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Abstract

Background: Over the last decades, the exposure to titanium dioxide nanoparticles (TiO, NPs) has
increased due to the wide application in industry, food adduct, medicine, cosmetic products, etc.
Literature review showed that the TiO, NPs exert toxic effects on several organs.

Methods: We searched PubMed, MEDLINE and the other databases with the following keywords,
“titanium dioxide nanoparticle”, “TiO, NPs”, “myocardial infarction”, “endothelial”, “blood
pressure”, “heart” and “cardiovascular”, and reviewed the literature by focusing on the toxic effects of
TiO, NPs on the cardiovascular system, and possible underlying mechanism.

Results: The toxic effects of TiO, NPs on the cardiovascular system are controversial but some
possible mechanisms were proposed. TiO, NPs and nanoparticle-derived titanium induce cardiac
injury, endothelial dysfunction and increase blood pressure and heart rate. These effects are mediated
via systemic or local oxidative stress and inflammation.

Conclusion: The TiO, NPs toxicity is dependent on cell type and particle characteristic, and the
controversial results may be due to these variables. However, a growing body of evidence confirmed
the possible TiO, NPs toxicity on the cardiovascular system.

Keywords: Titanium dioxide; Nanoparticle; Cardiovascular diseases; Endothelial dysfunction;
Oxidative stress; Cardiac injury; Inflammation

Introduction pollution and nanotoxicity lead to CVDs progression
[2—4]. It is well-documented that soil, water, food and

Cardiovascular diseases (CVDs) are the major  air pollution increase the risk of CVDs incidence and
health problem with a high mortality rate in the  further mortality [5, 6]. On the other hand, titanium
worldwide [1]. Nanomaterial technology helps the  dioxide nanoparticles (TiO, NPs) are important source
diagnosis and treatment of CVDs while nanomaterial ~ of environmental pollution by nanoscale materials
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because its application is frequent in the industry, food
adducts, medicine, cosmetic products, etc [7]. As well
as, TiO, NPs occupational exposure occurs during
production, bagging and waste manipulation [8].

The pharmacokinetics evidence on TiO, NPs
exposure does not support the penetration of
the nanoparticles via skin cosmetic product [9].
Standardized guideline authorities and researchers have
no consensus that daily food product exposure could
reach the toxic doses [10]. However, experimental
study introduces the gastrointestinal tract as a blood
source of nanoparticles [11]. There are compelling
reports regarding the toxic effect of TiO, NPs on
respiratory system, and pulmonary TiO, NPs are able
to reach the blood circulation and distributed system
[12]. One or more transferring proteins mediate the
blood transferring of natural hydrophobic molecules.
In case of TiO, NPs, an artificial hydrophobic
structure proposes that probably interacts with serum
proteins and become de-agglomerated [13, 14]. Due
to hydrophobic properties of TiO, NPs and their
aggregation, the amount of penetration and tissue-
tissue translocation seem to be at low level, but
compared with fining particles, it occurs significantly
[15, 16].

Titanium dioxide is a powder phase martial which
is safe enough to be considered as a biologically inert
chemical with a wide scale uses [17]. The titanium
dioxide is manufactured to nanomaterial with a
plethora of new properties compared with their fine
powder. Titanium dioxide nanomaterials exist in
several shapes including nanoparticle with anatase,
rutile brookite phases and nanotubes [18]. The current
toxicological studies showed that alloys and pure
forms of titanium are safe and non-toxic elements for
human [19, 20]. However, the properties of materials
are changed at the nano dimension.

Shi et al. reviewed the toxicokinetics information of
TiO, NPs where the blood content of nanoparticles is
sourced by skin, gastrointestinal tract, and respiratory
system and distribute to the whole of body via
blood and circulatory system [21]. A great deal of
compelling evidences confirmed that the toxic effects
of TiO, NPs are on lungs, kidneys and reproductive
system, which have been reviewed in detail elsewhere
[22-24]. However, less attention has been paid to the
importance and mechanisms of TiO, NPs toxicity and
environmental exposure in term of CVDs.

Cardiovascular system would be a susceptible

organ to the TiO, NPs toxicity due to several reasons.
Previous studies have showed that the TiO, NPs
toxicity is dependent on exposure load (a function
of concentration and exposure time), nanoparticle
physiochemical characteristics (such as size, surface
potential and phase (anatase, rutile and brookite)),
and tissue properties (lipid content, metabolism and
antioxidant capacity) [25, 26]. The cardiovascular
system is exposed to TiO, NPs at the significant
loads because pharmacokinetics studies showed that
the blood circulation transports the TiO, NPs and
distributes them to the whole body. Therefore, the
cardiac tissue and the endothelium expose to the TiO,
NPs directly. In this term, the cardiovascular system
is similar to lung with a huge TiO, NPs exposure and
severe organ damage [27].

Lipid content and metabolism is an integral of
cardiovascular system, and it is an essential factor in
the susceptibility to oxidative stress which is the main
molecular mechanism of TiO, NPs toxicity [28, 29].
Therefore, the cardiovascular system susceptibility
to TiO, NPs may be due to higher lipids content and
metabolism which acts in similar way reported in high
lipid content tissue including brain and reproductive
organs.

There is consensus that reactive oxygen species
(ROS) generation, oxidative stress and further
inflammation mediate the TiO, NPs toxicity. On
the other hand, oxidative stress and inflammation
play pivotal roles in the atherosclerosis, endothelial
dysfunction, hypertension, cardiac damage and other
cardiovascular pathologic events. This is the third
reason that cardiovascular system is at the risk of TiO,
NPs toxicity.

Here we reviewed the evidence regarding the
cardiovascular system toxicity. We first discussed
the direct effects of TiO, NPs on cardiac tissue
including the histopathological change, the titanium
content of heart and the post exposure serum levels
of cardiac damage biomarkers. Then, we reviewed
the relationship between TiO, NPs, dyslipidemia and
atherosclerosis. We focused on endothelial dysfunction,
hematological parameters and thrombotic system that
paly pivotal roles in CVDs. The molecular mechanisms
of TiO, NPs-induced oxidative stress and inflammation
were also discussed. Ultimately, we summarized the
effects of TiO, NPs on blood pressure and heart rate.
The mechanisms of TiO, NPs toxicity were reviewed
elsewhere by Hou et al. that the adopted depiction is
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represented in Fig. 1.

Methods

We conducted an online searching in PubMed,
MEDLINE and the other databases with the following
keywords: “titanium dioxide nanoparticle”, “TiO,
NPs”, “myocardial infarction”, “endothelial”
blood pressure”, heart” and “cardiovascular”, and
reviewed the literature. All the published articles in
the aforementioned databases until December 2020
were included to this review and we tried to cover the
reports comprehensively.

First, we try to find the direct toxic effect of TiO,
NPs on heart tissue and its pathology. The relationship
between nanoparticles, dyslipidemia and atherosclerosis
was reviewed and then we focused on endothelial
dysfunction as a most reported mechanism. A review
of abstracts proposed that the oxidative stress and
inflammation were considered deeply as an underlying
molecular mechanism but there were articles reported
the nitric oxide, and vasodilation disturbance, heart rate,
blood pressure, and bio toxic effect of TiO, NPs. The
effect of nanoparticles on vital organs and development
of CVDs as a consequence was reviewed as well.
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Results
Heart histopathology and titanium content

After injection, oral administration and pulmonary
absorption, the TiO, NPs are distributed in the spleen,
kidney, liver, brain, and other organs. Compared
with the skin, gastrointestinal truck, and respiratory
system, heart is not the leading tissue in the TiO, NPs
exposure; however, there are articles that showed TiO,
NPs is predisposed in the cardiac tissue [31, 32].

The effects are ranged from titanium predisposing
without cardiac damage, elevation of cardiac damage
biomarkers without histopathological changes and
obvious cardiac damage and biomarker elevation.

Some studies showed that after TiO, NPs
administration, the titanium reaches and penetrates to
the heart tissue and mediate cardiac histopathological
injury directly. TiO, NPs internalize to the
cardiomyoblasts via actin-ediated endocytosis [33].

Other studies found an alteration in the heart size,
histopathology, protein phosphorylation, cardiac injury
biomarkers after TiO, NPs administration. Sheng et
al. reported that titanium accumulates in the mouse
heart in dose dependent manner after intragastric
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Fig. 1 Hou et al. summarized the toxicity of TiO, NPs [30]
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administration, which leads to cell necrosis, cardiac
histopathological changes and elevated creatine
kinase (CK) levels [34]. In another study, TiO, NPs
were found in the heart tissue after a single dose
intratracheal administration (2 mg/kg TiO, NPs) which
causes to arrhythmia and echocardiographic pattern
change in the rat model [35].

Kan et al. showed that the pulmonary exposure to
TiO, NPs causes to the change in the cardiac protein
phosphorylation and biosynthesis of substance P, but
the effects are independent from systemic inflammation
[36]. Chang et al. showed an intratracheal high dose
TiO, NPs (4.0 and 32 mg/kg) administration reduces
the coefficients of the heart. However, no significant
histopathological change was observed in the heart
tissue [37]. In this study, aspartate transaminase
(AST), creatine kinase (CK), lactate dehydrogenase
(LDH), and a-Hydroxybutyrate dehydrogenase
(a-HBDH) increased significantly at the high
doses of nanoparticles. In another study, after oral
administration of TiO, NPs (5 g/kg body weight (BW))
serum LDH and alpha-HBDH levels increased but the
cardiac histopathological change was not observed [38].
Nemmar et al. showed that the instillation of rutile
TiO, NPs (1 and 5 mg/kg for 24 h) induces the cardiac
edema and increases the ratios weight—to—dry weight
in the Wistar rats’ heart [39]. The long term nasal
administration (6 months) leads to myocardial cell
swelling and increases the CK and LDH levels [40].

In contrast to the aforementioned studies, others
have provided evidence that shows TiO, NPs
have no direct toxic effects on the heart. Liu et al.
showed that abdominal injection of TiO, NPs (at
5, 10, 50, 100, and 150 mg/kg BW, anatase phase,
for 14 days) did not affect coefficients of the hearts
and the hearts contains the minimum titanium content
among organs [41]. Chen et al. showed that heart
titanium content and histopathological changes did not
change post nanoparticle exposure [42]. Elgrabli et al.
demonstrated that after intravenous injection of TiO,
NPs, distribute TiO, NPs were in the arterial circulation
and end organs, but they could not induce heart damage
[43]. Treatment of adult and young rats with 50 mg/kg
TiO, NPs did not induce the histopathological change
but affected the heart size in young but not adult rats.
This study showed that the elevation of a-HBDH
and CK levels in the adults are lower than young
rats, indicating that the age affects the susceptibility
to TiO, NP toxicity [44]. Chen et al. reported that
daily gastrointestinal administration of TiO, NPs for

30—90 days has no significant pathological effect on
the cardiac tissue compared with the control group
[45]. However, the LDH and other cardiac biomarker
were changed, suggesting the cardiac injury without
obvious histopathological change [45]. Despite the
inconsistencies, it is intuitive that TiO, NPs exposure
probably leads to accumulation of titanium in the heart
and induces the histopathological change and elevation
of serum cardiac injury biomarkers. The toxic effect
is a function of administrated dose, exposure time and
administration route.

Atherosclerosis and dyslipidemia

Dyslipidemia is the most important risk factor for
development of atherosclerosis that leads to CVDs
ultimately. Some studies have been carried out to
investigate the role of TiO, NPs on the development
of atherosclerosis and dyslipidemia. Yu et al. showed
that the exposure to TiO, NPs increases serum levels
of triglycerides, glucose, total cholesterol, low-
density lipoprotein cholesterol (LDLc), advanced
glycation end products while it reduces high-density
lipoprotein cholesterol (HDLc), nitric oxide and
tissue plasminogen activator that accelerates the
atherosclerotic lesions [46]. Similar results were
observed in the earlier study by Chen et al. who have
used the ApoE knockout mice [47]. The TiO, NPs
exposure induces a modest plaque progression in
the aorta of ApoE knockout rat model. However, the
vasodilatory function and expression of genes such
as a monocyte chemoattractant protein-1 (Mcp-1),
macrophage inflammatory protein 2 (Mip-2), vascular
cell adhesion protein 1 (VCAM-1, intercellular
adhesion molecule-1 (ICAM-1) and vascular
endothelial growth factor (VEGF) did not changed in
the lung tissue [48]. In another study, TiO, NPs cause
to dyslipidemia and induce the atherosclerosis and
plaque formation in the ApoE knockout mice [49].
Tang et al. performed a metabolomics study on the
intratracheal TiO, NPs treated rats, which showed that
postexposure LDLc levels were increased significantly
[50]. In Hu et al.’s study, the lipid profile did not alter
in the TiO, NPs-treated mice but glucose metabolism
was impaired [51]. Hence, we concluded that diabetes,
glucose metabolism impairment, and a pivotal CVDs
risk factor may play mediatory roles in the TiO, NPs
induced atherosclerosis and further CVDs [52].

As we know, the conversion of macrophages to the
foam cells results in endothelial injury, which is a key
step in the CVDs progression. Suzuki et al. showed
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that TiO, NPs do not affect the foam cell formation
[53]. However, the other studies showed that TiO,
NPs and nanotube could induce some changes in the
macrophages cells [54-57].

Endothelial and angiogenesis

Endothelial is the first bulwark in the cardiovascular
system that exposes to the toxic materials in the
circulation. On the other hand, the endothelial injury
and dysfunction are critical steps in the progression
of CVDs. As well as, the endothelium plays a pivotal
role in the angiogenesis. The zebrafish in vivo model
exposure to TiO, NPs slightly reduces the angiogenesis
[55]. Hou et al.’s study on the endothelial cells
showed that, TiO, NPs are much more toxic than
SiO, and Fe;O, nanoparticles. In spite of lower cell
internalization of TiO, NPs than others, it produces a
significant amount of intracellular ROS that reduces the
GSH/GSSG ratio (oxidative stress indicator) in time
and dose dependent manner. TiO, NPs internalization,
mitochondrial accumulation, oxidative stress, alteration
of cytoskeleton and cell morphology and ultimately
apoptotic cell death were suggested as a mechanism of
TiO, NPs toxicity [58]. By the way, nanoparticle cell
internalization is a critical factor in cell toxicity [59].

Garcia et al. showed that TiO, NPs could increase
the intracellular ROS and cell adhesion capacity,
and reduce the cell proliferation [60]. Montiel-
Davalos et al. showed that the human umbilical vein
endothelial cells (HUVECsS) treatment with TiO, NPs
(20 pg/cm’) causes to apoptosis via oxidative stress,
NF-«xB activation, adhesion proteins change and NO
production [61]. Ramos-Godinez et al. introduced a
co-culture models to assessment of TiO, NPs toxicity
that showed the adhesion molecules (E-selectin,
ICAM-1, VCAM-1) expression and monocyte-
HUVECs adhesion are increased significantly. The
effects of TiO, NPs are mediated by nitric oxide
and of pro-inflammatory cytokines production [62].
Han et al. showed that the TiO, NPs increases the
superoxide generation, Akt (also called Protein kinase
B), extracellular signal-regulated kinases (ERK),
Jun N-terminal kinases (JNK) and p38 mitogen-
activated protein kinases (p38) phosphorylation, NF-
kB activation, MCP-1 and VCAM-1 gene expression.
In this study, autophagy is introduced as a defense
mechanism against TiO, NPs toxicity but it cannot
compensates and reverses the toxic effects completely

[63].

TiO, NPs could localize into the human brain-

derived endothelial cells and cause to ROS
production, depletion of thiols, slightly reduction
of DNA synthesis, DNA damage, and expression
of autophagy-lysosomal markers [64]. The cellular
internalization of TiO, NPs leads to adhesion and
inflammatory molecules overexpression that follows
a cell type dependent manner [65]. We performed
a comprehensive experimental study on the toxic
effect of TiO, NPs on HUVECs that confirmed the
nanoparticle internalization to the cells. We also
showed the nanoparticle induce oxidative stress via
intrinsic source such as mitochondrial free radical
production. We showed that TiO, NPs activate PI3K/
Akt and NF-«xB signaling pathways and deactivate
p38 pathway. As well as, TiO, NPs lead to lipid
peroxidation and cell membrane disruption but have
no significant on nitric oxide synthase enzymes [59,
66]. The effect of TiO, NPs induced-mitochondrial
dysfunction as a mechanism of cardiovascular toxicity
was confirmed by other studies [67]. Another study on
HUVECs showed that the post exposure cell culture
media contain the higher LDH activity, total superoxide
dismutase levels, NO content, tumor necrosis factor
alpha (TNF-a) and Interleukin 6 (IL-6) levels [68].
Peng et al. investigated the response of primary human
endothelial and the vascular smooth muscle cells to
TiO, nanotube but not nanoparticle and showed that
the nanotubes enhance proliferation and cell motility,
and decrease the proliferation vascular smooth muscle
cells; a downexpression of molecules inflammatory
and coagulation factors is observed in both cell types
[69].

However, other studies do not confirm the toxic
effects of TiO, NPs on endothelial cells. In this
regard, Gu et al. showed that TiO, NPs have no
significant cytotoxic effects on HUVECs (treated
with 2—32 pg/mL) without any significant change in
secretion of TNF-a and IL-6 levels [70]. TiO, NPs at
the 1—100 ug/mL concentration did not have effect
on cell viability but the apoptosis increases when
cells were treated with 100 pg/mL concentration.
Others found that TiO, NPs internalize to the cells
and cause to nuclear fragmentation but did not affect
intracellular ROS and LDH release from microvascular
endothelial cells [71]. Spigoni et al. showed that
circulating angiogenic cells treatment with TiO, NPs
could not induce oxidative stress and cell death but
cellular function was impaired [72]. Evaluation of
industrial sources of TiO, NPs showed that the TiO,
NPs existing in aged paints but not pristine paints
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reduce the human lung microvascular endothelial
cells viability. Total glutathione and ICAM-, TNF-a
and IL-6 secretion were not affected by both aged
and pristine paints derived TiO, NPs. but pristine
nanoparticles reduce the IL-8 secretion significantly
[73]. Suzuki et al. observed that TiO, NPs (1—100
pg /mL) could not internalize to the HUVECs and
exert no toxic effects on the cell viability. They found
no significant change in the the MCP-1 production,
ICAM-1 and VCAM-1 protein expression, monocytes
adhesion assay [53]. Bengalli et al. showed that TiO,
NPs affect the human pulmonary microvascular
endothelial cell line (a co-culture model of the air-
blood barrier) by releasing IL-6 from apical part of air-
blood barrier. Moreover, TiO, NPs could not increase
the interleukin secretion from basolateral part of air-
blood barrier [74]. In contrast with Bengalli et al.’s
reports, others found an association between TiO, NPs
and microvascular dysfunctions [75]. Nurkiewicz et al.
showed that TiO, NPs inhalation affects microvascular
function via reduction of NO bioavailability that
was mediated by myeloperoxidase and nicotinamide
adenine dinucleotide phosphate oxidase [76]. In
contrast, Courtois et al. showed arterial NO-induced-
relaxation was not impaired by TiO, NPs [77]. In
addition, physical interaction of TiO, NPs with
endothelial cell induces the cell leakiness by alteration
of VE-cadherin and other junction proteins which is a

different molecular mechanism of TiO, NPs toxicity
[78]. The aforementioned evidence suggests that
oxidative stress, inflammation, signaling pathways
alteration and adhesion molecules expression are
the most common mechanisms of TiO, NPs-induced
toxicity in the endothelial cells (see Fig. 2). However,
the nitric oxide role and direct nanoparticle-cell
membrane interaction should be considered as another
possible mechanism.

Hematological parameters and
thrombosis

To the best of our knowledge, direct induction
of myocardial infraction by TiO, NPs was not
reported but the TiO, NPs-induced hematological and
thrombosis factor alterations that affect the myocardial
infraction were reported. TiO, NPs are absorbed and
distributed by the systemic circulation. Therefore,
the hematological parameters are imposed to the
nanoparticle exposure [79]. Duan et al. showed that
intragastric administration of TiO, NPs (62.5, 125, 250
mg/kg nano-anatase form) reduces and increases the
erythrocyte and platelets respectively in dose dependent
manner [80]. This study also showed that white blood
cells and immunological cells were changed after TiO,
NPs administration. Administration of 50 mg/kg TiO,
NPs leads to hematocrit and platelet count elevation
in the adult male wistar rats. Granulocyte, red blood
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Fig. 2 The toxicity mechanisms of TiO, NPs on endothelial cells
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cells, hemoglobin, mean corpuscular volume, mean
cell hemoglobin, mean corpuscular hemoglobin
concentration, and serum procalcitonin were changed
in the high dose nanoparticle treatment (50 mg/kg) [81].
Sang et al. showed that the intragastric administrations
of TiO, NPs at 2.5, 5, and 10 mg/kg for 90 days
decrease the blood cells, platelets, hemoglobin, and
lymphocyte subsets significantly [82]. However,
others showed that intratracheal administration of
TiO, NPs for 28 days did not affect the hematological
parameter [37]. An in vitro study on erythrocytes and
lymphocytes showed TiO, NPs reduce the lymphocyte
mitochondrial dehydrogenase activity and increase
the DNA damage and apoptosis while the membrane
integrity was not affected. In addition, TiO, NPs cause
to morphological change and erythrocytes lysis [83].
The oral administration of anatase TiO, NPs decreases
the erythrocyte count and hematocrit, and increases
mean corpuscular volume, platelet count, mean platelet
volume and white blood cells at higher doses in the rat
model. As well as, the abnormal-shaped erythrocytes
were observed [84]. Nemmar et al. showed that the
intratracheal instillation of TiO, NPs reduces the
number of platelets and increases the monocytes and
granulocytes counts [39]. A single dose (1 mg/kg)
administration of TiO, NPs (anatase and rutile) did not
alter the leukocyte and platelet counts significantly.
Thrombus formation and platelet aggregation were
triggered by TiO, NPs rutile but not anatase form[85].
In contrast, the intravenous injection of TiO, NPs
(140, 300, 645 mg/kg) had no effects on hematological
parameter except white blood cells that was increased
[86]. TiO, NPs (intraperitoneal at 20 mg/kg doses
every 2 days for 20 days) affect platelets count while
other hematological parameters were not affected [87].
Besides the blood cells, serum proteins are involved in
the thrombosis including fibrinogens (alpha, beta and
gamma units) and complement C9 that interact with
TiO, NPs directly [88]. Hammarstrom et al. showed
that TiO, NPs (50 ng/mL) trigger kallikrein system.
Furthermore, they found that plasma coagulation
cascade proteins were adsorbed to the TiO, NPs
that cause to thrombin-antithrombin complex, clot
formation and complement system activation [89].
Application of TiO, NPs nanotube (not nanoparticle)
for blood clotting acceleration was proposed as a
therapeutic option in the traumatic patients [90]. As
well as, there are several studies, those have focusing
on the hemolytic effects of TiO, NPs [91-93]. Taken
together, the effects of TiO, NPs on hematological

parameters are undeniable but its possible role in the
myocardial infraction at the long term is not well-
understood.

Vital organ dysfunction

The indirect toxic effects of TiO, NPs on
cardiovascular systems may mediate by other vital
organs dysfunction that could be divided into early
(acute) and delayed (chronic) effects. The acute effects
are the result of ROS and further of pro-inflammatory
cytokines production in response of nanoparticle,
which causes to a systemic oxidative stress and
inflammation [94]. Iavicoli et al. indicated that the
inhalation of TiO, NPs increases the bronchoalveolar
fluid cytokines levels, immune cells attraction and a
systemic inflammation. A similar scenario could be
found in the nervous, skin, liver and gastrointestinal
system [22]. Despite there are doubts regarding the
validity of in vitro and or in vivo experimental model
in the nanotoxicologic assessment [95], we should
answer the question whether the oxidative stress
and inflammation originating from aforementioned
organs are capable to proceed pathological events
in the cardiovascular systems? Recently published
study shows respiratory exposure causes to persist
inflammation and genotoxicity at the higher dose [96].

The CVDs are developed in subjects suffered from
respiratory system dysfunction that were referred as
pulmonary heart disease [97]. The CVDs are also
developed in the chronic kidney and liver diseases
[98, 99]. TiO, NPs induce tissue injury in the several
organs including lung, kidney, livers, brain, etc.
Therefore, the TiO, NPs-induced respiratory, renal,
liver and nerves system dysfunction might lead to
CVDs as a consequence. There are evidence that the
long term TiO, NPs exposure could increase the risk
of malignancies, asthma and respiratory dysfunction
[100]. Gui et al. found that the chronic TiO, NPs
exposure causes to renal dysfunction that is manifested
by the elevation of creatinine and blood urea nitrogen
[101]. Cui et al. showed that TiO, NPs induce the pro-
inflammatory pathways activation [102] which is also
reported by others [21].

Oxidative stress and inflammation

It is well-documented that oxidative stress and
inflammation are the most common molecular
mechanisms of TiO, NPs toxicity, and cardiovascular
toxicity is not the exception. The oxidative stress
and inflammation have a close interaction and

http://www.nanobe.org



336

Nano Biomed. Eng., 2022,Vol. 14, Iss. 4

both propagate the subsequent CVDs including
atherosclerosis, endothelial dysfunction and lipids
metabolism disturbance. Regardless of the exposure
route, TiO, NPs activate the pro-inflammatory signaling
pathways specially the NF-xB in the lung, liver,
reproductive organs, immune cells and endothelial
cells that result in a systemic pro-inflammatory
cytokines elevation. Regardless of the origin oxidative-
inflammatory factors, the condition could lead to CVDs
pathogenesis. The great proportion of articles supports
the coincidence of oxidative stress and inflammation
due to close crosstalk between them. Meanwhile,
there is evidence indicating the nanoparticles could
induce endothelial inflammatory responses via various
mechanisms other than oxidative stress. In addition, the
endothelial cell from different organs show heterogenic
response to the nanoparticles toxicity [65]. These
observations are supported by Danielsen et al. who
showed the TiO, NPs do not increase the intracellular
ROS production but affect the ICAM-1 and VCAM-1
gene expression, and a non-oxidative stress mechanism
is considerable for TiO, NPs [103]. They also showed
that the CVDs biomarkers alteration is a function of the
composition, size and crystal structure of TiO, NPs and
is independent from particle surface charge. As well as,
the anatase form was more toxic than the rutile form.
Hassanein et al.’s study on the rat model showed that
the elevation of oxidative stress biomarkers and DNA
damage were occurred after TiO, NPs exposure that
leads to histopathological changes in the heart [104].
Sha et al. concluded that the effects of TiO, NPs on
heart injury occur with or without presence of oxidative
condition. Their results indicated that oxidative stress
exacerbates nanoparticle-induced cardiac toxicity
[105]. Another study reported that TiO, NPs increase
ROS content of heart (O”, H,0,, malondialdehyde ,
and 8-hydroxy-2’-deoxyguanosine) and affect the
antioxidant defense component, i.e. superoxide
dismutase, glutathione reductase, glutathione-S-
transferase, and the levels of antioxidants (including
ascorbic acid, glutathione, and thiols), which lead to
sparse cardiac muscle fibers, inflammatory response,
cell necrosis and cardiac biochemical dysfunction
[34]. As well as, other studies confirmed the role of
oxidative stress in the TiO, NPs-cardiac injury [106,
107]. The administration of antioxidant ameliorates the
TiO, NPs-cardiac injury that corroborates the role of
oxidative stress in cardiac pathogenesis [108].

Post-exposure oxidative stress and inflammation co-
existence were observed in another study, showing that

superoxide radical production and Akt, ERK, JNK and
p38 signaling pathways activation are induced in the
endothelial cells [63]. Using an in vitro experiment on
macrophage-like and microvascular cell lines, Hanot-
Roy et al. showed that the DNA damage and heat shock
protein 27 and JNK protein alteration were occurred as
a stress response [109]. However, opposite results were
obtained from a study on human circulating angiogenic
cells that indicate the TiO, NPs (1 to 100 pg/mL)
treatment has no effect on oxidative condition and cell
death [72].

Intragastric administration of TiO, NPs at 2.5, 5 or
10 mg/kg for 90 days activates the NF-kB, PKCe and
ERK1/2 signaling pathways, and TNF-a, interleukin-
1B, IL-6 and Interferon-a expression were changed via
these signaling pathways in the mice model leading
to cardiac damage [110]. Husain et al. evaluated the
systemic effects of pulmonary deposition to TiO,
NPs on the gene expression profile of the heart, blood
and liver that showed the inflammatory genes were
expressed in the acute phase response [111]. Daily
gastrointestinal administration of TiO, NPs at 0, 2, 10,
50 mg/kg dosage for 30—90 days increases the serum
TNF-a and IL-6 levels. The authors concluded that the
inflammatory response is the possible mechanism of
cardiovascular toxicity of orally administrated TiO,
NPs [45]. In Hong et al.’s study, the TiO, NPs decrease
ATP production in the hearts and increase expression
of NF-kB, interleukin-1p and TNF-a genes. As well as,
expression of anti-inflammatory cytokines including
suppressor of cytokine signaling or SOCS1 and
SOCS3 was reduced in the cardiac tissue [112]. There
are other studies showing that the oxidative stress and
inflammation are molecular mechanisms of TiO, NPs
toxicity on cardiovascular system.

Nitrosative stress and vasodilation

Nitric oxide is a short lifetime vasodilator molecule
that is altered in CVDs and nitrosative stress. Some
experiments found a significant relationship between
NO, TiO, NPs and vasodilation, but other studies
rejected the relationship [77]. LeBlanc et al. showed
that the TiO, NPs increase the microvascular ROS
contents that impairs the endothelium-dependent
vasoactivity [113]. The TiO, NPs inhalation increased
microvascular nitrosative stress significantly that
reduces the NO levels in the rat model [76].
Prenatal exposure to TiO, NPs aerosols (at the 6 day
gestational) causes to a significant reduction in the
maximal mitochondrial respiration in the left ventricle
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and impaired the endothelium-dependent dilation [114].
Another study reported that prenatal TiO, NPs toxicity
on offspring cardiovascular system is mediated via
oxidative stress and epigenetic pathways [115].

Heart rate and Blood pressure

Heart rate and blood pressure change could lead
to cardiovascular events in the short and long term.
Chen et al. showed that the long term administration
of TiO, NPs causes to mild and temporary reduction
of heart rate, systolic blood pressure and diastolic
blood pressure elevation [45]. Heart rate monitoring
in the workers who handle the TiO, NPs showed that
the exposure to particles with a diameter less than 300
nm might affect the heart rate via autonomic nervous
system [116]. Kan et al. showed the neurons have
a pivotal role in the systemic effects of pulmonary
exposure that cause to phosphorylation of p38
mitogen-activated protein kinase and cardiac troponin
I in the heart that were medicated via lung-neuron-
regulated pathway [36]. Single dose (1 mg/kg ) of
TiO, NPs (anatase and rutile) did not alter the mean
arterial blood pressure but heart rate was reduced after
exposure to rutile form [85]. More recently, a study
on animal model showed that the hypertensive rats are
much more susceptible to the TiO, NPs-induced heart
injury and failure [117].

The effects of TiO, NPs on the heart rate, stroke
volume index, cardiac index, mean arterial blood
pressure were investigated, which showed all these
cardiac function indices are reduced in dose dependent
manner [105]. Intragastric TiO, NPs administration for
9 months affects the cardiac function indices including
systolic pressure, maximal rate of pressure increase
over time, maximal rate of pressure decrease over time
and coronary flow. Furthermore, the left ventricular
end-diastolic pressure and heart rate were changed in
the mice [112]. The evaluation of TiO, NPs effects
on daphnia magna showed a reduction in the heart
rate that disturbs the swimming ability [118]. The
mechanisms by which the heart rate and blood pressure
are changed were not well-understood. TiO, NPs may
interact with cardiac tissue directly and change the
heart rate and blood pressure or via a central nervous
system-dependent route. TiO, NPs could penetrate to
the blood brain barrier and cause to neuroinflammation
and oxidative damage [119]. On the other hand, the
oxidative stress and Neuroinflammation induce blood
pressure alteration [120]. Therefore, it is possible that
the TiO, NPs effects on cardiovascular system are

mediated via central nervous system-dependent manner
[120].

Conclusion and Prospective

Although international organizations consider the
TiO, NPs as the safe particles but current knowledge
do not confirm the safety of TiO, NPs on human
being. According to the reviewed documents, the
TiO, NPs toxicity on the cardiovascular system is
controversial neither toxicity nor safety of TiO, NPs
is confirmed compellingly but a vigilance on the
future studies might be helpful to a straightforward
decision. The adult daily consumed is lower than the
threshold limit values determined by the National
Institute of Occupation Health and Safety [7, 121].
On the other hand, the bioavailability of nanoparticle
is concentration dependent and reduced at the
higher concentrations [25]. Therefore, an optimum
concentration is necessary to reach an effective toxic
effects not too low without effect not much higher to
aggregate and reduced bioavailability. The questions
remaining to be answered are whether the daily
exposure amount or worker occupational dealing
reaches the CVDs toxic dose or not and whether
the occupational exposure limits are high enough to
prevent CVDs progression in acute or long terms. In
addition, we need a consistence report by considering
to the variation in the nanoparticle physicochemical
properties, and different experiment settings to
conclusion on the TiO, NPs cardio toxicity.
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