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Cardiovascular disease is the most common health problem worldwide and
remains the leading cause of morbidity and mortality. Despite recent advances
in the management of cardiovascular diseases, pharmaceutical treatment
remains suboptimal because of poor pharmacokinetics and high toxicity.
However, since being harnessed in the cancer field for the delivery of safer
and more effective chemotherapeutics, nanoparticle-based drug delivery
systems have offered multiple significant therapeutic effects in treating
cardiovascular diseases. Nanoparticle-based drug delivery systems alter the
biodistribution of therapeutic agents through site-specific, target-oriented
delivery and controlled drug release of precise medicines. Metal-, lipid-, and
polymer-based nanoparticles represent ideal materials for use in cardiovascular
therapeutics. New developments in the therapeutic potential of drug delivery
using nanoparticles and the application of nanomedicine to cardiovascular
diseases are described in this review. Furthermore, this review discusses our
current understanding of the potential role of nanoparticles in metabolism and
toxicity after therapeutic action, with a view to providing a safer and more
effective strategy for the treatment of cardiovascular disease.
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Introduction

Heart failure, arrhythmia, atherosclerosis, coronary heart disease, myocardial
infarction (MI), peripheral arterial disease, deep vein thrombosis, and inflammatory
heart disease, along with other cardiovascular diseases (CVDs) are a primary cause of
death worldwide. The World Heart Federation has reported that CVDs account for
17.3 million deaths per year (Smith et al., 2012). The number of deaths is expected to
increase over the next 10 years because of an increased prevalence in risk factors for
CVDs, such as obesity, high non-high-density lipoprotein (HDL) cholesterol levels,
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diabetes, hypertension, tobacco use, lack of physical activity,
unhealthy diet, and expansion of the geriatric population
(Tafisco et al., 2019). Deaths from CVDs are expected to
reach 23.6 million each year by 2030 (Yusuf et al., 2020).
Different treatments of CVDs are selected based on patient
risks stratification and severity. The main purpose of all
treatment protocols for CVDs is to better promote blood
supply
cardiomyocyte loss and increase contractile area. Severe

and diminish tissue damage to minimize

CVD cases are usually treated with surgery to remove blood
of
arrhythmia, and repair the pathological organic cardiac

clots, place artificial cardiac pacemakers in cases
changes. Not surprisingly, maintaining regular drug therapy
is relatively difficult; in most circumstances, the treatment will
have to be taken for life.

Statin therapy is recommended as first-line therapy for most
patients with hypercholesterolemia. In addition to the lipid-
regulating effects, statin therapy is efficacious in dissolving
blood clots, fighting inflammation, and improving endothelial
function (Fisher and Moonis, 2012). Aspirin is the most used
drug for the secondary prevention of CVDs (Baigent et al., 2009).
B-blockers are adrenergic receptor antagonists that can
excitability
cardiotoxicity. Therefore, p-blockers are also prescribed as the

effectively ~ antagonize  sympathetic and
first-line treatment of atrial fibrillation and CVDs; however, they
are not suitable for patients with hypertension (Martinez-Milla
et al,, 2019). Angiotensin converting enzyme inhibitors and
angiotensin |l receptor blockers have become the drugs of
choice for the treatment of heart failure, coronary artery
MI, 2012).

Angiotensin II receptor blocker-neprilysin inhibitor drugs

disease, and hypertension (Regoli et al,
both block the activation of the renin-angiotensin-aldosterone
system in patients with heart failure and inhibit the activity of
enkephalinase to increase the levels of various endogenous
vasoactive peptides (Owens et al., 2017). The PARADIGM-HF
and PARAGON-HF trials

valsartan has an established role in the treatment of patients

have confirmed that sacubitril-

with heart failure with reduced or preserved ejection fraction
(McMurray et al, 2014; Solomon et al., 2019). Although
significant progress in existing treatments has been made in
the past decade, the therapeutic effects of pharmacotherapy are
suboptimal because of the non-specific cytotoxicity, poor
first
low  bioavailability

metabolism,
of

solubility and absorption, pass poor

biocompatibility, and existing
cardiovascular drugs (Karunakar et al., 2016).

Nanotechnology is a multidisciplinary research field
involving electronics, biology, and medicine. At the end of the
19th century, the famous German bacteriologist Paul Ehrlich put
forward the concept of the “magic bullet” (Valent et al., 2016).
Nanomedicine or nano-biotechnology was considered one of the
most active and rapid research areas of nanotechnology and had
drawn worldwide attention in previous decades. Nanoparticle-

based drug delivery systems (nano-DDSs) with various shapes,
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sizes, structures, and transport functions depend on the
properties and synthesis methods of different nanomaterials,
whereby ideal nanocarriers are constructed and designed (Lee
et al, 2017). Nanoparticles (NPs) utilize the enhanced
permeability and retention effect to precisely deliver drugs to
atherosclerotic plaques, resulting in superior therapeutic effects
and decreased tissue damage (Nakamura et al, 2016). In
addition, nano-DDSs
improving drug efficacy, prolonging drug action, improving

show considerable potential in
bioavailability, targeting passively or actively, reducing drug
resistance, and reducing adverse drug reactions (Patra et al,
2018). In this paper, we summarize and discuss the progress of
NPs as drug carriers in the treatment of CVDs and the
deficiencies of nano-DDSs in clinical application. Greater
emphasis is placed on NP-directed therapy for atherosclerosis
and its associated complications,
M,

reperfusion injury (IRI), given their crucial status as CVDs

including arrhythmia,

ventricular remodeling, and myocardial ischemia-

(Figure 1).

Nanoparticles

NPs are organic or inorganic structures that are
generally <100 nm in at least one dimension (Wang et al,
2008). Organic NPs consist of different biodegradable
materials, such as lipids, liposomes or micelles, proteins,
dendrimers, polymeric vesicles, or hyaluronic acid, and
inorganic NPs are compounded from a variety of minute-
sized structures including quantum dots, mesoporous silicon,
graphene, carbon nanotubes, metals, or metal oxides (Khafaji
etal., 2019). Metal-organic frameworks (also known as porous
coordination polymers) comprising organic ligands and metal
ions/metal clusters via coordinate bonds are highly porous and
(He et 2021).
framework nanomaterial enveloped with

crystalline polymers al, Metal-organic

surfaces are
polyethylene glycol entirely, which reduces the clearance by
the immune system (Cutrone et al., 2019). The characteristics
of NPs in size and shape, interconnected macropores, tunable
porosity, chemical composition, and easy surface
functionalization have drawn global attention for the past
few years in drug delivery research. The combination of cell
carrier and nano-drug delivery technology is also becoming a
hotspot because it uses the natural character of circulating cells
to overcome the immunogenicity of nanomaterials (Kroll
et al., 2017). For instance, NPs clothing themselves in a
skin of platelet or red blood cell membranes were used to
load rapamycin. It is well established that biomimetic NPs can
avoid macrophage phagocytosis in vitro, and the therapeutic
effect is superior to the traditional nano-drug delivery method
in vivo (Wang et al., 2019; Han et al., 2022). At present, the
most applicable and comprehensive nanomaterials in the

diagnosis and treatment of CVDs mainly include liposomes,
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Types of nanoparticles.
micelles, dendrimers, polymer NPs, and metal NPs (Figure 2). Llpld- based nanopa rticles
As shown in Table 1, different types of some typical
nanocarriers applications for the targeted delivery of Liposomes are among the most typical subsets of lipid-based
cardioprotective agents have described. NPs, which are the monolayer and multilayer vesicles
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TABLE 1 Nanoparticles studied for the efficient treatment of cardiovascular diseases.

Types of Disease Drugs used Model
nanoparticles targeted in the organisms
treatment of  used
CVDs

Lipid-based NPs
liposomes Atherosclerosis Glucocorticoids Rabbit model
liposomes Arrhythmia Amiodarone Rat model
PEGylated liposome Myocardial Growth factors and  Cardiac cell of rats

infarction cytokines and mouse model
Recombinant HDL Atherosclerosis Pitavastatin Mouse model and

in vitro

Micelle-based NPs
Modular multifunctional ~ Atherosclerosis Antithrombin Mouse model
micelles
peptide amphiphilic Atherosclerosis microRNA-145 Mouse model
micelles
Polymeric-based NPs
PLGA Atherosclerosis Pitavastatin Mouse model
Methyl-B-cyclodextrin Atherosclerosis Simvastatin Mouse model
PLGA Pulmonary arterial Beraprost Rat model

hypertension
PLGA Ischemia- Irbesartan Mouse model

reperfusion injury

Chitosan-alginate NPs Myocardial Placental growth Rat model
infarction factor

Dendrimer-based NPs

Poly (amidoamine)- Myocardial miRNAs H9c2

histidine nanocarriers infarction

Metal-based NPs

CuS NPs Atherosclerosis Antibodies Mouse model

AuNPs Hypertension Antibodies In vitro

Fe;04 NPs Thrombosis t-PA Swine model

10.3389/fphar.2022.999404

Biological functions

Diminished the number of macrophages in the
plaque and anti-angiogenic effects

Reduced the mortality due to lethal arrhythmia and
the negative hemodynamic changes caused by
amiodarone

Delivered therapeutic agents specifically to the
infarcted heart

Promoted the rapid regression of plaques

Targeted atherosclerotic plaques initially and
bound to clotted plasma proteins

Modulated the phenotype of VSMCs to slow plaque
progression

Inhibited plaque destabilization and rupture by
regulating MCP-1/CCR2-dependent monocyte
recruitment

Targeted atherosclerotic plaques and reduced
plaque content of cholesterol and macrophages

Decreased pulmonary vascular resistance and
inhibited pulmonary vascular remodeling

Inhibited the recruitment of inflammatory
monocytes, reduced the infarct size and ameliorated
left ventricular remodeling

Provide sustained slow-release placental growth
factor therapy

Prevented the hypoxia/reperfusion-induced
apoptosis critical in myocardial infarctions

Reduced lipid accumulation

The detection of cortisol ranged from 0.1 to
1000 ng/ml with a detection limit of 0.05 ng/ml
at 30

Delivered t-PA to the thrombosis area and the drug
accumulation at the lesion site was significantly
increased
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synthesized from phospholipids through complex processes
(Chiani et al., 2017). This special amphiphilic structure
enables liposomes to easily carry and deliver drugs with
different properties, such as hydrophilicity, hydrophobicity,
and lipophilicity, and even adsorb hydrophilic and lipophilic
compounds at the same time (Teymouri et al., 2019). Currently,
numerous liposome formulations have been developed for the
prevention and treatment of atherosclerosis and its
complications. Lobatto et al. (2010) devised a nano-medicinal
liposomal formulation of glucocorticoids. This liposome

formulation utilized the high permeability of blood vessels to
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transport glucocorticoids to the vulnerable plaque, which
significantly diminished the number of macrophages in the
plaque. There was no obvious toxicity observed, indicating
that this liposome formulation could be used as a high-quality
anti-atherosclerosis drug formulation.

Micelle-based nanoparticles

Micelle-based NPs can be fashioned into various structure
subpopulations; the spherical structure is most typical among

frontiersin.org
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them. Micelles are self-assembled from lipids or amphiphilic
molecules dissolved in water. They generally consist of a
hydrophilic inner core and a hydrophobic shell. The inner
core is the loading space for insoluble drugs, and the shell is
the protective interface between the core and the external
(Gothwal et 2016).
liposomes, micelles are smaller in size, more compact in

environment al,, Compared with
spatial structure, and have a relatively lower loading capacity.
Hence, the ischemic myocardium is more permeable to micelles,
which are more targeted to the lesions. In addition to providing
conventional drug delivery, micelles can also target specific
components of plaques. Peters et al. (2009) developed a
modular multifunctional micelle loaded with antithrombin
that targets atherosclerotic plaques initially and binds to
clotted plasma proteins. The targeted micelles delivery system
observably increased the antithrombin activity in diseased vessels
and reduced the risk of plaque rupture.

Polymeric-based nanoparticles

Polymer NPs can be synthesized using a variety of natural or
synthetic macromolecular materials with different structures,
and the particle size and surface charge of NPs change along
with the polymer type. Drugs are usually integrated into polymer
NPs with various strategies, such as dissolution, encapsulation,
embedding, or covalent attachment. Variation in positions and
patterns of combining drugs with NPs results in differential drug
delivery capabilities for polymer NPs. The biodegradable poly
(lactic-co-glycolic acid) (PLGA) is the commonest among the
polymer NPs. It has been reported that using the emulsified
solvent diffusion method to package drugs in PLGA NPs can
control drug release through mediating inflammatory cell
recruitment and inhibiting atherosclerotic plaque instability
(Katsuki et al., 2014).

Dendrimer-based nanoparticles

Dendrimers are highly dendritic polymers with complex
three-dimensional structures. The complex structures include
host structures and microenvironments, while possessing highly
controllable physicochemical parameters. Targeted antibodies,
genes, and other bioactive substances are modified on the
peripheral groups of the host structures of the dendrimers.
Dendrimer-based NPs are regarded as important drug delivery
systems relying on several advantages: moderately-sized relative
surface areas, high relative molecular masses, low intrinsic
viscosities, and good biocompatibilities. Polyamide amine
dendrimer is the most frequent selection among the numerous
dendrimers used for drug delivery. The slow hydrolysis process of
the polyamide amine dendrimer at physiological temperature
helps to improve the sustained release of drugs. Dobrovolskaia
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et al. (2012) showed that platelet aggregation can be inhibited
through reducing the positive charge of polyamide amine
dendrimer, suggesting that it is very likely to be a potential
formulation for anti-thrombosis effects or repairing endothelial

injury.

Metal-based nanoparticles

Metal nanomaterials, including gold, silver, iron, are
designed into various sizes, structures, and geometries. Metal
NPs are generally smaller in size and exhibit more specific
physical, chemical, and biological characteristics. Gold NPs
with different
nanoshells are among the most frequently been explored

shapes like nanospheres, nanorods, and
(Yang et al, 2021). Huge possibilities of these metal
nanomaterials structures concern their potential use as drug
delivery systems, in improving the quality of radiation-based
anticancer therapy, in providing photothermal transforming
effects for thermal-therapy, and in supporting molecular
imaging, as well as being compounds with bactericidal,
fungicidal, and anti-viral properties (Sharma et al, 2015;

Klebowski et al., 2018).

Targeting strategies for nanomedicines

Because of the tight connection between microvascular
endothelial cells in normal tissues and the large relative
molecular weights of drug-loaded nanocarriers, their passing
through vascular walls is difficult. The increased vascular
with  the of
atherosclerosis provides a pathway for nano-drug delivery

permeability  associated development
from the luminal side to the plaque interior (Figure 3).

The realization of passive targeting mainly depends on the
high permeability and high retention of diseased blood vessels.
Nanomedicines in the blood circulation are taken up by
inflammatory cells (monocytes or macrophages), which then
migrate to the inflammatory plaque to exert their functions.
When coronary atherosclerosis, thrombosis, or MI occur, the
blood vessel lumen is narrowed as the intima of the blood vessels
grows laterally and plaque blood flow increases, resulting in an
increase in fluid shear force. Nanomaterial-based shear-sensitive
drug delivery systems came into existence because of these
characteristics. The convex lens-shaped lipid-based NPs
prepared by Holme et al. (2012) could not only maintain the
structural stability of normal blood vessels, but also release drugs
into plaques with structural changes under the action of high
blood shear force.

With the in-depth study of specific cells and molecules in the
development of atherosclerosis, researchers proposed active
targeting strategies based on the pathologic features of
atherosclerosis to improve the efficiency of drug targeted
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FIGURE 3

Nanomedicine-based strategies for targeting atherosclerotic plaques.

10.3389/fphar.2022.999404
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delivery to CVDs. Active targeting refers to artificially modifying
the function of one or more nanocarrier targets so the drug can
precisely reach a specific site to exert its effects. For example,
expression of the angiotensin II type 1 receptor (ATI) in
peripheral blood is elevated in the early period of myocardial
IRL
myocardium by modifying ligands that could specifically bind

Dvir et al. (2011) targeted liposomes to infarcted

to AT1 on liposomes. With the continuous development of
nanomedicines, natural nanomaterials that exhibit excellent
inherent targeting properties have aroused strong interest
among researchers. One of the most popular endogenous
lipid-based NPs is HDL. In addition to removing cholesterol
from plaques via reverse cholesterol transport, it also works by
transporting lipids, proteins, or endogenous miRNA to recipient
cells (Kornmueller et al., 2019). In 2019, Jiang et al. (2019)
proposed and prepared dual-targeting NPs with recombinant
HDL that effectively promoted the rapid regression of plaques.
These studies provide new ideas and directions for the prevention
and treatment of CVDs.

No matter what targeting strategy is used, including
passive targeting, active targeting, intrinsic targeting, or
the

microenvironment with responsive nanomaterials, the final

novel strategies for targeting diseased
targeting efficiencies are closely correlated with the biological,
physical, and chemical properties of the NPs themselves
(Wang et al., 2018). In addition, the targeting efficiencies of
nano-formulations are also deeply affected by many different

types of objective factors, such as the developmental stage of
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CVDs, type, location, blood composition, and the wall shear
stress.

Mechanisms of cardiovascular disease

Atherosclerosis is the root cause of most CVDs, and it has
three main stages in its evolution. In the first stage, the formation
of foam cells is a marker of the onset of atherosclerosis. Under the
stimulation of harmful internal and external environmental
conditions, the dysregulation of endothelial cells that comprise
the capillary walls leads to an increase in permeability to
macromolecules. Low-density lipoprotein (LDL) is more likely
to cross the vascular wall and accumulate nearby, becoming
oxidized LDL (ox-LDL) under the modification of enzymes and
reactive oxygen species (Tousoulis et al., 2008; Lobatto et al.,
2011). In addition, the expression of chemokines, including
monocyte chemotactic protein-1, and inflammatory factors is
up-regulated in the damaged vascular endothelial cells. Under
the action of the above-mentioned factors, monocytes migrate to
the endothelial cells. Monocytes cross the endothelium to
differentiate into macrophages driven by adhesion molecules,
such as vascular endothelial adhesion molecule (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1). After recognizing
and absorbing ox-LDL, macrophages are transformed into foam
cells (Bobryshev et al,, 2016). In the second stage, vascular
smooth muscle cells (VSMCs) under the influence of immune
cells and inflammatory factors

undergo  phenotypic
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transformation (that is, from contractile phenotype to synthetic
phenotype), migrate from the middle membrane to the intima,
and begin to proliferate. Some VSMCs absorb ox-LDL and
change into VSMC-derived foam cells, and other VSMCs
secrete extracellular matrix molecules (such as collagen) to
form fibrous caps, inducing neointima formation and vascular
remodeling. Eventually, the accumulated foam cells gradually
undergo apoptosis or necrosis and turn into the necrotic cores.
The final stage is thrombosis or plaque rupture. During this
phase, synthetic VSMCs secrete matrix metalloproteinases to
degrade the extracellular collagen and thin the fibrous cap. In
addition, prolonged oxidative stress promotes further expansion
of the necrotic core (Dai et al., 2020; Ge et al., 2020; Park et al,,
2020). The enlargement of necrotic core and the formation of
new blood vessels may lead to unstable plaque rupture and
intravascular thrombosis. Later, persistent arterial spasms
ensue and eventually the dreaded lumen occlusions occur (Dai
et al, 2016). MI is accompanied by the death of many
cardiomyocytes. Even if blood reperfusion is achieved in a
very short time, disordered energy metabolism may still occur
in the myocardial tissue. In addition, some adverse reactions
include the massive accumulation of oxygen free radicals caused
by ischemia and hypoxia, Ca** overload, and inflammatory
cascade reactions in myocardial cells, which further aggravate
mitochondrial dysfunction, myocardial injury, and even
complications from malignant arrhythmia, myocardial fibrosis,
or heart failure (Ruytinx et al., 2018).

Application of nanoparticles in the
treatment of atherosclerosis

At present, the non-stimuli-responsive NPs used in the
treatment of atherosclerosis are mostly polymeric materials,
such as PLGA, cyclodextrin, and chitosan (Psarros et al.,
2012). Katsuki et al. reported that pitavastatin delivered by
PLGA NPs significantly inhibited plaque rupture when
compared with that of pitavastatin alone Kim et al. (2020)
invented core-shell NPs based on the self-assembly of 2-
hydroxypropyl-p-cyclodextrin and statins. 2-hydroxypropyl-p-
cyclodextrin accelerated the removal of cholesterol in the plaque
site, and the exchange of the statins in cyclodextrin and
cholesterol in the plaque site was driven by host-object
affinity. The results indicated that the concentrations of
cholesterol and macrophages in plaque were remarkably
decreased after the injection of the nanomedicines, which
could effectively slow the occurrence of plaques. To further
enhance the targeting of NPs, the researchers developed
smart, responsive NPs utilizing endogenous stimulation (the
specific microenvironment of the plaque site) or exogenous
stimulation (e.g., light, ultrasound, and magnetism) (Maruf
et al, 2019). In 2017, Dou et al. (2017) chemically modified
B-cyclodextrin and encapsulated rapamycin to self-assemble
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acid-sensitive and reactive oxygen species-sensitive non-pro-
inflammatory NPs Compared drug released from non-
responsive NPs, drugs released from dual-responsive NPs are
more available and achieve better therapeutic effects.

Active targeting NPs are modified with ligand, and the most
used ligands are antibodies, peptides, and polymers. Antibodies
can be used as target ligands for NPs because of their strong
specificity, high affinity, and good stability. Gao et al. (2018)
assembled specific antibodies targeting transient receptor
potential vanilloid-1 (TRPV1) with CuS NPs to form a
photothermal switch (CuS-TRPV1) and activated the
TRPV1 channel of VSMCs with the help of a near-infrared
laser, resulting in Ca*" influx into VSMCs and the activation
of the autophagy pathway. In addition, CuS-TRPV1 can be used
in photoacoustic imaging of plaque sites and to accurately control
TRPV1
accumulation. Peptide ligands typically consist of 250 amino

channels, thereby prominently reducing lipid
acids, which are sufficiently small compared with antibodies.
They can be loaded into a shallow or hydrophobic binding pocket
without compromising specificity or affinity. In addition, they
the of

manufacturing, and easy processing (Kim et al., 2018). Chin

have advantages low immunogenicity, simple
etal. (2021) prepared peptide amphiphilic micelles and delivered
miR-145 to the plaque site by targeting the chemokine receptor 2
(CCR2) of synthetic VSMCs, thereby modulating the phenotype
of VSMCs to slow plaque progression. Li et al. (2020) synthesized
cyclodextrin-derived pH-responsive nanoparticles and further
modified them with the integrin peptide ligand cRGDfK, which
anti-miR33  to

significantly enhanced the therapeutic effect of the desirable

effectively  delivered macrophages and
anti-miR33 nanotherapy. Polymers can also serve as ligands,
of which hyaluronic acid is the most widely used in
atherosclerosis. Hyaluronic acid is an anti-inflammatory and
biocompatible polysaccharide that specifically interacts with
the CD44 and stabilin-2 receptors expressed by inflammatory
and endothelial cells (Liu et al., 2014; Lee et al., 2015; Beldman
et al, 2017; Nasr et al,, 2020). Ye et al. (2019) successfully
fabricated a multimodal and multifunctional NP targeting the
class A scavenger receptors, which can be used to arrive at a
specific diagnosis and to provide targeted treatment of vulnerable
plaques. The designers embedded Fe;O, in the shell membranes
of NPs and encapsulated perfluorohexane in the core using a
double-emulsified solvent evaporation method. Finally, dextran
sulfate was adsorbed onto the NPs by electrostatic action. The
NPs underwent phase transformation under the influence of low
intensity focused ultrasound irradiation, consequently achieving
ultrasound imaging, inducing macrophage apoptosis, and
relieving plaque burden. Moreover, loaded Fe;0, compensated
for the deficiency of ultrasound imaging, conducting magnetic
resonance imaging of plaques and evaluating vulnerable plaques
accurately.

However, traditional NPs still face many challenges in
effectively accumulating in atherosclerotic plaques, such as
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accumulating off-target because of biomarker expression in
normal tissues and reduced binding efficiency with limited
ligand modification (Xue et al., 2019). At present, researchers
have constructed a variety of biomimetic NPs, including
recombinant HDL NPs, cell membrane biomimetic NPs, and
The
between lecithin cholesterol acyltransferase and HDL in the

extracellular vesicle-coated nanoparticles. interaction
peripheral blood circulation causes drug leakage before
reaching the plaque. Furthermore, HDL receptors expressed
on the surface of liver cells tend to accelerate HDL
accumulation in the liver. Therefore, the most popular
biomimetic strategies in recent years are cell membrane and
extracellular vesicles. These biomimetic strategies take advantage
of the biological function and homing ability of cells or cell
components to evade the immune system, extend the circulation
time, and implement personalized treatment (Gao et al.,, 2017).

Application of nanoparticles in the
treatment of hypertension

Most of the main antihypertensive drugs currently used in
the clinic have some deficiencies, such as poor water solubility,
low bioavailability, and short half-lives. One study showed that
compared with conventional dosage forms, the nanoemulsion
system had a 2.8-fold increase in the plasma concentration of
olmesartan, better antihypertensive efficacy, longer drug
maintenance, and a nearly 3-fold reduction in the dose of
olmesartan (Alam et al., 2017). Cabrales et al. (2010) used a
new platform to prepare a nitric oxide (NO) controlled release
systems based on hydrogel/glass hybrid nanoparticles. In
addition, NPs served as a system for delivering siRNA and
preventing its degradation by endonuclease and exonuclease
in blood, serum, and cells. Cationic liposomes made from N-
[1-(2,3-dioleoyloxy)]-N-N-N trimethyl ammonium propane
(DOTAP) were administered intravenously for 12 days to
reduce Bl-adrenergic receptor expression and control blood
pressure. Moreover, NPs have excellent performance in the
An
sequentially surface-modified using

early diagnosis of hypertension. electrochemical

immunosensor was

magnetic  functionalized diminished graphene oxide
conjugated Fe;O, NPs; subsequently, the surface of glassy
carbon electrode was covered with AuNPs and cortisol
antibody. The total amount of cortisol in plasma was
detected through competitively combining with antibody
sites; the results showed that the amount of cortisol in
human plasma samples ranged from 1 to 1,000 ng/ml (Sun
et al., 2017). Similarly, other physiological indicators, such as
NO, galectin-3, leptin, sodium ions, growth hormone, and
inflammatory factors, can be rapidly detected by nanosensors
to achieve early diagnosis of hypertension (Madhurantakam

et al., 2018).
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Application of nanoparticles in the
treatment of pulmonary arterial
hypertension

Pulmonary arterial hypertension (PAH) is a highly
dangerous and progressive disease characterized by increased
pulmonary vascular resistance and elevated pulmonary arterial
pressure. The ever-increasing pulmonary vascular resistance
leads to pulmonary vasoconstriction and structural
remodeling, which, in turn, affects right heart function and
ultimately leads to right heart failure or death. The common
targeted drugs for the treatment of PAH include prostacyclin
12),

phosphodiesterase type 5 inhibitors, and soluble guanylate

(prostaglandin endothelin  receptor  antagonists,
cyclase agonists (Nakamura et al, 2017). Bosentan is a
selective and competitive endothelin receptor antagonist and
the solubility of bosentan NPs is seven times higher than
unprocessed bosentan (Ghasemian et al., 2016). Akagi et al.
(2016) revealed that PLGA NPs incorporating beraprost
observably decreased pulmonary vascular resistance, inhibited
pulmonary vascular remodeling, and minimized the occurrence
of side effects in a rat model of PAH. Some studies indicated a
greater inhibition of pulmonary artery smooth muscle cell
proliferation with intratracheal administration of imatinib-
incorporated NPs than that with imatinib alone (Akagi et al.,
2015). Various nanomedicines including pitavastatin, fasudil,
and oligonucleotides have excellent therapeutic effects in
inhibiting  pulmonary  vascular  remodeling, reducing
pulmonary artery pressure, and improving survival rates

(Nakamura et al., 2017).

Application of nanoparticles in the
treatment of myocardial infarction

Because of the low proliferation and limited self-repair ability
of cardiomyocytes, cardiac function will decline after acute MI
and cannot be restored to the original state. Conventional
myocardial reperfusion is not sufficient to repair apoptotic
cardiomyocytes and stem cell therapy has become a new
method  (Madigan Atoui,  2018).
Superparamagnetic iron oxide NPs with unique magnetic

treatment and
properties and good biocompatibility can be used to guide
and monitor the therapeutic effect of stem cells on the MI
(Zhu et al.,, 2016). Binsalamah et al. (2011) applied chitosan-
alginate NPs to target delivery and sustained release of placental
growth factor for the improvement of cardiac function at the site
of MI. Leuschner et al. (2011) loaded CCR2-silencing siRNA
onto liposomes and injected them intravenously into mice with
ML, effectively reducing the aggregation of macrophages and the
area of MIL. Galagudza et al. (2012) designed silica NPs loaded
with adenosine (a prototype cardioprotective agent) to reduce
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infarct size; in addition, it reduced the hypotension and slow
heart rate typically caused by systemic use of adenosine.

It is emphasized that the ischemic myocardium should be
reperfused with blood as soon as possible after the occurrence of
MI. However, coronary artery reperfusion can sometimes lead to
the death of myocardial cells and progressively aggravate tissue
damage, which is called myocardial IRIL. Ichimura et al. (2016)
administered intravenous PLGA NPs loaded with pitavastatin in
a porcine myocardial IRI model, and they clearly found that the
area of MI was significantly reduced and the left ventricular
ejection fraction was distinctly improved 4 weeks later.
Furthermore, there was no remarkable impact on blood
pressure, heart rate, and biochemical indicators. Yajima et al.
(2019) concluded that intravenously injected prostacyclin analog
Ono-1301 NPs improved myocardial blood flow in a reperfusion
injury model, and the NPs showed selective accumulation and
long-term retention in ischemic myocardial tissue. Sayed et al.
(2020) reported that a miRNA-loaded dendritic polymeric NPs
precisely delivered miRNA into primary rat cardiomyocytes and
effectually prevented cardiomyocyte apoptosis resulting from
reperfusion. The a-cyclodextrin-based formulations as oxygen
nanocarriers can limit IRI by injecting directly into the
myocardial wall before starting full blood reperfusion
(Femmino et al, 2018). Similarly, Penna et al. (2021)
proposed cyclic nigerosyl-nigerose as oxygen nanocarriers,
which showed a marked efficacy in controlled oxygenation
and effectually protected cellular models from IRL

Cardiac myocyte death and matrix degradation result in the
activation of the innate immune system, and numerous
inflammatory factors play a chemotactic role to aggregate
neutrophils, monocytes, and macrophages in the damaged
myocardium. The continuous stimulation of inflammation
further worsens MI and ventricular remodeling. Nakano et al.
(2016) have proposed that PLGA NPs doped with irbesartan can
antagonize inflammatory monocyte recruitment. They have
multiple benefits for alleviating myocardial IRI, diminishing
infarct size, and improving left ventricular remodeling.
Nicotinamide adenine dinucleotide phosphate oxidase 2
(Nox2), a major source for cardiac reactive oxygen species
production, is up-regulated in infarcted myocardium and is
closely related to ventricular remodeling. Somasuntharam
et al. (2013) demonstrated acid-degradable polyketal particles
as delivery vehicles for Nox2-siRNA. After intramyocardial
injection into mice with MI, Nox2-siRNA particles not only
successfully inhibited the upregulation of Nox2, but also
Studies
confirmed that after macrophages phagocytose apoptotic cells,

prominently recovered cardiac function. have

the expression of miRNA-21 is up-regulated and the
inflammatory response is alleviated. Bejerano et al. (2018)
employed self-assembled NPs
hyaluronan-sulfate complexation with nucleic acid to deliver a

via Ca®* bridge-mediated

miRNA-21 mimic to cardiac macrophages after MI. The

miRNA-21 NPs induced a phenotype shift from pro-
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inflammatory to reparative, promoted angiogenesis, and
reduced hypertrophy, fibrosis, and cell apoptosis in distal
myocardium. Ultimately, left ventricular remodeling was
decreased.

Ventricular fibrillation is the leading cause of death in the
early stage of MI, especially before admission to the hospital.
Amiodarone is currently considered one of the most effective
drugs for the treatment of fatal arrhythmia, but there are still
limitations in the use of amiodarone in patients with MI. For
example, amiodarone may lead to hypotension and non-cardiac
death Takahama et al. (2013) utilized liposome-based NPs for
targeted delivery of amiodarone. Through in vivo intravenous
injection in experimental rat models of MI reperfusion,
liposome-based NPs not only reduced the mortality associated
with malignant arrhythmias, but also attenuated hemodynamic
changes induced by amiodarone alone.

Application of nanoparticles in the
treatment of other cardiovascular diseases

As an innovative drug delivery platform, NPs also perform
well in the treatment of many other CVDs. NPs targeted delivery
of tissue plasminogen activator (t-PA) and other thrombolytic
drugs, which played a role in rapid recanalization of occlusive
blood vessels, improved the inefficiency of systemic medication,
and decreased bleeding and other complications significantly
(Torchilin, 2014). Intimal hyperplasia remains a major cause of
poor patient outcomes after open vascular reconstructions to
treat atherosclerosis. The application of the NPs platform for
periadventitial drug delivery may benefit patients undergoing
surgical revascularization (Chaudhary et al., 2016). One research
team used magnetic NPs to deliver t-PA to the thrombosis area
and the drug accumulation at the lesion site was significantly
increased through the external magnetic field, requiring less than
1% of the dose of free drug to achieve an effective concentration
(Cicha, 2015). Vani et al. (2016) indicated that fullerene NPs
considerably decreased the brain IRI; in addition, the enhanced
glutathione and superoxide dismutase availably scavenged free
radicals and protected brain cells from oxidative damage. Some
nano-drug carriers had the ability to cross the blood-brain
barrier, which delivered the neuroprotective drug cytidine 5'-
diphosphocholine directly into the brain to diminish brain
damage caused by ischemia/reperfusion (Panagiotou and Saha,
2015). Evans et al,, (2015) developed the polyplex nanocarrier
platform to encapsulate vasoactive peptides for alleviation of
pathological vasoconstriction. The a-cyclodextrin and a-
cyclodextrin nanosponges used as oxygenated nanocarriers
release oxygen for a long time and can also be perfused in
sufficient solution during organ transportation. The adequate
oxygenation may extend the usability time of the explanted organ
and promote the postoperative recovery of the transplanted heart
(Penna et al., 2022).
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FIGURE 4
Nanotechnology applications in the advantages of reducing cardiotoxicity. Image adapted from Su et al. (2021).

The nanotoxicity on patients with
cardiovascular diseases

NPs can be distributed throughout the body by availably
translocating in the blood circulation through membrane
barriers and affect organs and tissues at both cellular and
molecular levels. The interaction between NPs and cells may
give rise to nanotoxicity. The narrow size distribution, large
surface area to mass ratio, surface properties, charge, dose, and
host immunity of NPs were considerably correlated with
nanotoxicity. NPs can enter tissues and cells by invading
membranes and cause cell damage and toxicity. Contents of
oxidative stress (Harrison et al., 2003), inflammation (Libby et al.,
2002), mitochondrial DNA damage to the aorta (Ballinger et al.,
2000; Ballinger et al.,, 2002), and damage to vascular endothelial
cells (Choksi et al, 2004) have been proposed to cause

atherosclerosis. Studies have shown that exposure to NPs
exacerbates all these potential triggers (Radomski et al., 2005;
Guo et al., 2011; Su et al,, 2012), accelerating the progression of

FIGURE 5
Properties required for ideal nanoparticle.

atherosclerosis through platelet aggregation and vascular
thrombosis (Massberg et al., 2002; Libby et al., 2011).
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On the other hand, nanomedicine has attracted great
attention, and its applications in CVDs treatment and
cardiotoxicity reduction are relatively new and growing. The
ideal nanomedicine should be able to target the plaque tissues,
penetrate the core of the plaque, and completely remove the
plaque without causing systemic damage, especially
cardiotoxicity. There are five advantages of nanotechnology in
reducing cardiotoxicity (Figure 4). However, the harmful effects
of nanocarriers on patients are not fully understood, it is
important to further explore the role of NPs in reducing
cardiotoxicity in the treatment of CVDs, and long-term
detailed toxicity assessments are needed to accurately evaluate

the nanotoxicity.

Conclusion, challenges, and
perspectives

To summarize, nanomedicine technology in the form of
nanocarriers have unique advantages and potential and provide
new ideas, approaches, and methods in the diagnosis and
treatment of CVDs and a bright prospect for clinicians.
Compared with traditional drug delivery methods, nano-drug
delivery different
nanocarriers according to different pathological mechanisms

introduces ligands into corresponding
and therapeutic strategies to directly target the lesion site. This
strategy more efficaciously targets the atherosclerotic plaque
region, increasing drug concentration to improve myocardial
blood flow. However, because of the rapid blood flow and the
frequent interaction between nanomedicine and numerous blood
cells and immune cells and a variety of biomolecules such as
chemokines and cytokines, it is difficult to achieve ideal diagnostic
and therapeutic expectations. The biomimetic principle is
becoming more and more popular in nano-DDSs. Compared
with traditional NPs, biomimetic NPs have natural advantages
in escaping immune system attack, extending circulation time in
vivo, and enhancing targeting. Therefore, the combination of
traditional NPs and novel biomimetic strategies is an effective
treatment. Moreover, cells as nanocarriers are promising by virtue
of their strong targeting ability, with some having therapeutic
effects of their own. Because of the above NPs design strategy,
combination with molecular imaging technology, the construction
of integrated diagnosis and treatment NPs will further provide
more abundant information for CVDs treatment. Certainly, to
maximize the therapeutic efficacy of nanomedicine, more
attention should be paid to the structural design, targeting,
stability, and safety of NPs in the future (Perioli et al, 2019).
Ideal NPs consist of the following parts: ligands that selectively
combine with specific molecules, high-capacity drug-loading
nanocarriers, the appropriate drug, and controllable drug
release (Figure 5). It is also necessary to explore effective drugs
for new targets, including how to promote the regeneration of
myocardial cells after MI with nano-DDSs.
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Nevertheless, the clinical transformation of NPs remains a
huge challenge, because the construction of nanotherapeutic

systems is complex, the quality control process is
cumbersome, and the biosafety needs to be further
substantiated. In  addition, the interaction between

nanoparticles and pathological tissues needs to be fully
elucidated and the number of relevant studies in large-scale
animal models needs to increase. To accelerate clinical
transformation, future research should focus on how to
reduce construction complexity and improve therapeutic
efforts should be made to elucidate

effectiveness, and

relevant mechanisms, such as pharmacokinetics, and
possible long-term side effects of NPs. Especially in the
simplification of NPs, it is necessary to fully exploit the
therapeutic effects of nanomaterials themselves, reducing
modifications without sacrificing their targeting properties
and achieving the integration of diagnosis and treatment as
much as possible. It is believed that with the development of
different disciplines, the treatment systems based on NPs will

bring a new revolution in the treatment of CVDs.
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