rather than targeting the 
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miRNA Target(s) Functions Expression patterns reported in CVD

miR-126 SPRED-I 
CXCL12 
PIK3R2

Maintenance of vascular integrity
Regulation of VCAM-1-mediated leukocyte adhe-
sion and inflammation 

Increased levels in plasma of patients with AMI 
and angina
Low levels in plasma of patients with diabetes 
and heart failure

miR-223 ICAM-1
IGF-1R

Regulation of cholesterol homeostasis
Suppression of leukocyte infiltration and inflam-
mation
Development of insulin sensitivity Regulation of 
thrombosis and platelet function

Low circulating levels in plasma of patients with 
AMI

miR-19 a/b Hif-1α Regulation of monocyte adhesion to ECs Down-regulated expression in atherosclerotic le-
sions in patients with CAD

miR-143/145 ELK1 
KLF4
PHACTR4
CAMK2d
SSH2
CFL1

Regulation of ECs response to shear stress and 
altered blood flow
Differentiation of VSMCs

Down-regulated expression in aortas of patients 
with aortic aneurism

miR-155 AGTR1
SOCS-I
eNOS

Regulation of eNOS function
Regulation of angiogenesis
Regulation of inflammation-induced EC injury

Low circulating levels in plasma of patients with 
CAD
Upregulated expression in glomerular ECs in pa-
tients with diabetic nephropathy

miR-125a/b AGTR1 Regulation of EC proliferation
Suppression of endothelin-I expression

Down-regulated expression in atherosclerotic le-
sion in CAD patients
Low circulating levels in plasma of patients with 
precapillary pulmonary hypertension

Let-7g THBS1
SIRT-1
TGFBR1
SMAD2

Regulation of various EC functions Low circulating levels in plasma of  patients with 
lacunar stroke

miR-24 CHI3L1
HRH1
GATA2
PAK4

Regulation of vascular inflammation
Regulation of VWF secretion from activated ECs
Regulation of EC apoptosis and angiogenesis

Low circulating levels in plasma of patients with 
diabetes
Low circulating levels in plasma of patients with 
AAA

miR-92a KLF2
KLF4
SOCS5

Regulation of EC activation and inflammation Elevated expression in plasma of patients with 
CAD

miR-221/222 c-Kit
PAK1
p27
p57
eNOS
STAT5A

Regulation of the proliferation, migration, and an-
giogenesis in young and mature ECs

Up-regulated expression in internal mammary ar-
teries in patients with diabetes and CAD

AAA: abdominal aortic aneurysm; AGTR1: angiotensin II receptor type 1; AMI: acute myocardial infarction; CAD: coronary artery dis-
ease; CAMK2d: calcium/calmodulin-dependent protein kinase II delta; CFL1: cofilin 1; CHI3L1: chitinase 3 like 1; c-Kit: KIT proto-onco-
gene receptor tyrosine kinase; CXCL12: C-X-C motif chemokine 12; ECs: endothelial cells; ELK1: ETS (oncogene family) domain-con-
taining protein Elk-1; eNOS: endothelial nitric oxide synthase 3; GATA2: GATA binding protein 2; HIF1a: hypoxia-inducible factor 
1-alpha; HRH1: histamine receptor H1; ICAM-1: intercellular adhesion molecule 1; IGF-1R: insulin-like growth factor 1 receptor; KLF2: 
Kruppel-like factor 2; KLF4: Kruppel-like factor 4; p27: cyclin-dependent kinase (CDK) inhibitor p27; p57: cyclin-dependent kinase 
(CDK) inhibitor p57; PAK1: p21 protein (Cdc42/Rac)-activated kinase 1; PAK4: p21 protein (Cdc42/Rac)-activated kinase 4; PHACTR4: 
phosphatase and actin regulator 4 receptor; PI3KR2: phosphatidylinositol 3-kinase regulatory subunit beta receptor; SIRT1: sirtuin 1; 
SMAD2: SMAD family member 2; SOCS1: suppressor of cytokine signaling 1; SOCS5: suppressor of cytokine signaling 1; SPRED-I: 
sprouty related protein I; SSH2: slingshot protein phosphatase 2; STAT5: signal transducer and activator of transcription 5; TGFBR1: 
transforming growth factor beta receptor I; THBS1: thrombospondin 1; VCAM-1: vascular cell adhesion molecule 1; VSMCs: vascular 
smooth muscle cells; VWF: von Willebrand factor

Table 1. Examples of microRNAs regulating endothelial function and their expression pattern in various cardiovascular diseases.
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vasculature, another approach is to modulate the immune system. 
Oral administration of a DNA vaccine against either CD99 or VEG-
FR2-induced antigen-specific CD8+T cells reduces vascular lesions 
in murine models of atherosclerosis.43 

A major disadvantage is that viral vectors can activate PRRs to 
aggravate endothelial activation and inflammation. Accordingly, 
such DNA-based therapeutics could potentially be facilitated by 
a nanoparticle delivery system. These include liposome-DNA 
complexes, polymer-based DNA complexes such as dendrimers, 
and lipid-polymer complexes in which condensed DNA is encap-
sulated within lipid-based or polymeric delivery systems.44 Paul 
and coworkers developed hydrogel-containing nanocomplexes of 
graphene oxide (GO) and VEGF-165 DNA for direct injection into 
infarcted areas in the myocardium.45 The hydrogel was capable 
of modulating the release kinetics of the DNA nanocomplexes, 
resulting in decreases in both the scar area fraction and the loss 
of ejection fraction after an acute myocardial infarction (MI) in a 
rodent model.

RNA-Based Therapeutics 
Over the past two decades, several small interfering RNA (si

RNA) and miRNA-based therapeutics have been developed for the 
treatment of CVD. RNA interference (RNAi) strategies via delivery 
of siRNA prove especially efficient at specific silencing of gene 
expression.46  Endothelial adhesion molecules and other receptors 
mediating inflammatory response serve as excellent targets for 
developing endothelium-targeted siRNA-based therapeutics.47 An 
example of a reasonable target is CD40, a glycoprotein expressed 
on the surface of endothelial and immune cells that mediates endo-
thelial activation. In one study, RNAi against CD40 was delivered 
using a viral vector to induce the regression of atherosclerotic 
lesions in apolipoprotein E-deficient (ApoE-/-) mice. In this case, a 
recombinant CD40-RNAi-lentivirus system was used for knock-
down of CD40 signaling, leading to reduced expression of proin-
flammatory cytokines and chemokines.48 

Similar to DNA-based therapeutics, siRNA-based nanoparticle 
platforms, such as liposome-RNA complexes or polymer-based 
RNA complexes,49 have been successful in preclinical studies of 
various cardiovascular disorders. Liposomal nanoparticles (cation-
ic amphiphiles) invested with antibodies against either VCAM-1 
or E-selectin can deliver siRNA to activated primary ECs in vitro, 
which might be an approach for preferentially targeting activated 
endothelium.50 Polymeric constructs have been widely used to 
conjugate siRNA. Kim and coworkers successfully reduced ische
mia-reperfusion injury by knockdown of a receptor for advanced 
glycation end-products (RAGE) following direct injection into 
infarcted areas in a rat MI model.51 In this study, siRNA targeting 
the RAGE mRNA was conjugated with deoxycholic acid-modified 
polyethylenimine, successfully silencing RAGE expression and 
leading to reduced levels of inflammatory cytokines and apoptosis 
in vivo as well as reduced ventricular remodeling.

Given their role in regulating EC function, miRNAs and their 
manipulation provide a well-suited strategy for treating endothe-
lial dysfunction. miRNA-based therapeutics focus on reinstating 
dysregulated miRNA expression associated with the disease pa-
thology using either miRNA mimics or antagomirs.52 Individual 
miRNAs are capable of modulating multifactorial disease path-
ways, targeting more than one molecular target, thereby increasing 
the efficacy of  miRNA-based therapies.53 Transfection of activated 
ECs with miR-17-3p mimic and miR-31 mimic reduces the ex-
pression of adhesion molecules (ICAM-1 and E-selectin), thereby 
decreasing neutrophil adhesion to ECs.54 Another study demon-

strated that hepatic overexpression of miR-30c reduced hyperlipid-
emia and attenuated vascular lesions in the hypercholesterolemic 
mouse, thus highlighting the potential of miR-30c mimics in treat-
ing atherosclerosis.55

Oligonucleotide-Based Therapeutics
Oligonucleotide-based therapeutics such as antisense oligonu-

cleotides (ASOs), anti-microRNA oligonucleotides (AMOs), and 
aptamers have emerged as powerful tools in the treatment of vari-
ous disorders including vascular diseases.56 ASOs are highly selec-
tive therapeutics that bind to their complementary RNA substrates 
via Watson-Crick hybridization. Furthermore, ASOs inactivate 
RNA by blocking translation or, more commonly, by destabilizing 
the RNA-DNA complex, which is then destroyed by ribonuclease 
H1, a ubiquitously present cellular endonuclease.57 ASO-mediated 
mRNA termination allows precise targeting of disease-associated 
protein expression, making these therapeutics more specific than 
most conventional drugs.57 The gapmer design was used to devel-
op second-generation ASOs to improve the stability against nu-
clease-based degradation and the proinflammatory characteristics 
of ASOs.57 Mipomersen sodium, the first antisense drug approved 
by the U.S. Food and Drug Administration, is a second-genera-
tion gapmer ASO that targets the apolipoprotein B (apoB) mRNA 
and is used as an adjunct to lipid-lowering agents prescribed to 
patients with familial hypercholesterolemia.57 Other examples of 
clinically investigated ASOs include SPC5001, APoC-III, and BMS-
844421 that primarily target apoB, apoC-III, and PCSK9 protein 
expression, respectively.57 

ASOs that target miRNA function are termed anti-miRNA oli-
gonucleotides (AMOs). The application of AMOs in treating CVDs 
is currently limited to preclinical evaluation in small animals and 
non-human primates. A recent study demonstrated that AMOs 
targeting miR-33a and miR-33b increased plasma high-density 
lipoprotein (HDL) cholesterol levels by modulating the expression 
of the ATP-binding cassette transporter ABCA1.58 Since ABCA1 is 
associated with the biosynthesis and transport of HDLs, targeting 
the miR-33 family with AMOs has the potential of reversing hyper-
lipidemia and the subsequent development of atherosclerosis.58 For 
improved delivery and reduced non-specific effects, the ASOs and 
AMOs undergo various modifications; for example, the addition 
of locked nucleic acids, conjugation with cholesterol or GalNAc 
(N-acetylgalactosamine) sugar, 2’-O-methylation of the antisense 
oligonucleotide, chemical modification using the non-nucleotide 
naphthyl-azo group (ZEN) chemical modifier or steric blockers, 
and lastly, insertion of either pre-miRNA sequences or tandem 
miRNA target sites into the expression vectors to create decoy 
binding sites.59 Jo and coworkers successfully inhibited atheroscle-
rosis in apoE–/– mice by delivering an AMO (anti-miR-712) via a 
selective multifunctional lipoparticle conjugated to a peptide to 
target vascular cell adhesion molecule 1 (VCAM1).60 The resulting 
nanoparticle inhibited miR-712 in only the affected organs with no 
off-target effects.

Another oligonucleotide-based therapeutic approach involves 
the use of aptamers for treatment of vascular disorders. These 
molecules are generated through systematic evolution of ligands 
by exponential enrichment (SELEX) and can be classified as DNA/
RNA aptamers and peptide aptamers.61 Their ease of synthesis 
and scale-up, thermal stability, and lack of immunogenicity makes 
them a powerful class of therapeutic ligands.61 Aptamers are 
designed to alter the expression of disease-associated molecular 
targets involved in the pathology of various disorders. Currently, 
aptamer-based therapeutics targeting the von Willebrand factor 
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(vWF), thrombin, and factor IX are undergoing clinical trials and 
being developed as antithrombotics or anticoagulants to treat pa-
tients with acute coronary syndromes.61 vWF is synthesized by ECs 
and endothelial connective tissue and plays an active role in vascu-
lar homeostasis, thrombus formation, and platelet activation.61 Cir-
culating levels of vWF represent predictive biomarkers of endothe-
lial injury. An aptamer developed by Archemix Corp. (Cambridge, 
MA), named ARC1779, inhibits vWF and platelet interaction and 
binding, preventing thrombus formation associated with endothe-
lial activation.61 Similarly, nucleic acid-based aptamers are also be-
ing developed for other cardiovascular molecular targets, such as 
platelet-derived growth factor, integrins, P-selectin, and CXCL10, 
all of which are expressed during endothelial dysfunction.61  

Concluding Remarks
Endothelial dysfunction has emerged as the underlying cause 

of several cardiovascular disorders. Targeting endothelial dys-
function at the cellular level can lead to innovative strategies 
aimed at reducing or inhibiting the progression of cardiovascular 
disease. Our review illustrates how manipulating the vascular 
endothelium through nucleic acid-based therapeutics involving 
nanoparticle-based platforms can serve as a promising strategy 
for the treatment of atherosclerosis, hypertension, myocardial in-
farction, and other cardiovascular disorders. Research with large, 
randomized, and adequately powered clinical trials will help de-
termine the success of these therapeutics in targeting endothelial 
dysfunction.
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