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Abstract Engineered nanomaterials (ENM) are anthropogen-
ic materials with at least one dimension less than 100 nm.
Their ubiquitous employment in biomedical and industrial
applications in the absence of full toxicological assessments
raises significant concerns over their safety on human health.
This is a significant concern, especially for metal and metal
oxide ENM as they may possess the greatest potential to im-
pair human health. A large body of literature has developed
that reflects adverse systemic effects associated with exposure
to these materials, but an integrated mechanistic framework
for how ENM exposure influences morbidity remains elusive.
This may be due in large part to the tremendous diversity of
existing ENM and the rate at which novel ENM are produced.
In this review, the influence of specific ENM physicochemical
characteristics and hemodynamic factors on cardiovascular
toxicity is discussed. Additionally, the toxicity of metallic
and metal oxide ENM is presented in the context of the
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cardiovascular system and its discrete anatomical and func-
tional components. Finally, future directions and understudied
topics are presented. While it is clear that the nanotechnology
boom has increased our interest in ENM toxicity, it is also
evident that the field of cardiovascular nanotoxicology re-
mains in its infancy and continued, expansive research is nec-
essary in order to determine the mechanisms via which ENM
exposure contributes to cardiovascular morbidity.
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Introduction

The demand for diverse materials with novel properties has
effectively driven the birth and advancement of the nanotech-
nology field. The unique physicochemical characteristics that
certain materials display at the nanoscale make them highly
desirable and versatile. The National Nanotechnology
Initiative defined the term Nanotechnology as “the under-
standing and control of matter at dimensions between approx-
imately 1 and 100 nm, where unique phenomena enable novel
applications” [1]. This definition, while widely accepted, con-
strains the scope and depth of the exponentially increasing
number of engineered nanomaterials (ENM) used in science,
engineering, medicine, and industry (e.g., pharmaceuticals,
coatings, food). While it is apparent that nanotechnology
holds tremendous potential benefits, it also carries significant
risks to human activities as the biological effects caused by
exposure to this almost limitless array of materials are not
adequately understood. The literature consistently reflects
the adverse effects of particle exposure on human health, par-
ticularly the cardiovascular system with several mechanisms
being consistently proposed to account for the increase in
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morbidity including oxidative stress, systemic inflammation,
endothelial dysfunction, thrombosis, and arrhythmia [2, 3].

While these studies indicate an impairment in overall car-
diovascular function, this system is comprised of discrete seg-
ments that are fundamentally different in their function and
structure. It is the goal of this review to discuss present toxi-
cological findings from a novel perspective, namely that of the
effect of ENM exposure on the specific levels of the vascula-
ture, in an attempt to provide an organizational model for the
diverse vascular effects associated with ENM toxicity.

ENM biocompatibility is dependent on specific chemical
and physical parameters [4]. Chemical composition remains a
primary factor for risk assessment of nanoparticles, with the
classical example being metallic and metal oxide ENM where
partial release of ions is associated with increased toxicity [5].
Carbonaceous ENM, due to their elongated shape, are unable
to remain dispersed in the blood and therefore have a short
plasma half-life. For this reason, our primary focus will be on
the most prolific and commonly experienced metallic
nanomaterials subdivided according to chemical composition:
metals and metal oxides.

The Cardiovascular System

The cardiovascular system is essentially a central pump (the
heart) and a closed system of conduits responsible largely for
parallel transport and distribution of essential substances to
tissues and the removal of metabolic waste products. The ex-
traordinary heterogeneity of this network allows the cardio-
vascular system to perform these and other functions with an
exquisite level of precision and control.

In attempting to predict the effects of ENM exposure on the
cardiovascular system, several factors should be considered.
First, ENM distribution within vascular segments depends
upon not only the predominant physical forces acting in the
specified vascular locus but also on the physicochemical char-
acteristics of the nanomaterial. Second, the severity of the
effects of ENM deposition is dictated by the unique function
of each segment.

Macrocirculation

The macrocirculation refers to the conduit arteries which connect
the heart with the systemic organs and also function as pressure
reservoirs essential for cardiac cycles. The high pressures in this
level of the vasculature contribute to the creation of turbulent flow
and eddy currents (eddy current turbulence and impaction, Fig. 1)
at bifurcations (arterial bifurcation and impaction, Fig. 1). Non-
linear blood flow patterns increase resistance and decrease blood
flow rates which may greatly affect particle deposition [6]. In this
case, deposition rate of particles in the micron range increases
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linearly with particle diameter [7]. This effect becomes augment-
ed at bifurcations or during pathological conditions where local-
ized turbulence may develop and lead to ENM impaction within
the adjacent vascular walls [8e].

Therefore, the pulsatile, high pressure in the macrocirculation
favors non-laminar, turbulent blood flow which increases the like-
lihood for particle deposition in the vascular wall. ENM, as aresult
of their plasma suspension and mixing, tend to have a greater
propensity to impact the macrovascular wall at bifurcations or at
loci presenting eddy currents.

Microcirculation

The microcirculation is defined as all the vascular tissue within a
given organ, which includes arterioles, the capillary network, and
venules [9]. The essential function of the microcirculation is the
maintenance of an ideal environment for the continuous exchange
ofnutrients and metabolic waste with the adjacent tissues. In order
for this to occur efficiently, a high surface area and flow resistance
are necessary. Arterioles are major regulators of blood flow and
are fundamental players in the maintenance of blood pressure and
flow distribution. The extent of this regulation is dependent upon
the tissue type and is influenced by local factors as well as central
input.

The local characteristics specific to the microcirculation may
lead to a diffused distribution of ENM throughout specific tissues.
Laminar flow predominates at a threshold vessel diameter of
~300 pm [8e¢]. This, along with the slower flow and lower pres-
sure, favors ENM settling within the microvascular compartment.
In conditions of laminar flow, the Segre-Silberg effect is used to
describe parabolic flow pattern of colloidal suspensions.
Erythrocytes travelling athigher flow velocities remain in the flow
centerline, while smaller particles and non-cellular elements are
forced laterally towards the vascular wall (Segre-Silberg effect
and plasma settling, Fig. 1) [10].

Capillaries are single-celled vessels composed solely of endo-
thelial cells and represent the location wherein nutrient and waste
exchange occur between tissues and blood. The relatively high
flow resistance makes this compartment an ideal location for
translocation and impaction of ENM (systemic capillary
translocation and tissue deposition, Fig. 1).

Lastly, the venous compartment supports the return ofblood to
the heart and storage due to its high capacitance. A higher percent-
age of blood is habitually present in the veins; therefore, a signif-
icant proportion of ENM may exist here (venous settling, Fig. 1)

[11].
ENM Exposure

ENM toxicity depends on intrinsic and extrinsic factors. First,
the possible exposure route initially influences overall toxicity
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Fig. 1 Schematic representation
of the cardiopulmonary system
and identification of locations for
ENM influences/activities. Black
arrows: blood flow direction. Red
represents oxygenated blood.
Blue represents deoxygenated
blood. (1) Extrapulmonary
translocation to systemic
circulation. (2) Arterial
bifurcation and impaction. (3)
Eddy current turbulence and
impaction. (4) Segre-Silberg/
effect and plasma settling. (5)
Systemic capillary translocation
and tissue deposition. (6) Venular
inflammatory signaling. (7)
Venous settling. For simplicity,
only one systemic tissue is
depicted

and the degree of ENM deposition, translocation, and interac-
tion with cells, tissues, or specific intracellular components
(extrapulmonary translocation to systemic circulation,
Fig. 1). Historically, considering the ease with which ENM
can be aerosolized and inhaled, the most frequently studied
exposure route has been the pulmonary route; however, given
recent developments in ENM-based therapies as well as their
ubiquitous presence, other routes (e.g., ocular, gastric, dermal,
injection, etc.) are becoming increasingly important.

ENM Properties
The physicochemical properties of ENM are fundamental de-

terminants of their biodistribution and biokinetics [3, 12]. The
nanoscale size of ENM results in a significantly greater
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surface area which augments chemical reactivity and differs
from those of the corresponding bulk materials. Therefore,
thorough material characterization is a priority in order to
properly determine potential ENM toxic effects. This section
will focus on what we consider to be the major physical and
chemical determinants of biological responses triggered by
ENM exposures (size, charge and surface chemistry, and
shape).

Size
The most fundamental ENM physical property determining pul-
monary deposition, translocation, and cellular uptake is size

[13e, 14]. ENM particles show a great tendency to agglomerate
into larger structures based on surface electrical potential and
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diameter [15]. This has a significant impact on ENM pulmonary
deposition pattern [7]. Particle agglomerates ~1-10 pm in di-
ameter deposit preferentially in the upper airways by gravitation-
al sedimentation and inertial impaction, while those below
0.1 um diffuse throughout the entire airways and effectively
penetrate to the tracheobronchial and alveolar regions. Once
deposited, ENM may enter the systemic circulation and translo-
cate to extrapulmonary tissues in a size-dependent manner [16].
Strong evidence exists that transcellular routes are mainly re-
sponsible for the translocation of ENM, with endocytosis con-
sistently emerging as the key mode of cellular uptake [17]. Gold
nanoparticles (AuNP) localized in membrane-bound vesicles
within alveolar macrophages and rat alveolar type I lung cells
[18], while titanium dioxide nanoparticles (TiO,-NP) were in-
ternalized via lamellar bodies and multivesicular structures in an
immortalized epithelial cell line [19]. ENM <200 nm are pre-
dominantly taken up by cells via clathrin-coated pits, while
~500-nm particles may be internalized through caveolae-
mediated endocytosis [20, 21]. Other possible mechanisms
may involve macropinocytosis, passive transport, and scavenger
receptor-mediated endocytosis [22, 23]. Paracellular transport
plays a minor role in healthy lungs but may become significant
in inflammatory conditions which may severely compromise
lung integrity [24].

The ability of ENM to enter the systemic circulation and
translocate is intimately correlated with particle diameter [25].
ENM have extended circulating half-lives, weaker opsonization,
and less phagocytic clearance than particles >100 nm. AuNP
(10 nm) translocate from the blood to spleen, kidney, liver, tes-
tes, thymus, heart, and lung, while larger particles (50, 100, and
200 nm) were present predominantly in the liver and spleen
[26]. Moreover, ENM smaller than serum albumin (40—
50 kDa, approximate diameter 4—6 nm) are eliminated primarily
through the kidneys [17, 27]. This phenomenon is due to the
inherent selectivity of the glomerular filtration barrier that re-
stricts the passage of molecules according to size, shape, and
charge [28, 29]. ENM within the kidney may therefore avoid
ultrafiltration, persist in the circulation, and translocate to other
organs, such as the liver and spleen. These secondary destina-
tions of ENM include predominantly the blood conditioning
organs with major homeostatic functions (liver, kidney, spleen).
While this may also be a direct consequence of the intrinsic
ENM properties, the net accumulation in these organs may sim-
ply be due to the significant portion of the cardiac output these
organs receive. Notwithstanding the plethora of work involving
ENM kinetics, it is still unclear if they remain in the vasculature
or whether they translocate to the cellular constituents of these
secondary destinations.

Charge and Surface Chemistry

ENM surface properties are a direct product of their size. The
decrease in atomic radius occurring in nanoscale materials
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increases the energy gap between electron transition states,
resulting in an increased surface reactivity. This phenomenon,
known as quantum confinement, accounts for the difference in
chemical reactivity between ENM and bulk materials [30].
The surface properties of metals and metal oxides are influ-
enced by the presence of defects in their crystalline structures,
adsorbed ions, and functional groups. The increased reactivity
may favor ENM with biological molecules, subcellular com-
ponents, as well as the immune system.

Functional groups are specific moieties within molecules re-
sponsible for their chemical identity. The addition of these
chemical groups (e.g., carboxylate, amines, etc.) can significant-
ly modify ENM reactivity. This property becomes exceedingly
important in a toxicological context as well as in ENM-based
drug delivery systems, which often entails modification of their
surface chemistry with specific biomolecules and chemical
groups. Surface functionalization has been shown to influence
biodistribution [12, 31], cellular uptake [32], and toxicity [33].

The cell membrane possesses a net negative charge
resulting from the presence of anionic residues such as pro-
teins, phospholipids, and glycoproteins. The plasma mem-
brane also contains discrete microdomains of glycolipids
and proteins known as lipid rafts. It is therefore reasonable
to assume that the localized distribution of these negatively
charged biomolecules may selectively dictate the interaction
with ENM based on surface charge as well as chemical com-
position. For this reason, ENM with cationic chemical groups
are frequently used to promote cellular adsorption and uptake
[34]. Mesoporous silica nanoparticles (MSNP) coated with
cationic polyethyleneimine (PEI) undergo greater cellular up-
take than unmodified MSNP [35]. Moreover, intravenously
administered positively charged AuNP adsorbed more signif-
icantly to the cell membrane of circulating red blood cells than
neutral or negatively charged AuNP [36].

Surface chemistry may also determine ENM distribution to
specific target organs and their inflammatory response associ-
ated with exposure. Intravenous administration of 2.8 nm
AuNP coated with negatively charged thioglycolic acid accu-
mulated preferentially within the liver compared to positively
charged AuNP [36]. Sixty-nanometer polystyrene test parti-
cles (PSL) with positive surface charge resulted in increased
thrombogenesis compared to control and groups exposed to
carboxyl-coated PSL [37]. Charged (positive and negative)
nanoparticles elicit a more robust response by the complement
system, undergo greater opsonization, and activate phagocy-
tosis by cells of the mononuclear phagocytic system [38].
Moreover, carbon nanotubes (CNT) functionalized with PEI
also induced a greater NRLP3 inflammasome activation and
IL-18 release in vitro by THP-1 cells than pristine and posi-
tively charged CNT [39]. Activation of immunological path-
ways may result in the systemic release of proinflammatory
cytokines and oxidative stress, thus causing vascular dysfunc-
tion [40].
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Addition of functional groups has been historically employed
to increase ENM circulation time and concentrations for poten-
tial therapeutic use. Amphiphilic polymer coatings are effective
in reducing first-pass metabolism by the liver [41]. Increasing
surface hydrophobicity by coating liposomes with erythrocytic
sialic acid moieties reduced opsonization and clearance by
phagocytic cells [42]. Coating nanoparticles with polysaccha-
rides such as dextran [43] as well as polyethylene glycol [44]
increased plasma half-life due to a decreased activation of innate
immunity. These findings highlight the effect of
functionalization on ENM vascular concentrations and clear-
ance by both the immune system and conditioning organs.

The osmolarity, pH, and charge of specific intracellular and
extracellular compartments can also impact ENM surface
chemistry [45]. When suspended in a liquid phase, ENM form
a colloidal system. The stability of this system and the conse-
quent interaction with cellular components can be assessed by
measuring the zeta potential of ENM [46]. This is a key pa-
rameter governing the electrokinetic behavior of particles in
solution and is a measure of the electrostatic attraction or
repulsion between ENM particles [47]. An example of the
effect of the liquid phase on ENM properties is metal oxides
which show an increased agglomeration in pH environments
approaching their isoelectric point [48]. Within the vascula-
ture, ENM agglomeration may have significant implications
as the increase in overall particle size could potentially de-
crease renal clearance and increase ENM plasma half-life,
thus increasing the likelihood of deposition within the vascu-
lar wall.

When ENM penetrate physiological compartments, a com-
plex mixture of proteins and biomolecules may bind non-
specifically to their surface. The composition of this adsorbed
coat, also known as protein corona, is influenced by ENM
surface chemistry [33, 49, 50]. The dynamics of this interac-
tion is also defined by ENM physicochemical properties such
as size, surface charge, and composition [51]. The acquisition
of a distinct protein corona may in turn influence the
“biological identity,” cellular uptake, and the immunogenicity
of ENM [52, 53]. In a recent study, the adsorption of serum
proteins to AuNP was inversely dependent on size [53].
Similarly, plasma IgG showed a higher affinity for 100 and
50 nm PSL nanoparticles and little binding to carboxyl- and
amine-modified 50-nm PSL nanoparticles [33]. While the for-
mation of a protein corona has been shown to increase mac-
rophage phagocytic activity [53] and elicit a more pronounced
innate immune response, it may also enhance ENM biocom-
patibility [33] and therefore modulate the impact of ENM
exposure on the cardiovascular system.

Shape

Recent studies have highlighted the importance of ENM mor-
phology in the interaction with biological systems. ENM with

a large width-to-height ratio or aspect ratio (nanorods,
nanobelts, nanowires, and nanotubes) possess the potential
to pierce cellular membranes and disrupt the integrity of ana-
tomical barriers. ENM with high curvature angles resist up-
take by phagocytic cells, particularly macrophages [54]. CNT
with a low aspect ratio (220 nm length and 25 nm diameter)
administered subcutaneously in rats persisted within the mac-
rophage cytosol for >4 weeks, while high aspect ratio CNT
(825 nm length and 25 nm diameter) were not phagocytized
and triggered a robust inflammatory response [55]. Ellipsoid
particles are more readily phagocytized by immune cells than
spherical particles [56]. Gold nanorods of greater aspect ratio
are not only internalized slower than shorter ones but are also
more toxic to human HeCaT keratinocytes [57]. In addition to
the effect of shape on the toxic potential of ENM, the presence
of surface defects may also affect clearance [17]. The inability
to efficiently clear ENM by the immune system may result in
frustrated phagocytosis and pro-fibrotic cellular responses
[58] as well as the systemic release of proinflammatory
chemokines that may lead to vascular consequences.

ENM aspect ratio must be considered when determining
their potential vascular effects. ENM with high aspect ratios
are more likely to interrupt laminar flow, deposit in the vascu-
lar wall, and damage endothelial or vascular smooth muscle
cells plasma membrane under conditions of turbulent flow or
in bifurcations. Moreover, high aspect ratio fibers may oc-
clude microvessels and trigger thrombus formation leading
to ischemic events.

Examples of ENM Vascular Toxicity
Metallic ENM
Gold Nanoparticles

AuNP have been historically used in medicine as therapeutic
agents and are also utilized in biological imaging and as drug
delivery systems. Their bioinert character coupled with a high
biocompatibility has fostered significant interest in their im-
plementation as therapeutic and diagnostic (theranostic)
agents. Their optical properties, characterized by enhanced
absorption and scattering at specific electromagnetic wave-
lengths, have contributed to the application of AuNP for can-
cer imaging or as tumor-targeting systems [59].

Within the vasculature, the effects of AuNP exposure re-
main to be fully determined. Recent toxicological studies with
cell cultures have shown the ability of AuNP to decrease cell
viability and proliferation of microvascular endothelial cells
[60]. Similarly, human umbilical vein endothelial cells ex-
posed to AuNP presented decreased levels of vascular endo-
thelium growth factor (VEGF) [61]. VEGF, a major angiogen-
ic factor, also promotes endothelial cell migration and
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proliferation and may initiate the signaling cascade leading to
nitric oxide (NO) production [62]. Therefore, VEGF reduction
may adversely affect vascular reactivity.

In a porcine model of the blood—brain barrier (BBB), brain
microvascular endothelial cells treated with 3 and 5 nm AuNP
displayed augmented permeability but no change in systemic
levels of the proinflammatory cytokines TNF-oc and IL-1(3
[63]. Wistar—Kyoto rats infused with different sizes (10—
100 nm) of AuNP presented hepatic leukocytic infiltration
and disruption of the venous intima in a size-dependent man-
ner [64]. Venous wall damage may impair capacitance, de-
crease blood return, and/or enhance inflammatory signaling
(venular inflammatory signaling, Fig. 1).

Gold nanorods functionalized with polyelectrolytes in-
duced aortic endothelial cytotoxicity and impaired
endothelium-dependent relaxation of aortic rings [65]. In a
separate study, 5 nm AuNP hyperpolarized aortic vascular
smooth muscle via activation of BK, potassium channels
and influx of potassium ions, leading to vascular relaxation
in an endothelium-independent manner [66].

In summary, there is evidence supporting cardiovascular
toxicity via damage to endothelial cells, excitotoxicity, and/
or inflammatory activation. The mechanisms through which
this dysfunction may occur remain to be fully clarified, and
substantial work exists linking AuNP exposure with the sys-
temic release of specific inflammatory mediators. The disrup-
tion in endothelium-dependent dilation could also occur via
inhibition of VEGF-mediated NO production. Endothelial
dysfunction may impair the ability of resistance vessels, to
adequately respond to local and central stimuli, leading to
inadequate blood flow regulation.

Silver Nanoparticles

Perhaps the most utilized metallic nanoparticle, silver nano-
particles (AgNP) are an integral component in the health in-
dustry and food storage. The strong antibacterial properties
exhibited by AgNP have led to their wide application from
home appliances to water treatment [67]. Silver ions released
by AgNP collapse the proton motive force in Vibrio cholera,
resulting in cell death [68]. Further, silver ions depress the
activity of bacterial respiratory chain dehydrogenases and
damage bacterial cell membrane structural integrity [69].
Cotton fibers containing AgNP display potent antibacterial
activity against major human pathogens, including
Staphylococcus aureus [69].

AgNP also display enhanced absorption and scattering in-
tensities from the oscillations of conduction electrons at an
excitation wavelength of ~385 nm [70]. The wavelength of
the emitted light is dependent on both particle size and surface
refractive index. This optical characteristic as well as the in-
herent catalytic property of AgNP allow them to be potentially
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useful as nanoscale sensors for the detection of environmental
pollutants or in laboratory testing [71].

Similar to AuNP, AgNP exposure has been associated with
antiangiogenic effects, suggesting a shared mechanism of vas-
cular toxicity by metal nanoparticles. VEGF-induced cell pro-
liferation, migration, and capillary formation in bovine retinal
endothelial cells were markedly reduced following exposure
via PI3K/Akt inhibition [72].

In an in vitro BBB model, isolated rat brain microvascular
endothelial cells treated with increasing AgNP sizes (25, 40,
and 80 nm) displayed cytotoxic and immunogenic in both a
size- and time- (4 and 8 h) dependent manner [73]. In this
experiment, larger AgNP resulted in less severe inflammation
and microvascular cytotoxicity. The time dependence of the
cytotoxic effects of AgNP was also visible in human micro-
vascular endothelial cells and endothelial colony-forming
cells. At high concentrations, AgNP degrade membrane integ-
rity, initiate DNA damage, and stimulate the formation of free
radicals. Interestingly, at sublethal concentrations, microvas-
cular cells remained viable but showed a significant impair-
ment in proliferation [74]. AgNP exposure resulted in inhibi-
tion of NO-mediated relaxation in isolated aortic rings [75].
AgNP were preferentially internalized by human umbilical
vein endothelial cells, resulting in reactive oxygen species
(ROS) production, cytoskeletal actin rearrangement, and dis-
ruption of intercellular endothelial integrity. Balb/c mice ex-
posed intravenously to AgNP also presented increased vascu-
lar permeability, leading to the systemic release of AgNP and
peripheral inflammation in the liver, lungs and kidneys [76].
Endothelial cell injury, dysfunction, and oxidative stress in-
duced by exposure to AgNP may occur due to IKK/NF-kB
activation [77].

Altogether, AgNP exposure reduces VEGF levels which
may lead to decreased endothelial proliferation and NO syn-
thase activity. The physiological repercussions may include a
decreased total vascular density and impaired NO-dependent
vasodilation which could significantly impair tissue perfusion.
Activation of inflammatory pathways. ROS generation and
disruption of cytoskeletal components may cause an increase
in plasma filtration and decreased reabsorption of nutrients.

Copper

Copper nanoparticles (CuNP) have been successfully used as
antimicrobial agents, particularly in textiles, plastics, and as
additives for coatings. Their antimicrobial activity is associat-
ed with ROS generation, nucleic acid damage, and lipid and
protein oxidation [78]. The high thermal conductivity and
catalytic activity of CuNP make them efficient as sintering
additives and catalysts for chemical reactions such as in the
synthesis of methanol and glycol. Notwithstanding these in-
dustrial uses, CuNP are defined as a class 3 (moderately toxic)
agent with cytotoxic and proinflammatory effects being
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reported in vitro [63]. The direct toxic effects of CuNP on the
different components of the cardiovascular system are less
well understood, and additional research is warranted.
Porcine brain microvessel endothelial cells treated with
15 pg/ml CuNP of different sizes (40 and 60 nm) increased
cellular permeability in a size-dependent manner. The in-
creased permeability has been linked with the proinflammato-
ry cytokines TNF-«, IL-1f3, and prostaglandins [63]. CuNP
are linked with ROS generation and inflammation in mouse
pulmonary epithelial cells and human cardiac microvascular
endothelial cells [79].

These effects indicate that CuNP may have a significant
effect on vascular function via the release of proinflammatory
cytokines. In a different study utilizing a chick embryo model,
CuNP exposure resulted in marked proangiogenic and prolif-
erative effect via the upregulation of VEGF and other angio-
genic factors [80, 81]. It is noteworthy that modulation of
VEGF signaling is a recurring theme in the antiangiogenic
effects of metallic ENM. Increasing evidence suggests that
this effect may occur due to inhibition of phosphorylation of
associated downstream effector molecules including Src [82]
and Akt [61], which could lead to increased endothelial cells
apoptosis [83], impaired hematopoietic cell development, sur-
vival, differentiation, and migration [84-86] as well as aber-
rant vasculogenesis and heart development in prenatally ex-
posed subjects [86].

The higher in vivo and ex vivo chemical reactivity of cop-
per compared to noble metals such as silver and gold may
account for the more significant inflammatory response asso-
ciated with CuNP exposure. Copper’s electron configuration
allows it to function as an efficient electron donor, resulting in
greater ROS generation and systemic levels of inflammatory
chemokines which may lead to significant vascular
dysfunction.

Metal Oxides
Titanium Dioxide Nanoparticles

TiO,-NP is among the most widely used nanomaterials. Its
pervasive use and toxicity have caused TiO,-NP to be classi-
fied as a potential occupational carcinogen to humans [87]. Its
ability to function as a high-energy electron donor following
treatment with UV light makes TiO,-NP a versatile ENM with
applications in consumer products such as topical sunscreens
and cosmetics, as well as industrial components including
paints [88].

Pulmonary TiO,-NP exposure has been associated with
systemic inflammation in vivo [§9-91]. Leukocyte activation,
the release of proinflammatory mediators, oxidative stress,
and DNA damage [92] may lead to endothelium-dependent
dysfunction. In isolated subepicardial arterioles of rats ex-
posed to TiO,-NP (primary particle diameter ~21 nm), a

significant impairment in endothelium-dependent vasodila-
tion was noted [93]. Similar findings were reported in other
vascular beds including the uterus [94] and in skeletal muscle
[95¢¢]. This endothelium-dependent microvascular dysfunc-
tion has been linked with a reduced NO bioavailability trig-
gered by the generation of reactive oxygen species following
exposure or via the initiation of inflammatory mechanisms in
the lung, resulting in the systemic release of cytokines, or
within the vascular wall itself [96, 97]. In a similar study, acute
(24 h) TiO,-NP exposure reduced microvascular NO bioavail-
ability and altered cyclooxygenase-mediated vasoreactivity.
TiO,-NP may also enhance adrenergic sensitivity via upregu-
lation of o-adrenergic receptor density or increased release of
neurotransmitters such as norepinephrine and neuropeptide Y
at neurovascular junctions [98]. It is reasonable to speculate
that an augmented sympathetic tone could have a more pro-
nounced effect on veins, as they are more responsive to o~
adrenergic stimulation [99]. The increase in venous tone may
result in greater capillary filtration or reduced reabsorption,
reduced plasma volume, and increased hematocrit.

The mechanisms underlying the effects of TiO,-NP expo-
sure on the vasculature are fairly well documented. TiO,-NP
exposure may lead to an impaired vascular function via ROS.
These highly reactive free radicals react with endothelial NO,
decreasing its bioavailablity [96]. Pulmonary TiO,-NP expo-
sure is associated with the systemic release of proinflammato-
ry cytokines and increased leukocyte activation. Lastly, an
increase in sympathetic activation and altered cyclooxygenase
signaling caused by TiO,-NP affects vascular reactivity [98].
Inhalation of TiO,-NP increases sympathetic tone via activa-
tion of the transient receptor potential channel in pulmonary
C-fiber sensory neurons. Increased C-fiber activity augments
neuronal function in the nodose ganglion and consequently
affects autonomic regulation by the medullary cardiovascular
regulatory center [100].

At the microvascular level, an increase in sympathetic tone
results in higher total peripheral resistance and afterload, both
factors associated with decreases in stroke volume and tissue
perfusion. While these effects may be initially mitigated by an
increase in cardiac contractility, chronic increases in afterload
result in cardiac hypertrophy and pathological cardiac remod-
eling [101].

Cerium Dioxide Nanoparticles

The ability of cerium dioxide nanoparticles (CeO,-NP) to cat-
alyze oxidation reactions by lowering the activation energy at
which these reactions occur has allowed them to be imple-
mented for public use as a diesel fuel additive [102] to increase
combustion efficiency. The inherent capacity of CeO,-NP to
shift between two valence states (Ce®* and Ce**) by reacting
with highly reactive free radicals such as superoxide has en-
couraged its potential use as an antioxidant agent [103].
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Intravenous CeO,-NP infusion results in time-dependent
increases in oxidative stress and granuloma formation in the
liver and spleen [104, 105]. The long-term biopersistence and
adverse effects associated with CeO,-NP exposure raise sig-
nificant concerns about its therapeutic potential as an antiox-
idant. Its impact on cardiovascular function is poorly under-
stood but recent studies with human aortic endothelial cells
exposed acutely (4 h) to CeO,-NP at different concentrations
(0.001-50 pg/ml) showed an elevated albeit a modest effect of
the inflammatory markers intercellular adhesion molecule 1
(ICAM-1), monocytic chemotactic protein 1 (MCP-1), and
interleukin 8 (IL-8) [106]. While this study shows a modest
effect on the macrocirculation, previous work conducted by
our laboratory has shown that pulmonary CeO,-NP exposure
impairs coronary and microvascular endothelium-dependent
and endothelium-independent dilation in a dose- and route-
dependent manner [107—109]. The microvascular dysfunction
seen was linked to ROS production, decreased NO produc-
tion, and elevated inflammatory cytokine levels [109].

Similar to TiO,-NP, CeO,-NP exposure may trigger ROS
generation, via NO synthase uncoupling and mitochondrial
damage [109], thus affecting endothelium-derived NO signal-
ing as well as vascular smooth muscle function. Inflammatory
responses to CeO,-NP exposure may play a role in these vas-
cular effects, as corroborated by increased expression of in-
flammatory markers [109]. Vascular inflammation and oxida-
tive stress may significantly impair vascular permeability and
endothelial function.

Iron Oxide Nanoparticles

Investigations with various types of iron oxide nanoparticles
(FeO-NP) have been carried out in order to identify potential
biomedical applications, mostly for maghemite, -Fe.O3, and
magnetite, Fe,O4 [110]. Based on their thermal and electrical
conductivity and magnetic properties, FeO-NP have found
applications as targeted drug delivery systems, in magnetic
resonance imaging, and as a contrasting agent [110].

Despite these clinical applications, FeO-NP use has come
under intense scrutiny due to its pronounced cytotoxic effects.
Previous occupational studies have shown that FeO-NP expo-
sure induces severe complications such as siderosis and he-
mochromatosis due to iron overload [111, 112]. Additionally,
recent research has also established an effect of FeO-NP on
endothelium viability with cytotoxic effects resulting due to
the catalytic generation of ROS through Fenton chemistry
[113-116]. The generation of free radicals was also seen in
dextran stabilized FeO-NP in vitro with human umbilical en-
dothelial cells [117]. FeO-NP exposure of human aortic endo-
thelial cells resulted in upregulation of ICAM-1 and IL-8.
Particle phagocytosis by monocytes induced significant oxi-
dative stress and resulted in severe endothelial toxicity [116].
In mice, intravenous injection of FeO-NP (0.4, 2, and 10 png/
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kg) caused significant prothrombotic effects in pial arterioles
and venules as early as 1-h post-exposure, along with in-
creased cardiac levels of markers of oxidative stress, including
lipid peroxidation, ROS levels, and increased superoxide dis-
mutase activity [118].

The predominant mechanism through which FeO-NP ex-
posure leads to vascular dysfunction is through Fenton chem-
istry and oxidative stress. The ability to generate highly reac-
tive ROS may also account for the inflammatory and cardio-
vascular effects caused by FeO-NP [118]. Moreover, the re-
lease of ions within the plasma has also been linked to severe
conditions such as hemochromatosis associated with iron
overload.

Zinc Oxide Nanoparticles

Zinc oxide nanoparticles (ZnO-NP) have been historically
used as an anti-bacterial and in cosmetics such as sunscreen
lotions due to their UV-blocking ability. However, severe sys-
temic and cytotoxic effects have been linked with ZnO-NP
exposure. DNA fragmentation, mitochondrial damage, and
toxicity through ROS generation have been reported in di-
verse in vitro studies [79, 119] and in vivo exposure models
[120].

In vitro ZnO-NP exposure had significant cytotoxic effects
on human cardiac microvascular endothelial cells and elicited
a strong inflammatory response. This deleterious effect was
associated with the dissolution of ZnO-NP and the release of
highly reactive ionic groups [121]. Additionally, ZnO-NP in-
ternalized by human aortic endothelial cells showed pro-
nounced inflammatory consequences and cell death [122].
Similar in vitro effects of exposure were reported in human
umbilical vein endothelial cells [123, 124].

Taken together, there is increasing evidence that ZnO-NP
are cytotoxic and may affect endothelial cell function through
ROS generation and damage to intracellular organelles. The
release of zinc ions may also initiate an inflammatory response
and further lead to vascular dysfunction. Aortic inflammation
may potentially lead to a decrease in vascular compliance,
causing an increase in afterload which may induce cardiac
hypertrophy. Damage to veins may significantly decrease ca-
pacitance and venous return as well as preload. Both arterial
and venous effects of ZnO-NP exposure could result in a
drastic reduction in cardiac output.

Discussion

Evidence has accumulated establishing that ENM exposure
negatively and diversely affects cardiovascular health.
Cardiovascular endpoints associated with pulmonary ENM
exposure however do not depend solely on translocation to
the systemic circulation. Dysfunction may occur via activation
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ofthe immune system, resulting in the release of inflammatory
mediators in the systemic circulation or via dysregulation of
the autonomic nervous system [2]. Therefore, in investigating
the cardiovascular impact of ENM, it is critical to bear in mind
that all these mechanisms may be at play, at differing intensi-
ties over time. The severity and location of these effects are
heavily dependent upon the physicochemical properties of the
ENM in question as well as the inherent physiological condi-
tions of the cardiovascular continuum. A major target of ENM
exposure is the endothelium, which is responsible for the se-
cretion of and response to paracrine, autocrine, and endocrine
substances in the vascular environment. ENM exposure im-
pairs endothelium-dependent dilation due to decreased NO
bioavailability resulting from ROS generation or via inflam-
matory mechanisms.

Cardiovascular toxicity has been shown to be inversely
correlated to particle size, most likely due to the increased
ability of smaller particles to deposit and penetrate deep within
the site of entry, traverse biological barriers, and access the
systemic circulation. Even though systemic translocation of
ENM from the site of entry may not be significant [125],
intentional introduction of ENM or modification of ENM
properties may increase significantly the proportion entering
the circulation [126] and accumulating at a target tissue [13e].
Alternatively, these observations may be due to the high num-
ber of particles or the large surface area available for interac-
tions after an exposure. Future studies focused on the most
appropriate dose metric for these issues are warranted.

ENM size favors an increased reactivity, a phenomenon
which becomes exceedingly important when considering met-
al oxides ENM and their catalytic ability to generate ROS via
Fenton chemistry. Increased reactivity may also increase the
likelihood for ENM to interact with biomolecules, enhancing
their potential immunogenicity and overall toxicity.

ENM shape is also a key determinant of cytotoxicity. ENM
with longer aspect ratios have a greater tendency to settle out
of centerline blood flow and deposit within the vascular wall
compared to their spherical counterparts. Continued research
is warranted to better elucidate the relationship between shape,
hemodynamics, and systemic vascular toxicity.

Lastly, surface charge and chemistry can also influence the
biological effects of ENM. Clearance by the kidneys, particle
agglomeration, and the interaction with both immune and car-
diovascular components are impacted by ENM surface prop-
erties. Charged particles elicit a more significant inflammatory
response via activation of both the mononuclear phagocytic
system and the caspase-inflammasome axis. ENM
functionalization may not only affect ENM biopersistence
and half-life but may greatly dictate the interaction with phys-
iological biomolecules and therefore the formation of a pro-
tein corona. Within the vasculature, changes in ENM surface
chemistry can affect ENM agglomeration which in turn may
increase ENM plasma half-life and vascular deposition. It is

logical to hypothesize that an extended plasma half-life may
result in not only an increase in ENM concentration over time
but may allow for greater adsorption of host proteins to the
particles’ surface and enhance their immunogenicity.

The impacts of ENM exposure on the systemic circulation
and cardiovascular health are tissue specific. The vessels com-
prising the macrocirculation function as blood conduits and
pressure reservoirs. While these functions are fundamental for
cardiovascular health, they do not depend on significant de-
grees of vasomotion and regulation by central and local mech-
anisms. Therefore, ENM deposition in this compartment may
not necessarily cause significant deficits to downstream tissue
perfusion but could exacerbate preexisting cardiovascular
conditions such as atherosclerosis. Damage to the
macrocirculation leads to a decreased vascular compliance
and consequently an increase in afterload. A prolonged in-
crease in afterload and vascular resistance may lead to in-
creased heart work and eventually cardiac hypertrophy.

The microcirculation is the major regulatory functional
component of the cardiovascular system. Its fundamental role
in the generation of total peripheral resistance, immune re-
sponse, and waste exchange is well known. ENM deposition
in arterioles may impair vascular reactivity, thus affecting the
ability of these vessels to generate appreciable resistance to
blood flow. This could have devastating effects on tissue per-
fusion and nutrient-waste exchange in capillaries. ENM depo-
sition within capillaries may severely impact vascular perme-
ability by damaging endothelial cells. The release of ions by
ENM could affect the subtle balance between capillary and
interstitial fluid colloid and oncotic pressures. Lastly, localiza-
tion of ENM within venules may promote leukocytic infiltra-
tion and trigger an innate immune response resulting in the
release of proinflammatory mediators. Damage to venules
may increase capillary filtration and hematocrit, decreasing
overall blood volume and cardiac output while increasing
the likelihood of thrombotic events.

Conclusion

The field of cardiovascular nanotoxicology is still in its rela-
tive infancy, as corroborated by the heterogeneous and some-
times contradictory nature of the results reported in this re-
view. With the increasing presence of ENM in everyday con-
sumer products, the risk of unintentional occupational and
domestic exposure remains very high. The use of in vitro
models, different exposure conditions, and ENM characteris-
tics may partly account for the incongruity in the toxicological
research. However, the advent of new and more powerful
experimental tools such as high throughput screening may
prove beneficial for the assessment of the vascular effects of
ENM exposures.
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If nanotechnology is to make its greatest contribution to
human health, the regional heterogeneity and unique ENM
properties as well as their interactions must be directly
addressed.
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