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Abstract

Background/Aims: Exposure to particulate air pollution is associated with increased
cardiovascular morbidity and mortality. These effects are particularly aggravated in patients
with pre-existing kidney diseases. Cerium oxide nanoparticles (CNPs), used as diesel
fuel additives, are emitted in vehicle exhaust and affect humans when inhaled. However,
thrombotic and cardiac injury resulting from pulmonary exposure to CNPs in experimental
acute kidney injury (AKI) is not fully understood. The objective of the present study was to
evaluate the thrombotic and cardiac injury effects of CNPs in a rat model of AKI. Methods:
AKI was induced in rats by a single intraperitoneal injection of cisplatin (CDDP, 6 mg/kg). Six
days after injection, rats were intratracheally (i.t.) instilled with either CNPs (1 mg/kg) or saline
(control), and various cardiovascular variables and markers of inflammation, oxidative stress
and DNA injury were assessed by enzyme linked immunosorbent assay, colorimetric assay,
single-cell gel electrophoresis assay and immunohistochemistry, the following day. Results:
Compared with individual CDDP or CNPs treatments, the combined CDDP + CNPs treatment
elevated significantly the coagulation function, relative heart weight, and troponin |, lactate
dehydrogenase, interleukin-6 (IL-6), tumor necrosis factor o (TNFa), and total nitric oxide levels
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in the plasma. In heart homogenates, the combination of CDDP and CNPs induced a significant
increase in IL-6, TNFa, catalase, and glutathione. Furthermore, significantly more DNA damage
was observed in this group than in the CDDP or CNPs groups. Immunohistochemical analysis
of the heart revealed that expression of nuclear factor erythroid-derived 2-like 2 (Nrf2) and
glutathione peroxidase by cardiac myocytes and endothelial cells was increased in the CDDP
+ CNPs group more than in either CDDP or CNPs group. Conclusion: 1.t. administration of
CNPs in rats with AKI exacerbated systemic inflammation, oxidative stress, and coagulation
events. It also aggravated cardiac inflammation, DNA damage, and Nrf2 expression.

© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Ambient levels of particulate air pollution have been linked to augmented morbidity,
hospital admission, and cardiovascular and respiratory disease-induced mortality [1].
Inhaled particles induce lung inflammation and can cross the alveolar capillary barrier,
causing systemic inflammation and oxidative stress and thus affecting distant organs such
as the kidneys and heart [1-3]. Several epidemiological and clinical studies have reported
that inhaling particulate air pollution may be principally detrimental to high-risk groups
such as patients with diabetes, hypertension, or renal diseases [1-4]. Additionally, it has
been shown that living near a major roadway (which increases the risk of exposure to air
pollution) contributes to deterioration in kidney function [3-5].

Cerium oxide nanoparticles (CNPs) have been used in several countries as a diesel
fuel-borne catalyst, increasing fuel efficiency and diminishing particle emanation by diesel
engines through vehicle exhausts [6]. Nevertheless, this application of CNPs has been shown
to result in the release of CNPs into the atmosphere. Humans are subsequently exposed to
CNPs via inhalation, posing serious health concerns [7].

Experimental studies have shown that pulmonary exposure to CNPs induces lung
inflammation and injury [8-12]. Given their small size, these nanoparticles can translocate
across the alveolar capillary barrier and reach the blood, subsequently getting distributed
in distant organs such as the kidneys and heart [8-12]. In these organs they can induce
inflammation, oxidative stress, and DNA damage [8-12].

It is well established that effects of particulate air pollution are exacerbated in patients
with pre-existing renal disease [3-5]. We have recently demonstrated that pulmonary
exposure to CNPs in a rat model of acute kidney injury (AKI), induced by cisplatin (CDDP)
administration, exacerbated kidney and lung injury and induced aortic oxidative stress,
inflammation, and DNA damage [13, 14]. Inhaled nanoparticles have detrimental effects
on heart physiology, and may cause thrombosis [15-17]. Kidney and heart functions are
closely associated under physiological and pathophysiological conditions [18]. Therefore,
we hypothesized here that the effects of CNPs on thrombosis and cardiac function would be
aggravated in rats with AKI. This aspect has not been previously assessed, as far as we are
aware. Our aim in this study was to explore the cardiovascular responses and mechanism of
pulmonary exposure to CNPs during CDDP-induced AKI. This was conducted by measuring
renal and cardiovascular endpoints, including coagulation function, systemic and cardiac
inflammation, oxidative stress, and DNA damage.

Materials and Methods

Particles

CNPs 10 wt% in water (average diameter of 20 nm) were purchased from Sigma-Aldrich (St Louis, MO,
USA). CNPs samples were diluted in saline. To reduce particle aggregation, CNPs suspensions were sonicated
for five min (Clifton Ultrasonic Bath, Clifton, NJ, USA). CNPs suspensions were prepared immediately prior
to their use and were vortexed comprehensively before their administration. Identical particles from the
same source were thoroughly characterized and utilized recently by ourselves and Ma et al. [9, 11, 14, 19].
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The concentration of endotoxin of the CNPs and saline was measured according to manufacturer’s
instructions by a chromogenic Limulus Amebocyte Lysate (Pierce, Rockford, IL, USA) test. In the saline and
CNPs solutions, the concentrations of endotoxin measured were inferior to the detection limit (0.1 EU/mL).

Animals and intratracheal instillation

This project was evaluated and accepted by the Institutional Review Board of the United Arab Emirates
University.

Male Wistar rats bred in the Animal Research Facility of the College of Medicine and Health Sciences,
United Arab Emirates University were used in the present study. They were 10-12 weeks of age and weighing
at the start 244 * 17 g. Rats were fed with standard laboratory chow and water ad libitum. They were
indiscriminately separated into 4 groups and separately kept in metabolic cages to allow urine collection
at a relative humidity of 50-60%, temperature of 22 + 1°C and a 12hrs light-dark cycle. The animals were
permitted an adaptation period of 4 days prior any experimentation. The animals were weighed at the start
of the experiment and immediately prior sacrifice.

Treatments

AKI was achieved in the rats by administering CDDP (Tocris Cookson Ltd., Bristol, Avon, UK) at a single
intraperitoneal (i.p.) dose of 6 mg/kg [20, 21]. Control rats were given the same volume of normal saline
i.p. On day 5 post CDDP treatment (viz. on day 6), the rats were anesthetized by isoflurane inhalation and
positioned supine with an extended neck on an angled board. A cannula (18 Gauge; BD Biosciences, Franklin
Lakes, NJ) was introduced via the mouth into the trachea. CNPs or saline-only (200 pL) suspensions were
instilled intratracheally (i.t.) via a sterile syringe, followed by a 200 pL air bolus.

The 4 groups received the following treatment:

Group 1: Normal saline (control, 500 puL/rat) was administered i.p., and 5 days after, one dose of saline
(200 pL per rat) was administered i.t.;

Group 2: Similar to group 1, apart from that the saline given i.t. was substituted with an i.t. instillation
of CNPs (1 mg/kg);

Group 3: One dose of CDDP (6 mg/kg) was injected i.p., and 5 days after, a single dose of saline (200 pL
per rat) was given i.t,;

Group 4: Similar to group 3, apart from that the saline given i.t. was substituted with an i.t. instillation
of CNPs (1 mg/kg).

On day 6, animals were put in metabolic cages straightaway following i.t. instillation of saline or CNPs.
The urine of each animal was obtained over a 24 h period, and the urine volume quantified.

Platelet aggregation in rat whole blood
The platelet aggregation assay in whole blood was performed as previously described [22, 23].

Prothrombin time (PT) and activated partial thromboplastin time (aPTT) measurement in plasma in

vitro

The PT and aPTT were measured according to previously reported techniques using plasma samples of
rats i.t. administered with either saline or CNPs, with or without CDDP administration [24, 25].

Biochemical analysis, histology, and immunohistochemistry

Animals were anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and blood was collected
from the inferior vena cava in 4% of EDTA. An ABX Micros 60 counter was used for blood cell counts (ABX
Diagnostics, Montpellier, France). The residual blood was centrifuged at 900 x g (at 4°C for 15 min), and the
plasma samples were kept at —~80°C awaiting analysis.

The concentrations of urea in plasma and creatinine in urine and plasma were quantified using
commercial kits (Roche Diagnostics, Indianapolis, IN, USA), and that of interleukin (IL)-6 and tumour
necrosis factor a (TNFa) in plasma were assessed using ELISA kits (Duo Set, R&D systems, Minneapolis,
MN, USA). The concentration of troponin I and activity lactate dehydrogenase (LDH) were assessed using
commercial kits (Roche, Basel, Switzerland). The quantification of nitric oxide (NO) was achieved with a
total NO assay kit (R&D systems, MN, USA), which quantifies the comparatively stable NO metabolites NO,’
and NO,"
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The rats were sacrificed with an overdose of sodium pentobarbital. The hearts were removed, washed
with ice-cold saline, blotted with filter paper, and weighed. Half of the hearts were fixed (10% buffered
formalin). They were then sectioned, casseted, dehydrated in cumulative concentrations of ethanol, cleared
with xylene, and embedded with paraffin wax. Sections (3 pum) were made from the paraffin blocks and
stained with hematoxylin and eosin. The stained sections were blindly assessed by light microscopy. For
immunohistochemistry, heart sections (5 um) were made and mounted on aminopropyltriethoxysilane
(APES)-coated slides. Following dewaxing with xylene and rehydrating with graded alcohol, slides were put
in 0.01 M citrate buffer solution (pH=6.0). Pretreatment procedures were performed to unmask the antigens
in a water-bath (95°C for 30 min). After that, sections were treated with peroxidase block (60 min), followed
by protein block for an additional 60 min. The sections were incubated with either anti-nuclear factor
erythroid 2-related factor 2 (Nrf2) (Rabbit Polyclonal, 1:100, Abcam, Cambridge, UK) or anti-glutathione
peroxidase (Rabbit Polyclonal, 1:300, Abcam, Cambridge, UK) at room temperature for 60 min. Following
conjugation with primary antibodies, sections were incubated with secondary antibody (EnVision, DAKO,
Agilent, USA) at room temperature for 20 min, followed by a DAB chromogen addition (EnVision, DAKO,
Agilent, USA) and counterstaining with hematoxylin. Suitable positive controls were utilized. Primary
antibody was not added to the sections of the negative control group. Both negative and positive controls
were utilized in each batch of stained slides (not shown in figures). The immunohistochemical staining of
heart tissue was assessed blindly and semi-quantitatively in 4 slides of each specimen. Four equal coronal
slices of the heart were present in each slide. Using the Image] software (http://rsbweb.nih.gov/ij/), the
number of positively-stained cells were quantified in 10 randomly selected high-power fields (HPF) in the
heart sections. The mean numbers of positively-stained cells were then changed from per HPF to per mm?
(1mm?=4HPF) [26, 27].

The other halves of the hearts were rapidly rinsed with ice-cold PBS (pH 7.4) prior to homogenization,
as described before [11]. The homogenates were centrifuged at 3000 g for 10 min at 4°C to eliminate
cellular debris, and the supernatants were utilized for additional analysis [11]. Bradford’s method was used
to quantify the cardiac protein content. We also measured in the heart homogenates the concentrations of
IL-6, TNFa, glutathione (Sigma-Aldrich Fine Chemicals, St Louis, MO, USA) as well as the activity of catalase
(CAT) (Cayman Chemicals Company, Ann Arbor, MI, USA).

DNA damage assessment by comet assay
In separate set of animals, the heart DNA injury assessment was quantified by comet (single-cell gel
electrophoresis) assay according to previously reported technique [11, 14].

Statistical analysis

The data were analyzed with GraphPad Prism Version 4 (Graphpad Software Inc., San Diego, CA, USA).
Data were analyzed for normal distribution with the Shapiro-Wilk normality test. Data are expressed as
means + SEM. Comparisons between groups were achieved by one-way analysis of variance (ANOVA),
followed by the Newman-Keuls test. P values < 0.05 were considered significant.

Results

Creatinine clearance and plasma concentrations of urea and creatinine

Creatinine clearance and the plasma concentrations of urea and creatinine were
measured in the four groups of rats administered i.t. with either saline or CNPs, with or
without CDDP administration (n=5-7 per group). The plasma concentration of urea did not
differ between the saline (7.7 + 0.6 mmol/L) and CNPs (8.2 £ 0.5 mmol/L) groups. However,
the concentration was significantly elevated in the group treated with CDDP + CNPs (37.0
+ 9.6 mmol/L) when compared with those treated with either CDDP + saline (18.5 * 3.7
mmol/L) (P < 0.05) or CNPs alone (P < 0.01).
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The plasma creatinine concentration
was comparable in the saline (16.1
+ 0.6 umol/L) and CNPs (16.7 = 0.4
umol/L) groups. The plasma creatinine
concentration was significantly higher
in the group treated with CDDP + CNPs
(109.9 £ 35.2 umol/L) when compared
with those treated with either CDDP +
saline (52.3 + 10.2 umol/L) (P < 0.05) or
CNPs alone (P < 0.01).

Similarly, there was no difference
in creatinine clearance between the
saline (1.5 £ 0.1 mL/min) and CNPs (1.7
+ 0.1 mL/min) groups. Clearance was
significantly lower in the group treated
with CDDP + CNPs (0.2 + 0.05 mL/min)
when compared with those treated with
either CDDP + saline (0.6 + 0.09 mL/min)
(P <0.05) or CNPs alone (P <0.0001).

Coagulation function

Fig. 1A shows that the number of
circulating platelets was significantly
reduced in the CDDP + CNPs-treated
group when compared with those treated
with CDDP + saline (P < 0.01) or CNPs
alone (P < 0.01).

Fig. 1B illustrates the effect of i.t.
saline or CNPs administration, with or
without CDDP administration, on platelet
aggregation in whole blood. Whole blood
obtained from rats exposed to CNPs and
incubated with ADP (0.1 puM) showed
significantly more platelet aggregation
than that collected from rats exposed to
saline (P < 0.01). Likewise, there was a
significantincrease in plateletaggregation
the CDDP + saline-treated group when
compared with the saline-treated group
(P <0.0001). Interestingly, platelet aggre-
gation was significantly increased in
the CDDP + CNPs-treated group when
compared with the CDDP + saline (P <
0.01) or CNPs groups (P < 0.001).
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Fig. 1. (A) Circulating platelet numbers in rats
intratracheally instilled with either saline (control)
or cerium oxide nanoparticles (CNPs), with or
without cisplatin (CDDP) administration. (B) Platelet
aggregation in whole blood obtained from either
untreated control rats with or without the addition
of adenosine diphosphate (ADP; 0.1 uM) or rats
intratracheally instilled with either saline or cerium
oxide nanoparticles (CNPs), with or without cisplatin
(CDDP) administration. Data are presented as means
+ SEM (n=5-8).

Fig. 2 shows that, compared with the saline-treated group, both the PT and aPTT were
slightly but significantly shorter in the CNPs and CDDP + saline-treated groups. Likewise,
PT and aPTT for the CDDP + CNPs-treated group were significantly shorter when compared
with the CDDP + saline or CNPs-treated groups.

Relative heart weight and plasma concentrations of troponin I and lactate dehydrogenase

Fig. 3 illustrates that rats treated with CDDP + CNPs had significantly increased relative
heart weight (Fig. 3A), plasma concentrations of troponin I (Fig. 3B), and LDH (Fig. 3C) when
compared with the CDDP + saline and CNPs-treated groups.
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Total NO activity and plasma concen-

trations of IL-6 and TNFa

The plasma concentrations of IL-6
(Fig. 4A) and TNF« (Fig. 4B) and the total
NO activity (Fig. 4C) were significantly
augmented in the CDDP + CNPs-treated
group when compared with the CDDP +
saline and CNPs-treated groups (P < 0.05-
0.001).

PT (s)

Heart homogenate concentrations of

IL-6, TNFa and GSH, and CAT activity

The IL-6 concentration in heart
homogenate was significantly increased
in the CNPs-treated group compared
with the saline-treated group (P < 0.05).
Compared with the latter group,
concentrations of IL-6 (P < 0.0001) and
TNFa (P < 0.0001) in heart homogenates
were significantly increased in the CDDP
+ saline-treated group (Fig. 5A-B).
Moreover, the concentrations of IL-6 and
TNFa were significantly increased in the
CDDP + CNPs-treated group compared
with the CDDP + saline (P < 0.0001) and
CNPs-treated groups (P < 0.0001) (Fig.
5A-B).

CAT activity in heart homogenates
was significantly increased in the CNPs-
treated group when compared with the
saline-treated group (P < 0.05). This
was also true for the CDDP + saline-
treated group when compared with
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the saline-treated group (P < 0.0001)
(Fig. 5C). Furthermore, CAT activity
was significantly increased in the
CDDP + CNPs group when compared
with the CDDP + saline (P < 0.0001)
and CNPs-treated groups (P < 0.0001)
(Fig. 5C). The concentration of GSH in
heart homogenates was significantly

Fig. 2. (A) Prothrombin time (PT) and (B) activated
partial thromboplastin time (aPTT) in plasma of rats
intratracheally instilled with either saline (control) or
cerium oxide nanoparticles (CNPs), with or without
cisplatin (CDDP) administration. Data are presented as
means + SEM (n=5).

augmented in the CDDP + CNPs group when compared the CDDP + saline (P < 0.0001) and

CNPs-treated groups (P < 0.0001) (Fig. 5D).

DNA damage in the heart

Fig. 6 depicts the evaluation of DNA injury in the heart tissue via comet assay. Compared
with the saline-treated group, i.t. administration of CNPs induced a significant increase in
DNA damage (P < 0.01). DNA damage was significantly elevated in the CDDP + saline-treated
group when compared with the group treated with saline only (P < 0.001). Additionally,
the observed DNA damage increased significantly in the CNPs + CDDP-treated group when
compared with the CDDP + saline (P < 0.05) or CNPs-only (P < 0.05) groups.



Cellular Phys|ology Cell Physiol Biochem 2021;55:1-16

DOI: 10.33594/000000323 © 2021 The Author(s). Published by

and BiOChemiStry Published online: 15 January 2021 |Cell Physiol Biochem Press GmbH&Co. KG

Nemmar et al.: Cardiovascular Toxicity of Cerium Oxide Nanoparticles and Acute Kidney

Injury

Heart histopathology and immuno-

histochemistry

There were no detectable
morphological changes in the H&E-
stained heart sections obtained from rats
instilled i.t. with either saline or CNPs,
with or without CDDP administration
(Fig. 7).

Fig. 8A, 8C, 8E, 8G, and 8I reveal
that there was nuclear and cytoplasmic
Nrf2 expression by cardiac myocytes and
endothelial cells in the heart sections of
the studied groups. The expression was
of various intensities and distributions.
Nuclear Nrf2 expression by cardiac
myocytes and endothelial cells was
significantly increased in the CNPs-
treated group when compared with the
saline group (P < 0.0001), and in the
CDDP + saline-treated group compared
with the saline-only group (P < 0.0001).
Furthermore, nuclear Nrf2 expression
was significantly increased in the CDDP +
CNPs-treated group when compared with
the CDDP + saline (P < 0.0001) or CNPs
(P <0.0001) groups.

Fig. 8B, 8D, 8F 8H, and 8]
demonstrate various intensities and
distributions of cytoplasmic glutathione
peroxidase expression by cardiac
myocytes in the heart sections of the
four groups. Glutathione peroxidase
expression was significantly increased in
the CNPs-treated group when compared
with the saline-treated group (P < 0.01),
and in the CDDP + saline-treated group
when compared with the saline-treated
group (P < 0.01). Moreover, cytoplasmic
glutathione peroxidase expression in
cardiac myocytes was significantly
increased in the CDDP + CNPs-treated
group when compared with the CDDP
+ saline (P < 0.05) or CNPs-treated (P <
0.05) groups.

0.2

0.14

0.0

Relative Heart Weight (g)
&

N
o
l
T
A
o
o
=

w
o
|

Troponin-l (ng/L)
o 3 8
’ -_i

4 Q? N Q
& & x,;b\ x(}\
N N
&® &
c | P<0.001 |
I 1
300+ w'
=
2
© 2004
g
@ -
- 1T
£ 100
I
o
|
0
R 2 )
N T
s
&® &

Fig. 3. (A) Relative heart weight and (B) plasma levels
of troponin I and (C) lactate dehydrogenase (LDH) in
rats intratracheally instilled with either saline (control)
or cerium oxide nanoparticles (CNPs), with or without
cisplatin (CDDP) administration. Data are presented as
means * SEM (n=6-8).
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Fig. 5. Heart homogenate levels of (A) interleukin-6 (IL-6), (B) tumour necrosis factor o (TNFa), (C)
catalase, and (D) glutathione (GSH) in rats intratracheally instilled with either saline (control) or cerium
oxide nanoparticles (CNPs), with or without cisplatin (CDDP) administration. Data are presented as means
+ SEM (n=6-8).
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Fig. 7. A-D. Representative light microscopy sections of hematoxylin and eosin-stained heart tissues of
Wistar rats intratracheally instilled with either saline (control) or cerium oxide nanoparticles (CNPs), with
or without cisplatin (CDDP) administration. (A) Representative heart section obtained from saline-treated
rats showing normal heart with unremarkable changes. (B) Representative heart section obtained from
CDDP + saline-treated rats showing heart with unremarkable changes. (C) Representative heart sections
obtained from CNP-treated rats showing heart with unremarkable changes. (D) Representative heart section
obtained from CDDP + CNP-treated rats showing heart with unremarkable changes. Scale bars: 50 pm.

Discussion

In this study, we showed that i.t. administration of CNPs in rats with AKI exacerbated
systemic inflammation, oxidative stress, and coagulation events. It also aggravated cardiac
inflammation, DNA damage, and Nrf2 expression.

Kidney disease is a global public health problem affecting over 750 million people
worldwide [28]. The prevalence of AKI is also rising globally, resulting in significant
morbidity and mortality. AKI induced by nephrotoxins, traditional medicines, infectious
agents, or hospitalization contributes to increased risk of mortality and the development
of chronic kidney disease [28]. It is also well established that the adverse health effects of
particulate air pollution are more pronounced in vulnerable subjects, such as those with
kidney diseases [4].

CDDPisusedinthetreatmentofseveral types of cancer. Though its effectivenessincreases
with dose, high doses have been reported to cause several adverse effects, principally
nephrotoxicity [29]. This process involves inflammation, oxidative stress apoptosis, and
proximal tubular injury [29, 30]. Numerous experimental studies have acknowledged
AKI development in rats administered with a single i.p. dose of CDDP at 6 mg/kg [14, 31].
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Fig. 8. A-H. Immunohistochemical analysis of the heart tissue sections for the detection of nuclear factor
erythroid-derived 2-like 2 (Nrf2) and glutathione peroxidase in rats intratracheally instilled with either
saline (control) or cerium oxide nanoparticles (CNPs), with or without cisplatin (CDDP) administration.
(A) Representative heart section obtained from saline-treated rats showing normal heart with Nrf2 nuclear
staining of few cardiomyocytes (arrow). (B) Representative heart section obtained from saline-treated rats
showing normal heart with glutathione peroxidase cytoplasmic staining of few cardiomyocytes (arrow).
(C) Representative heart section obtained from CDDP + saline-treated rats showing increased number of
nuclei of cardiomyocytes stained with Nrf2 (arrow). (D) Representative heart section obtained from CDDP
+ saline-treated rats showing increased number of cardiomyocytes stained with glutathione peroxidase
(arrow). (E) Representative heart section obtained from CNPs-treated rats showing increased number of
nuclei of cardiomyocytes stained with Nrf2 (arrow). (F) Representative heart section obtained from CNPs-
treated rats showing increased number of cardiomyocytes stained with glutathione peroxidase (arrow).
(G) Representative heart section obtained from CDDP + CNPs-treated rats showing increased number of
nuclei of cardiomyocytes stained with Nrf2 (arrow). (H) Representative heart section obtained from CDDP
+ CNPs-treated rats showing increased number of cardiomyocytes stained with glutathione peroxidase
(arrow). (I) Quantitative evaluation of Nrf2 nuclear staining of cardiomyocytes of hearts obtained from rats
intratracheally instilled with either saline (control) or cerium oxide nanoparticles (CNPs), with or without
cisplatin (CDDP) administration (n=8). (J) Quantitative evaluation of glutathione peroxidase staining of
cardiomyocytes of hearts obtained from rats intratracheally instilled with either saline or CNPs, with or
without CDDP administration (n=7-8). Scale bars: 50 pm.

11



Ce”ular Phy5|ology Cell Physiol Biochem 2021;55:1-16

. . DOI: 10.33594/000000323 © 2021 The Author(s). Published by
and BIOChemIStry Published online: 15 January 2021 |Cell Physiol Biochem Press GmbH&Co. KG

Nemmar et al.: Cardiovascular Toxicity of Cerium Oxide Nanoparticles and Acute Kidney

Injury

Recently, in a rat AKI model induced by CDDP administration, pulmonary exposure to CNPs
exacerbated kidney and lung injury [14]. Moreover, we have also reported an aggravation
of aortic oxidative stress, inflammation, and DNA damage following pulmonary exposure to
CNPs in rats treated with CDDP [13]. However, the thrombotic and cardiac effects of CNPs in
experimental AKI have not yet been reported. In the present study, we therefore continued to
use the same rat model of AKI and the same dose of CNPs (1 mg/kg). The dose was deposited
in the lung by i.t. instillation [13, 14]. A similar dose of CNPs has previously been used by
others in mice and rats to assess pulmonary toxicity or ischemia-reperfusion injury [9-11,
32].

The impact of pulmonary exposure of CNPs in experimental AKI on the lung and kidney
hasbeenrecently reported [14]. The present study was specifically designed to investigate the
consequences of such an interaction on the cardiovascular system. As reported earlier [14],
we confirmed in the present work that compared with values from rats treated with CDDP +
saline or CNPs, co-administration of CDDP + CNPs resulted in a substantial elevation in the
plasma concentrations of creatinine and urea and decreased creatinine clearance.

Along with other researchers, we recently reported that the in vitro incubation of mouse
or human whole blood with CNPs neither caused platelet aggregation nor affected either
PT or aPTT [10, 33]. However, in the same study, we also showed that in vivo pulmonary
exposure to CNPs in mice caused thrombotic events in pial microvessels [10]. In the current
study, blood was collected from rats previously instilled i.t. with either saline or CNPs, with
or without CDDP administration. We measured the number of circulating platelets, platelet
aggregation in the presence of ADP, and the PT and aPTT. Our data show a significant decrease
in the number of circulating platelets in rats treated with CDDP + CNPs compared with those
that received either CDDP + saline or CNPs. The decrease in platelets is suggestive of platelet
activation in vivo. Both experimental murine and clinical studies have previously described
a reduction in circulating platelet numbers after pulmonary exposure to particulate air
pollution [34, 35]. Our data show that in CNPs group, platelet aggregation, PT, and aPTT
were significantly affected compared with the saline-treated group. This was also true for
the CDDP + saline group compared with the saline-treated group. Interestingly, the latter
endpoints were all significantly affected in rats treated concomitantly by CDDP + CNPs
compared with the CDDP + saline or CNPs treated-groups. This demonstrated a worsening
of the thrombotic effects of CNPs in rats with AKI.

Since itis possible that the observed thrombotic effects may have resulted from systemic
inflammation and oxidative stress caused by pulmonary deposited CNPs, we measured
several markers of cytotoxicity, inflammation, and oxidative and nitrosative stress in the
plasma. Our data show that relative heart weights, troponin I, and LDH were significantly
increased in CDDP + CNPs-treated rats compared with those administered with either CDDP
+ saline or CNPs. The increase in relative heart weight is indicative of cardiac hypertrophy,
and the augmentation of troponin I is suggestive of myocardial injury. It is well known that
troponin I is a reliable biomarker of myocardial injury in cardiotoxicity [36, 37]. The increase
of LDH in plasma is indicative of cytolysis [38]. As troponin was also increased in plasma, we
can conclude that increased LDH could have resulted at least partly from the cardiotoxicity
observed in rats exposed to CDDP + CNPs. Furthermore, our data exhibit that the levels of IL-
6, TNFq, and total NO were significantly increased in the CDDP + CNP group compared with
those administered with either CDDP + saline or CNPs. This result indicates the occurrence
of inflammation and oxidative stress in rats with AKI exposed to CNPs. It is well known that
patients with kidney diseases develop conditions of amplified inflammation and oxidative
stress, thus making them more prone to the adverse effects of inhaled nanoparticles [4]. The
observed increase in systemic inflammation and oxidative stress may explain the increased
coagulation disturbances observed in the CDDP + CNPs group. In fact, both experimental and
clinical studies have reported a close relationship between thrombosis, inflammation, and
oxidative stress [39].

Markers of inflammation, oxidative and nitrosative stress, and cardiac injury were
significantly increased in the plasma of CDDP + CNPs group. We therefore wanted to verify
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the occurrence of cardiotoxicity and assess its mechanisms by evaluating inflammation,
oxidative stress, and DNA damage in heart tissue. Using heart homogenates, we found
that IL-6 and CAT levels were significantly increased in the CNPs group when compared
with the saline group. We also found that IL-6, TNFa, and CAT levels were increased in the
CDDP + saline group when compared with the saline group. This confirms the damaging
effect of CDDP on the heart and corroborates the findings of a recent study reporting the
cardiotoxicity of CDDP [40]. This study also demonstrated that the use of zingerone, a natural
polyphenol with anti-inflammatory and antioxidant properties, alleviates this effect [40].
Remarkably, we presently demonstrated that compared with either CNPs or CDDP + saline,
the combination of CDDP + CNPs significantly increased levels of IL-6, TNFa, CAT, and
GSH in heart homogenates. It is well known that oxidative stress and inflammation, which
mutually amplify each other, can lead to cell membrane damage or DNA injury [39]. We have
previously reported that pulmonary exposure to CNPs in healthy mice induces oxidative
stress, inflammation, and DNA damage in the heart [11]. More recently, we have documented
the potentiation of inflammation, oxidative stress, and DNA damage in the kidney and lungs
of rats exposed to CDDP + CNPs when compared with effects of CNPs or CDDP + saline
treatment [14]. However, as far as we are aware, the impact of CDDP + CNPs on heart DNA
damage has not been previously reported. Here we show that DNA damage was significantly
increased in both CNPs and CDDP + saline groups when compared with saline only group,
and that the association of CDDP + CNPs significantly potentiated this effect. The latter could
be explained by the aggravation of inflammation and oxidative stress in the hearts of rats
treated with both CDDP and CNPs.

It has been reported that a single high dose of CDDP (10 mg/kg, i.p.) or repeated
administration of CDDP to rats at 4 mg/kg/week for 4 weeks caused alteration of the heart
morphology [41, 42]. Here, the histological analysis of the heart did not show any detectable
morphological changes following either CDDP + saline or CDDP + CNPs administration. This
could be related to the fact that we used a single (i.p.) and relatively low dose of CDDP (6
mg/kg, i.p.) and assessed acute pulmonary exposure to single dose of CNPs as compared
with repeated and chronic exposure to CNPs. However, our data did clearly show significant
increases in the levels of troponin I and LDH in the plasma, and inflammation and oxidative
stress in heart homogenates. In addition, the immunohistochemical analysis of the heart
tissue revealed a concomitant and significant increase in Nrf2 expression and glutathione
peroxidase in both CNPs and CDDP + saline, when compared with the saline-only group.
Moreover, in concordance with the results seen in heart homogenates, we found a significant
potentiation of Nrf2 and glutathione peroxidase in the CDDP + CNPs group compared with
either CNPs or CDDP + saline. Nrf2 is a transcription factor and can be triggered by oxidative
stress. It is implicated in the regulation of the expression of various cytoprotective genes
encoding antioxidant proteins [43]. Significant intensification of Nrf2 and glutathione
peroxidase expression was observed in the CDDP + CNPs group, suggesting that this treatment
potentially prompted an adaptive reaction counterbalancing the potentially damaging action
of CDDP + CNPs-induced oxygen radicals. An increase of Nrf2 expression has been reported
in the hearts of mice exposed to waterpipe smoke and in lipopolysaccharide-induced lung
injury in mice [44, 45].

The findings of the present work as well as numerous other previously published studies
provided considerable and clear evidence that pulmonary exposure to CNPs induces not
only lung toxicity characterized by inflammation, oxidative stress and DNA damage, but also
systemic toxicity in various organs comprising the kidney and heart [9-11, 14, 32, 46-48].
Using different route of exposure, i.e. intraperitoneal administration, it has been reported
that CNPs exert protective effects on CDDP-induced nephrotoxicity in mice and doxorubicin-
induced liver injury in rats [49, 50]. The exact reason for these discrepancies is not clear, but it
could be related to the route of exposure, the difference in the morphological characteristics
of the nanoparticles, the biological environment used or other unknown factors. Further
studies are needed to clarify this issue.
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Conclusion

We conclude that i.t. administration of CNPs in rats with AKI impaired coagulation,
systemic inflammation, and oxidative stress. It also exacerbated cardiac inflammation,
oxidative stress and DNA damage, and Nrf2 expression. Our study suggests that the adverse
cardiovascular effects of inhaled CNPs are expected to be the greatest in patients with kidney
injury. Further studies are needed to assess the renal and cardiovascular effects of CNPs in
animal model of chronic renal disease.

Acknowledgements
All authors have read and approved the manuscript.

Author Contributions

AN designed, planned, and supervised all experiments and wrote the article. SA
performed histological analysis. SN, MK, FM, SB, PY, and ]JY performed the experiments. BHA
contributed to the design of the study and wrote the article.

Funding

This work was supported by the funds of the College of Medicine and Health Sciences
(31M367 and 31M456), SURE Plus (G00003155) and Zayed Center for Health Sciences
(31R231 and G00003466) United Arab Emirates University (UAEU).

Disclosure Statement

No conflicts of interest to disclose.

References

1 Rajagopalan S, Al-Kindi SG, Brook RD: Air Pollution and Cardiovascular Disease. JACC State-of-the-Art
Review. ] Am Coll Cardiol 2018;72:2054-2070.

2 Bowe B, Xie Y, Li T, Yan Y, Xian H, Al-Aly Z: Particulate Matter Air Pollution and the Risk of Incident CKD and
Progression to ESRD. ] Am Soc Nephrol 2018;29:218-230.

3 Bowe B, Xie Y, Xian H, Lian M, Al-Aly Z: Geographic Variation and US County Characteristics Associated
With Rapid Kidney Function Decline. Kidney Int Rep 2017;2:5-17.

4 Xu X, Nie S, Ding H, Hou FF: Environmental pollution and kidney diseases. Nat Rev Nephrol 2018;14:313-
324.

5 Afsar B, Elsurer AR, Kanbay A, Covic A, Ortiz A, Kanbay M: Air pollution and kidney disease: review of
current evidence. Clin Kidney ] 2019;12:19-32.

6 Selvan AM, Anand V, Udayakumar MRB: Effects of cerium oxide nanoparticle addition in diesel and diesel-
biodiesel-ethanol blends on the performance and emission characteristics of a Cl engine. 4:1-6. ] Eng Appl
Sci 2009:1-6.

7 Cassee FR, van Balen EC, Singh C, Green D, Muijser H, Weinstein ], Dreher K: Exposure, health and
ecological effects review of engineered nanoscale cerium and cerium oxide associated with its use as a fuel
additive. Crit Rev Toxicol 2011;41:213-229.

8 Ma ], Mercer RR, Barger M, Schwegler-Berry D, Cohen JM, Demokritou P, Castranova V: Effects of
amorphous silica coating on cerium oxide nanoparticles induced pulmonary responses. Toxicol Appl
Pharmacol 2015;288:63-73.

9 Ma]yY, Zhao H, Mercer RR, Barger M, Rao M, Meighan T, Schwegler-Berry D, Castranova V, Ma JK: Cerium
oxide nanoparticle-induced pulmonary inflammation and alveolar macrophage functional change in rats.
Nanotoxicology 2011;5:312-325.

14



Ce”ular Phy5|ology Cell Physiol Biochem 2021;55:1-16

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

DOI: 10.33594/000000323 © 2021 The Author(s). Published by

and BiOChemiStry Published online: 15 January 2021 |Cell Physiol Biochem Press GmbH&Co. KG

Nemmar et al.: Cardiovascular Toxicity of Cerium Oxide Nanoparticles and Acute Kidney

Injury

Nemmar A, Al-Salam S, Beegam S, Yuvaraju P, Ali BH: The acute pulmonary and thrombotic effects of
cerium oxide nanoparticles after intratracheal instillation in mice. Int ] Nanomedicine 2017;12:2913-2922.
Nemmar A, Yuvaraju P, Beegam S, Fahim MA, Ali BH: Cerium Oxide Nanoparticles in Lung Acutely Induce
Oxidative Stress, Inflammation, and DNA Damage in Various Organs of Mice. Oxid Med Cell Longev
2017;2017:9639035.

He X, Zhang H, Ma Y, Bai W, Zhang Z, Lu K, Ding Y, Zhao Y, Chai Z: Lung deposition and extrapulmonary
translocation of nano-ceria after intratracheal instillation. Nanotechnology 2010;21:285103.

Nemmar A, Al-Salam S, Beegam S, Yuvaraju P, Ali BH: Aortic Oxidative Stress, Inflammation and DNA
Damage Following Pulmonary Exposure to Cerium Oxide Nanoparticles in a Rat Model of Vascular Injury.
Biomolecules 2019;9:376.

Nemmar A, Al-Salam S, Al Ansari Z, Alkharas ZA, Al Ahbabi RM, Beegam S, Yuvaraju P, Yasin |, Ali BH: Impact
of pulmonary exposure to cerium oxide nanoparticles on experimental acute kidney injury. Cell Physiol
Biochem 2019;52:439-454.

Franchini M, Mengoli C, Cruciani M, Bonfanti C, Mannucci PM: Association between particulate air pollution
and venous thromboembolism: A systematic literature review. Eur ] InternMed 2016;27:10-13.

Nemmar A, Holme JA, Rosas I, Schwarze PE, Alfaro-Moreno E: Recent advances in particulate matter and
nanoparticle toxicology: a review of the in vivo and in vitro studies. Biomed Res Int 2013;2013:279371.
Ferdous Z, Nemmar A: Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity
Following Various Routes of Exposure. Int ] Mol Sci 2020;21:2375.

Virzi G, Day S, de CM, Vescovo G, Ronco C: Heart-kidney crosstalk and role of humoral signaling in critical
illness. Crit Care 2014;18:201.

Ma Y, Young SH, Mercer RR, Barger M, Schwegler-Berry D, Ma JK, Castranova V: Interactive effects of
cerium oxide and diesel exhaust nanoparticles on inducing pulmonary fibrosis. Toxicol Appl Pharmacol
2014;278:135-147.

Ali BH, Al Moundhri MS, Tag EM, Nemmar A, Tanira MO: The ameliorative effect of cysteine prodrug L-2-
oxothiazolidine-4-carboxylic acid on cisplatin-induced nephrotoxicity in rats. Fundam Clin Pharmacol
2007;21:547-553.

Ali BH, Al Moundhri M, Eldin MT, Nemmar A, Al Siyabi S, Annamalai K: Amelioration of cisplatin-induced
nephrotoxicity in rats by tetramethylpyrazine, a major constituent of the Chinese herb Ligusticum wallichi.
Exp Biol Med (Maywood) 2008;233:891-896.

Nemmar A, Yuvaraju P, Beegam S, John A, Raza H, Ali BH: Cardiovascular effects of nose-only water-pipe
smoking exposure in mice. Am J Physiol Heart Circ Physiol 2013;305:H740-H746.

Nemmar A, Yuvaraju P, Beegam S, Ali BH: Short-term nose-only water-pipe (shisha) smoking exposure
accelerates coagulation and causes cardiac inflammation and oxidative stress in mice. Cell Physiol Biochem
2015;35:829-840.

Nemmar A, Al Salam S, Zia S, Dhanasekaran S, Shudadevi M, Ali BH: Time-course effects of systemically
administered diesel exhaust particles in rats. Toxicol Lett 2010;194:58-65.

Nemmar A, Zia S, Subramaniyan D, Fahim MA, Ali BH: Exacerbation of thrombotic events by diesel exhaust
particle in mouse model of hypertension. Toxicology 2011;285:39-45.

Nemmar A, Al-Salam S, Beegam S, Yuvaraju P, Oulhaj A, Ali BH: Water-Pipe Smoke Exposure-Induced
Circulatory Disturbances in Mice, and the Influence of Betaine Supplementation Thereon. Cell Physiol
Biochem 2017;41:1098-1112.

Nemmar A, Al-Salam S, Beegam S, Yuvaraju P, Ali BH: Thrombosis, systemic and cardiac oxidative stress
and DNA damage induced by pulmonary exposure to diesel exhaust particles, and the effect of nootkatone
thereon. Am] Physiol Heart CircPhysiol 2018;314:H917-H927.

Crews DC, Bello AK, Saadi G: Burden, access, and disparities in kidney disease. Saudi ] Kidney Dis Transpl
2019;30:281-290.

Perazella MA: Onco-nephrology: renal toxicities of chemotherapeutic agents. Clin ] Am Soc Nephrol
2012;7:1713-1721.

Ali BH, Al-Salam S, Al Husseini IS, Al-Lawati I, Waly M, Yasin ], Fahim M, Nemmar A: Abrogation of cisplatin-
induced nephrotoxicity by emodin in rats. Fundam Clin Pharmacol 2013;27:192-200.

Nemmar A, Al Salam §, Zia S, Yasin ], Al HI, Ali BH: Diesel exhaust particles in the lung aggravate
experimental acute renal failure. Toxicol Sci 2010;113:267-277.

15



Ce”ular Phy5|ology Cell Physiol Biochem 2021;55:1-16

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

DOI: 10.33594/000000323 © 2021 The Author(s). Published by

and BiOChemiStry Published online: 15 January 2021 |Cell Physiol Biochem Press GmbH&Co. KG

Nemmar et al.: Cardiovascular Toxicity of Cerium Oxide Nanoparticles and Acute Kidney

Injury

Wingard C], Walters DM, Cathey BL, Hilderbrand SC, Katwa P, Lin S, Ke PC, Podila R, Rao A, Lust RM, Brown
JM: Mast cells contribute to altered vascular reactivity and ischemia-reperfusion injury following cerium
oxide nanoparticle instillation. Nanotoxicology 2011;5:531-545.

Del TS, Ciofani G, Cappello V, Parlanti P, Gemmi M, Caselli C, Ragusa R, Papa A, Battaglia D, Sabatino L, Basta
G, Mattoli V: Effects of cerium oxide nanoparticles on hemostasis: Coagulation, platelets, and vascular
endothelial cells. ] Biomed Mater Res A 2019;107:1551-1562.

Nemmar A, Al Salam S, Dhanasekaran S, Sudhadevi M, Ali BH: Pulmonary exposure to diesel exhaust
particles promotes cerebral microvessel thrombosis: protective effect of a cysteine prodrug 1-2-
oxothiazolidine-4-carboxylic acid. Toxicology 2009;263:84-92.

Ruckerl R, Phipps RP, Schneider A, Frampton M, Cyrys ], Oberdorster G, Wichmann HE, Peters A: Ultrafine
particles and platelet activation in patients with coronary heart disease - results from a prospective panel
study. Part Fibre Toxicol 2007;4:1.

O’Brien PJ: Cardiac troponin is the most effective translational safety biomarker for myocardial injury in
cardiotoxicity. Toxicology 2008;245:206-218.

Bohm M, Voors AA, Ketelslegers JM, Schirmer SH, Turgonyi E, Bramlage P, Zannad F: Biomarkers:
optimizing treatment guidance in heart failure. Clin Res Cardiol 2011;100:973-981.

Madden MC, Richards JH, Dailey LA, Hatch GE, Ghio AJ: Effect of ozone on diesel exhaust particle toxicity in
rat lung. Toxicol Appl Pharmacol 2000;168:140-148.

Hajjar DP, Gotto AM, Jr.: Biological relevance of inflammation and oxidative stress in the pathogenesis of
arterial diseases. Am] Pathol 2013;182:1474-1481.

Soliman AF, Anees LM, Ibrahim DM: Cardioprotective effect of zingerone against oxidative stress,
inflammation, and apoptosis induced by cisplatin or gamma radiation in rats. Naunyn Schmiedebergs Arch
Pharmacol 2018;391:819-832.

Chowdhury S, Sinha K, Banerjee S, Sil PC: Taurine protects cisplatin induced cardiotoxicity by modulating
inflammatory and endoplasmic reticulum stress responses. Biofactors 2016;42:647-664.

Saleh RM, Awadin WE, El-Shafei RA, Elseady YY, Wehaish FE, Elshal MF: Cardioprotective role of tadalafil
against cisplatin-induced cardiovascular damage in rats. Eur ] Pharmacol 2015;765:574-581.

Barancik M, Gresova L, Bartekova M, Dovinova I: Nrf2 as a key player of redox regulation in cardiovascular
diseases. Physiol Res 2016;65:51-S10.

Nemmar A, Salam SA, Beegam §, Yuvaraju P, Ali BH: Gum Arabic Ameliorates Impaired Coagulation and
Cardiotoxicity Induced by Water-Pipe Smoke Exposure in Mice. Front Physiol 2019;10:53.

Zhu G, Xin X, Liu Y, Huang Y, Li K, Wu C: Geraniin attenuates LPS-induced acute lung injury via inhibiting
NF-kappaB and activating Nrf2 signaling pathways. Oncotarget 2017;8:22835-22841.

Snow S, McGee ], Miller DB, Bass V, Schladweiler MC, Thomas RF, Krantz T, King C, Ledbetter AD, Richards
], Weinstein ]JP, Conner T, Willis R, Linak WP, Nash D, Wood CE, Elmore SA, Morrison JP, Johnson CL, et

al.: Inhaled diesel emissions generated with cerium oxide nanoparticle fuel additive induce adverse
pulmonary and systemic effects. Toxicol Sci 2014;142:403-417.

Hussain S, Al-Nsour FE, Rice AB, Marshburn J, Yingling B, Ji Z, Zink ]I, Walker NJ, Garantziotis S: Cerium
dioxide nanoparticles induce apoptosis and autophagy in human peripheral blood monocytes. ACS Nano
2012;6:5820-5829.

Guo C, Robertson S, Weber RJM, Buckley A, Warren ], Hodgson A, Rappoport JZ, Ignatyev K, Meldrum K,
Romer I, Macchiarulo S, Chipman JK, Marczylo T, Leonard MO, Gant TW, Viant MR, Smith R: Pulmonary
toxicity of inhaled nano-sized cerium oxide aerosols in Sprague-Dawley rats. Nanotoxicology 2019;13:733-
750.

Ibrahim HG, Attia N, Hashem F, El Heneidy MAR: Cerium oxide nanoparticles: In pursuit of liver protection
against doxorubicin-induced injury in rats. Biomed Pharmacother 2018;103:773-781.

Saifi MA, Sangomla S, Khurana A, Godugu C: Protective Effect of Nanoceria on Cisplatin-Induced
Nephrotoxicity by Amelioration of Oxidative Stress and Pro-inflammatory Mechanisms. Biol Trace Elem
Res 2019;189:145-156.

16



	OLE_LINK19
	OLE_LINK20
	OLE_LINK13
	OLE_LINK16
	OLE_LINK2
	OLE_LINK6
	OLE_LINK4
	OLE_LINK5

