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Introduction: The wide application of copper oxide nanoparticles (CuO NPs) in industry, agriculture, environmental remediation, and
biomedicine has increased the risk of human exposure to CuO NPs. Recent studies suggested that CuO NPs have genotoxic and cytotoxic
effects on various cells. However, little is known about the toxicity of CuO NPs on major peripheral organs after respiratory exposure.
Materials and Methods: We investigated the toxicities of CuO NPs on human bronchial epithelial (BEAS-2B) and human
cardiomyocytes (AC16) cells in vitro, and on the lungs, liver, kidneys, and heart of spontaneously hypertensive rats (SHRs) at 24
and 72 h after intrabronchial instillation in vivo.

Results: CuO NPs induced concentration-dependent toxicities in both BEAS-2B and AC16 cells mainly through hierarchical
oxidative stress mechanisms, involving generation of reactive oxygen species (ROS), upregulation of heme oxygenase-1 (HO-1),
mitochondrial dysfunction, and secretion of proinflammatory and profibrogenic cytokines. Respiratory exposure to CuO NPs induced
acute multiple organ injuries in SHRs manifesting through inflammation and fibrosis. However, cardiac injury was relatively less
severe than injuries in the lungs, liver, and kidneys. Upregulation of serum C-reaction protein (CRP), tumor necrosis factor o (TNF-a),
intercellular adhesion molecule 1 (ICAM-1), endothelin-1 (ET-1), angiotensin converting enzyme (ACE), and von Willebrand factor
(vWF) after exposure to CuO NPs indicated systematic inflammation, endothelial injury, and potential prothrombosis.

Conclusion: Respiratory exposure to CuO NPs induced acute injuries in main peripheral organs, including the lungs, liver, kidneys,
and heart. Individuals with existing cardiovascular diseases were susceptible to exposure to CuO NPs. This study provides a warning
about the extensive toxic effects of CuO NPs, especially in the susceptible population.

Keywords: CuO nanoparticle, nanotoxicology, hierarchical oxidative stress response, intratracheal instillation, spontaneously
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Introduction

Epidemiological and clinical findings have indicated that inhalation of ultrafine particles (UFP, diameter <100 nm) increase
the risk of respiratory and cardiovascular diseases in humans'~ and aggravate their morbidity and mortality in susceptible
populations.®>® The extensive use of nanoparticles (NPs) in various fields during the past decades has increased human
exposure, because NPs can enter into the body through respiration, skin contact, and the food chain.” Among metal oxide NPs,
copper oxide nanoparticles (CuO NPs) have been widely used in various fields, including the construction of semiconductors

10-12

and electronic chips,®’ wood preservation, face masks, antifouling paints, production of color ceramic glaze, polishing

131 and as nanofertilizers'® and antibacterial agents,'® because of their special thermophysical,

precise optical instruments,
optical, mechanical, electrical, and antibacterial properties. During the production, transportation, and application process,

CuO NPs might diffuse in the ambient air as aerosols and be inhaled into the lungs, thus, potentially causing severe hazard to
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humans.'” Therefore, it is important to evaluate the potential hazardous effects of the exposure of main organs, such as lungs,
heart, liver, and kidneys, to CuO NPs and delineate its underlying molecular mechanisms.

Notably, NPs can interact with biological tissues and induce inflammation;'® the proinflammatory effects of NPs have been
investigated in various models."**° In vitro toxicological studies have demonstrated that CuO NPs induce production of
reactive oxygen species (ROS), oxidative stress, cytotoxicity, genotoxicity, and immunotoxicity.>' > Moreover, the activation
of the nucleotide-binding domain and leucine-rich repeat protein 3 (NLRP3) inflammasome and production of interleukin-1f
(IL-1p) have been reported to contribute to the inflammatory response to CuO NPs.?® In vivo toxicological studies revealed
that the lung is the prime target organ for CuO toxicity after inhalation, especially in occupational settings.>” Lei et al
demonstrated that exposure to CuO NPs via intranasal delivery aggravated pulmonary inflammation and induced pulmonary
fibrosis by promoting collagen accumulation in C57BL/6 mice.?® To simulate the inhalation of NPs in humans, Yokohira et al
established an intratracheal instillation of CuO NPs in F344 male rats and found that CuO NPs induced the formation of
pulmonary neoplastic lesions.”” Using the same method, Rani et al found that CuO NPs induced pulmonary fibrosis and
granuloma by increasing the levels of alkaline phosphatase and expression of lactate dehydrogenase, whereas simultaneously
decreasing the expression of dismutase and catalase in Wistar rats.** Multiple studies have evaluated immunotoxicity>'~** and

1 33735 after exposure to

alterations in haematological,”” biochemical, urine chemistry, and histological indices of major organs
CuO NPs using different administration modes. Unfortunately, research on murine inhalation exposure to CuO NPs is
somewhat limited, especially lacking evaluations on potential multiple organ injuries after respiratory exposure to CuO NPs.

Hypertension is a leading cause of cardiovascular incidents worldwide owing to the aging of the population and
increased exposure to various lifestyle risk factors such as alcohol consumption, obesity, unhealthy diet, and physical
inactivity.*® Approximately 1.39 billion people have hypertension, causing a 4.5% disease burden globally.3 7739 Exposure
to particles has been shown to trigger acute cardiac responses or promote chronic development of cardiovascular
disorders.*® However, limited attention has been paid to the potential cardiovascular impacts of respiratory exposure
to CuO NPs. Therefore, there is an urgent need to study the influence of CuO NPs on the respiratory system and the
potential cardiovascular outcomes after respiratory exposure.

Considering that inhalation is the primary route of entry for CuO NPs, the adverse effects of CuO NPs on pulmonary and
cardiovascular systems were investigated in normal human bronchial epithelial (BEAS-2B) cells*' and human cardiomyocyte
(AC16) cells,** which are representative lung and heart target cells for NPs. We demonstrated here that CuO NPs induced
concentration-dependent toxicity in both BEAS-2B and AC16 cells mainly through oxidative-stress mechanisms, including
generation of ROS, upregulation of heme oxygenase-1 (HO-1), mitochondrial dysfunction, and secretion of proinflammatory and
profibrogenic cytokines. We further investigated the inflammatory and fibrotic responses of the lungs and hearts of mice after
inhalation of CuO NPs. Spontaneously hypertensive rats (SHRs) have been widely used as a model of human hypertension to test
antihypertensive drugs and analyze responses to a wide range of stimuli.**** Because SHRs are more susceptible to fine particles
than normal rats,***° and fine particles enter the body usually via inhalation, it was rational to use SHRs to study the toxic effects
of CuO NPs on major peripheral organs after respiratory exposure. Our findings indicated that respiratory exposure to CuO NPs
triggered acute injuries in the lungs, heart, liver, and kidneys likely via hierarchical oxidative-stress signaling.

Materials and Methods

Cell Culture

The BEAS-2B human bronchial epithelial and AC16 human cardiomyocyte cell lines were purchased from ATCC and
cultured in BEGM and DMEM media, respectively. Cells were cultured in an incubator at 37 °C containing 5% CO,.
Cells at 70-80% confluency were passed by trypsin digestion every 1-3 d.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Analysis to

Determine Cu Dissolution

ICP-OES analysis was performed to determine Cu ion (Cu2+) dissolution in H,O, BEGM, or DMEM cell culture
medium. Briefly, 20 pL of 5 mg/mL CuO NPs was added to 980 pL of H,O or culture medium followed by gentle
shaking for 24 h. After centrifugation at 12,000 rpm for 20 min, 500 pL supernatant was used for ICP-OES measurement.
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Hemolysis Assay

Fresh heparinized mouse blood was obtained and washed 6 times with PBS. After each wash, the supernatant was
discarded. Suspended red blood cells (RBC) were diluted 10-fold with PBS. Triton X-100 at a stock concentration of 1%
was used as positive control. A mixture of 300 puL diluted RBC suspension and 1200 pL. PBS was used as a negative
control. In addition, 300 uL. CuO NPs at various concentrations (200, 100, 50, 25, 12.5, 6.2, 3.1, and 1.5 pg/mL) were
suspended in 1200 pL PBS. These mixtures were incubated for 2 h with gentle shaking at 37 °C. The absorbance of the
obtained supernatants after centrifugation was measured at 541 nm to calculate the percentage of hemolysis.

Cell Viability Assay

BEAS-2B or AC16 cells were seeded into 96-well plates at a density of 10* cells per well, and grown overnight. The
culture medium was exchanged with 100 pL of fresh medium containing 0-200 pg/mL CuO NPs. After 24 h incubation,
a CCK-8 assay was performed to evaluate cytotoxicity. Briefly, 10 uL. of CCKS8 solution was added to each well and
incubated for 2 h. Then, absorption at 490 nm was measured to calculate the cell activity. For live/dead cell staining, cells
were washed thrice with PBS, stained with calcein AM (2 umol/L) and propidium iodide (PI, 4 pmol/L) for 2 h, and
visualized under a fluorescence microscope.

Measurement of Intracellular Level of Reactive Oxygen Species

Approximately 8x10* BEAS-2B or AC16 cells were seeded into 12-well plates for overnight growth. The culture
medium was then replaced with 800 pL of fresh medium containing 0, 12.5, 25, 50, 100 and 200 pg/mL CuO NPs. After
6 h of incubation, H2DCFDA (10 pumol/L) was added to each well and incubated for another 2 h. Cells were then washed
twice with PBS and visualized under a fluorescence microscope.

Transmission Electron Microscopy (TEM) Assay

TEM was used to examine the cellular uptake and intracellular localization of CuO NPs after exposure. Approximately 1.6x10°
BEAS-2B or AC16 cells were seeded in each well of 6-well plate for 24 h growth. Cells were then treated with 25 pg/mL CuO
NPs for 6 h. Cells were washed several times with PBS and fixed with 3% glutaraldehyde. After further fixation in 1% osmium
tetroxide and dehydration in a series of acetone solutions, cells were embedded in epoxy resin and cut into ultrathin sections.
Finally, sections were stained with foruranyl acetate and lead citrate and examined under TEM (JEM-1400).

Western Blotting

Western blotting was used to analyze the protein expression of HO-1. Approximately 1.6x10° BEAS-2B or AC16 cells
were seeded into 6-well plates. After overnight growth, cells were treated with 0, 12.5, 25, 50, 100 and 200 pg/mL CuO
NPs for 6 h. Cells were washed with PBS and lysed to measure the protein level in the culture supernatant using the
Bradford method. Approximately 20 pg of total protein was electrophoresed in 12% SDS-PAGE and then transferred to a
PVDF membrane. After blocking, the membrane was incubated with antihuman/mouse HO-1 monoclonal antibodies
(1:1000, Abcam) overnight, followed by incubation with biotinylated secondary antibodies (1:1000, Beyotime) and HRP-
conjugated avidin—biotin complex (1:1000, Beyotime), with TBST washes between incubations. After washing with
TBST buffer, the membrane was visualized using a Bio-Rad imaging system.

Detection of Mitochondrial Membrane Potential and Superoxide Generation
Mitochondrial membrane potential and superoxide production were detected using JC-1 and Mitosox Red fluorescent
dyes. Approximately 8x10* BEAS-2B or AC16 cells were seeded into 12-well plates for overnight growth. The culture
medium was then replaced with 800 pL of fresh medium containing 0, 12.5, 50, 100 and 200 pg/mL CuO NPs. After 6 h
incubation, cells were washed twice with PBS and then stained with JC-1 (5 pmol/L) or Mitosox Red dye (5 pmol/L) for
15 min. The nuclei were stained with Hoechst (5 pmol/L). Finally, cells were washed twice with PBS and visualized
under a fluorescence microscope.
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Enzyme Linked Immunosorbent Assay (ELISA) Assay

ELISA was used to quantify the levels of IL-6 and TNF-a released by cells. BEAS-2B or AC16 cells were seeded into
96-well plates at a density of 10* cells per well, and grown overnight. The culture medium was then replaced by 100 pL
of fresh medium containing 0-200 pg/mL CuO NPs. After 24 h incubation, cell plates were centrifuged at 2000 rpm for
20 min to acquire the supernatant for measuring the levels of IL-6 or TNF-a using the IL-6 or TNF-a ELISA Kkits,
according to the manufacturer’s instructions.

Animal Experiments

Male spontaneously hypertensive rats (SHRs) (220-250 g, 11-12 weeks old) purchased from Vital River Laboratory
Animal Technology (Beijing, China) were selected as model animals to investigate the acute toxicity of CuO NPs in
vivo. All procedures involving animals were approved by the Animal Research Ethics Committee of Shanxi Medical
University and was in accordance with the guidelines for the Care and Use of Laboratory Animals (NIH, revised 2011)
under the approval number SYDL2019012. SHRs were randomly assigned to the following groups (4 rats per group):
control (24 h), CuO NPs (24 h), control (72 h), and CuO NPs (72 h). A CuO NPs dose of 2 mg/kg via intratracheal
instillation was used to evaluate in vivo toxicity. SHRs were lightly anesthetized by intraperitoneal (i.p.) injection of
3040 mg/kg sodium pentobarbital, and subsequently intratracheally instilled with 100 pL of CuO NPs (calculated
according to 2 mg/kg body weight) or PBS (pH 7.4, negative control) using a ball tipped animal feeding needle. Rats
were killed 24 h or 72 h after oropharyngeal aspiration and major peripheral organs (lungs, heart, liver, and kidneys) were
harvested for further laboratory tests.

Preparation and Analysis of Bronchoalveolar Lavage Fluid (BALF)

The left bronchus was ligated and the right lung was utilized to obtain BALF by cannulating the trachea and lavaging the
lung thrice with sterile PBS (27 mL/kg body weight). The recovered lavage fluid was centrifuged and the pellets were
adhered onto microscopic slides for counting the number of neutrophil cells; BALF supernatants were stored at —80 °C
for cytokine and chemokine analysis using respective kits.

Blood Analysis

The serum and plasma of SHRs were harvested according to the standard procedures of routine blood sampling.
Approximately 8 mL of whole blood was collected from the abdominal aorta to acquire serum and plasma, which
were stored at —80 °C avoiding repeated freeze/thaw cycles. Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatinine (CRE), and urea nitrogen (BUN) were measured using corresponding assay Kkits,
according to the manufacturer’s instructions. Serum levels of C-reaction protein (CRP), tumor necrosis factor o (TNF-a),
intercellular cell adhesion molecule-1 (ICAM-1), endothelin-1 (ET-1), and angiotensin converting enzyme (ACE), and
plasma levels of von Willebrand factor (VWF) were measured using commercial ELISA kits, according to the
manufacturer’s instructions.

Histopathological Examination of Different Organ Tissues

The lungs, heart, liver, and kidneys of SHRs in each group were dissected and fixed in 4% paraformaldehyde, imbedded
in paraffin, cut into 5 um tissue sections, and mounted on slides. Routine hematoxylin and eosin (H&E) and Masson’s
trichrome staining were performed. After staining, sections were photographed using an optical microscope.

Statistical Analysis

All data were expressed as the mean =+ standard deviation (SD). All values were obtained from at least 3 independent
experiments. Statistical significance was evaluated using one-way analysis of variance (ANOVA). Differences between
groups were considered statistically significant when the p value was lower than 0.05.
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Results and Discussion

Physicochemical Characterization of CuO NPs
We observed the morphological characteristics of CuO NPs using TEM, and found that most CuO NPs were nearly spherical
in shape with a primary size of 50 £ 7.1 nm (Figure 1A). We noticed that CuO NPs were well dispersed in distilled water,
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BEGM, and DMEM cell culture medium, resulting in hydrodynamic sizes of 58.8 + 4.1 nm, 91.3 + 7.4 nm, and 98.5 £4.9 nm,
respectively (Figure 1B). Zeta potential measurement showed that CuO NPs displayed negative surface charges of —13.3 + 0.7
in distilled water, which became —26.1 = 1.9 in BEGM and —25.4 + 2.3 in DMEM cell culture medium (Figure 1C).

The toxicity of NPs has been known to be closely associated with their physicochemical properties. As CuO NPs are
a dissolvable nanomaterial, we used ICP-OES to compare the dissolution of CuO NPs in water, BEGM, and DMEM. To
this end we incubated 100 pg/mL CuO NPs in water or culture medium at 37 °C for 24 h. We found that CuO NPs
displayed <1% dissolution percentages in distilled water, whereas approximately 10% was dissolved in BEGM and
DMEM, mainly because of the addition of fetal bovine serum (FBS) in the culture medium,*” as shown in Figure 1D.
Then, we assessed the ability of CuO NPs to induce generation of ROS. We measured the levels of abiotic ROS and
hydroxyl radicals (HO¢) using 2',7'-dichlorodihydrofluorescein diacetate (DCF) and 3’-(p-aminophenyl) fluorescein
(APF) fluorescent dye. Figure 1E and F demonstrates the progressive dose-dependent fluorescence increase in the levels
of DCF and APF; whereas pure Cu ion (200 pg/mL) did not influence the levels of fluorescence, suggesting the ability of
CuO NPs for abundant generation of ROS and HOe.

Cytotoxicity of CuO NPs in BEAS-2B Human Bronchial Epithelial Cells

The ability of CuO NPs to engage in Cu ion dissolution and HO+ generation under abiotic conditions suggested that CuO
NPs could generate oxidative stress in vitro and in vivo. We thus performed cellular studies using BEAS-2B cells, which
are representative lung target cells for NPs. We first investigated the uptake and intracellular distribution of CuO NPs in
BEAS-2B cells using TEM. We observed that the structure of control (not exposed to CuO NPs) was normal (Figure 2A).
However, endocytosis was observed in BEAS-2B cells after coculture with CuO NPs at 25 pg/mL for 6 h (Figure 2B).
The internalized CuO NPs were mainly localized inside these endosome-like vesicles and did not accumulate on the cell
surface. Then, we examined cell viability using a cell counting kit (CCK-8). We found that the viability of BEAS-2B
cells was decreased in a dose-dependent manner after exposure to various concentrations of CuO NPs (0—-200 pg/mL)
(Figure 2C). To clarify the toxic effect of Cu ions, we used CuCl, as a control. We detected that CuCl, yielded only
approximately a 20% decrease in cell viability even at the highest concentration (200 pg/mL) without an obvious
concentration-dependent trend (Figure 2C). In comparison, CuO NPs induced an 80% decrease in cell viability even at a
lower concentration (Figure 2C). These results suggested the Cu ions only mildly contributed to the decline of cell
viability; this decline was mainly induced by CuO NPs, rather than dissolute pure Cu ions. Consistent with the CCK-8
assay result, calcein acetoxymethyl (AM)/propidium iodide live/dead cell staining assays further confirmed the dose-
dependent decline in cell viability after exposure to CuO NPs (Figure 2D).

We also performed a hemolysis assay on red blood cells (RBCs) to examine the potential hemolytic effect of CuO NPs.
We incubated RBCs with CuO NPs (1.5-200 pg/mL) for 3 h, and determined the release of hemoglobin into the solution due
to possible membrane rupture by measuring absorbance at 541 nm. We detected that CuO NPs exhibited a dose-dependent
hemolytic effect, as indicated by the red color of the solution in the tubes (inset of Figure 2E). The hemolytic effect of CuO
NPs might result from the generation of ROS, because HO- radicals as highly reactive species might interact with the cell
membrane, resulting in cell death.*® We assessed the cellular levels of ROS using a dichlorofluorescein (DCFH) assay under
confocal laser scanning microscopy (CLSM). CLSM images revealed that CuO NPs induced a dose-dependent enhance-
ment in DCF fluorescence, indicating the abundant generation of ROS in BEAS-2B cells (Figure 2F).

Mechanism of Toxicity of CuO NPs Involving Hierarchical Oxidative Stress in BEAS-2B
Cells

The production of intracellular ROS can trigger a series of oxidative stress reactions ranging from antioxidant defense
response (Tier 1), initiation of inflammation (Tier 2), to mitochondrial-mediated cytotoxicity (Tier 3). Tier 1 is characterized
by phase II enzymes with the most representative being heme oxygenase-1 (HO-1) (Tier 1) that plays a critical role in
cytoprotection against ROS. Western blotting showed that CuO NPs increased the abundance of HO-1 in BEAS-2B cells
proportionally to the exposure concentrations of CuO NPs (Figure 3A).
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Figure 2 Cytotoxic properties of CuO NPs. (A) TEM images of BEAS-2B cells before exposure and (B) after exposure to 25 pg/mL CuO NPs for 6 h. (C) Cell viability
assessment of Cu ions (CuCly) and CuO NPs in BEAS-2B cells. Cells were exposed to serial concentrations (0, 0.4, 0.8, 1.5, 3.1, 6.25, 12.5, 25, 50, 100, and 200 pg/mL) of Cu
ions or CuO NPs, and cell viability was assessed by the CCK-8 assay. (D) Live/dead staining of BEAS-2B cells treated with CuO NPs at 200, 100, 50, 25, 12.5 and 0 pug/mL for
24 h. The live and dead cells were stained with calcein AM (green) and PI (red), respectively. (E) Hemolytic effect of CuO NPs. Mouse RBCs were exposed to CuO NPs for
3 h. Inset picture showing hemoglobin appearance (red) in the RBC solution. (F) CLSM images of BEAS-2B cells reflecting intracellular ROS (DCF, green).

The Jun kinase (JNK) and NF-«B proinflammatory cascades are activated (Tier 2) after failure to restore redox
equilibrium in Tier 1. In Tier 2, multiple proinflammatory cytokines (IL-1pB, IL-8, IL-6, TNF-a, MIP-1, and MIP-2) are
involved. We investigated the release of IL-8, IL-1B, and TNF-o, which is a typical proinflammatory response, to
demonstrate the inflammatory effects of CuO NPs in BEAS-2B cells. Western blotting analysis of IL-8 (Figure 3A) and
ELISA analysis of IL-1B and TNF-a (Figure 3B and C) indicated that CuO NPs significantly increased the levels of
proinflammatory cytokines in a dose-dependent manner.

Upon failure of proinflammatory responses, oxidative stress responses are activated in Tier 3, which is associated with
mitochondrial dysfunctions, such as generation of mitochondrial superoxide and depolarization of mitochondrial mem-
brane, ultimately leading to initiation of programmed cell death. Here, we applied the JC-1 and Mitosox Red fluorescent

dyes to detect the depolarization of mitochondrial membrane and production of mitochondrial superoxide, respectively.
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Figure 3 Toxicity mechanism of CuO NPs in BEAS-2B cells. (A) Western blots of HO-1, IL-8 expression. (B and C) ELISA results of IL-1 and TNF-a production. *p < 0.05,
*p < 0.01, ¥*p < 0.001 vs control. (D) CLSM images showing mitochondrial membrane depolarization (JC-1, green). (E) Superoxide generation (Mitosox Red, red). Cell
nuclei were stained with DAPI (blue). BEAS-2B cells were exposed to CuO NPs (0, 1.5, 3.1, 6.25, 12.5, 25, 50, 100, and 200 pg/mL) for 6 h.

We found that exposure to CuO NPs significantly increased the intensities of JC-1 green fluorescence and Mitosox Red
fluorescence in a concentration-dependent manner (Figure 3D and E), indicating that CuO NPs induced the depolariza-
tion of mitochondrial membrane potential and generation of superoxide.

Cytotoxicity of CuO NPs in ACI16 Cells and Mechanism of Toxicity
We also examined the effects of CuO NPs on AC16 cells to estimate the potential toxicity of NPs on cardiomyocytes. We
observed a substantial endocytosis of CuO NPs in AC16 cells compared with that in control AC16 cells not exposed to
CuO NPs, as shown in Figure 4A and B. Both the CCK-8 (Figure 4C) and calcein acetoxymethyl (AM)/propidium iodide
live/dead cell staining (Figure 4D) assays demonstrated similar cytotoxic effects of CuO NPs on AC16 cells. We
specifically observed a burst generation of ROS in AC16 cells after exposure to CuO NPs (Figure 4E). We further
tested the hierarchical oxidative stress response to CuO NPs in AC16 cells. Figure 4F shows that the levels of expression
of HO-1 and IL-8 were proportional to the exposure concentrations of CuO NPs, whereas those of f-actin did not change.
We observed similar effects of CuO NPs on the release of IL-1p and TNF-a from ACI16 cells (Figures 4G and H). We
also found that exposure of AC16 cells to CuO NPs resulted in the depolarization of the mitochondrial membrane
potential and mitochondrial production of superoxide (Figures 41 and J).

Taken together, the CuO NPs-induced escalation in the hierarchical oxidative stress from Tier 1 to Tier 2 and Tier 3
might underlie the cytotoxic effects of CuO NPs in both BEAS-2B and AC16 cells. The increase in the production of
mitochondrial superoxide could be due to the generation of radical HOe on the surface of CuO NPs.

Acute Proinflammatory and Profibrogenic Effects of CuO NPs in the Lungs of

Spontaneously Hypertensive Rats

The induction of proinflammatory cytokines (Tier 2 response) by CuO NPs in BEAS-2B cells suggested that CuO NPs
might induce lung inflammation in vivo. We applied intratracheal instillation to observe the pulmonary effects of CuO NPs
(2 mg/kg body weight) in SHRs, and animals were sacrificed 24 or 72 h after instillation. We collected BALF from the right
lung and used it to evaluate the number of neutrophil cells and levels of cytokines. Neutrophils are characteristic cell
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and 200 pg/mL) Cu ions or CuO NPs, and cell viability was assessed using the CCK-8 assay. (D) Live/dead staining of ACI6 cells. The live and dead cells were stained with
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Figure 5 Acute pulmonary inflammation and fibrosis in SHRs induced by CuO NPs. (A) Neutrophil counts in the BALF. (B-I) MPO, IL-8, TNF-a, IL-1B, TGF-1, HO-I, MIP-
2, and ET-| levels in the BALF, respectively. ** p < 0.01, *¥* p < 0.001 vs control at 24 h post-exposure. *p < 0.01, *p < 0,001 vs control at 72 h post-exposure. (J) H&E
stains and (K) Masson’s trichrome stains of the left lung sections. Red arrows indicated neutrophils, green arrows indicated lymphocytes and/or macrophages, black arrows
indicated CuO NPs.
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markers of lung inflammation. Figure 5SA shows that CuO NPs induced a statistically significant increase in neutrophil
counts after exposure for 24 h. The neutrophil cell counts decreased to a certain degree after exposure to CuO NPs for 72 h
but were still significantly higher than those in the PBS control group. Because myeloperoxidase (MPO) plays a key role in
the function of neutrophils and is found in abundance, the activity of MPO can be used as a direct indicator of the number of
neutrophils and an indirect indicator of lung injury. We detected that the activity of MPO was consistent with the neutrophil
counts in BALF, as shown in Figure 5B. The levels of proinflammatory cytokines in BALF, including those of IL-8, TNF-a,
and IL-1p, were significantly higher at 24 h than 72 h post-exposure (Figures SC—E). The release of chemokines, such as IL-
1B and TGF-B1, by injured epithelial cells attracts macrophages. TGF-B1 is a strong stimulator of fibrosis. Figure SF shows
a sharp increase in the level of TGF-B1 24 h after exposure to CuO NPs, followed by a decline in the level of TGF-f1, which
was still significantly higher than that in the control 72 h post-exposure. As a sensitive marker of oxidative stress, the level
of HO-1 in the BALF displayed a similar tendency (Figure 5G). As an increase in the levels of macrophage inflammatory
protein 2 (MIP-2) often precedes the increase in the number of neutrophils, MIP-2 might be used to evaluate the recruitment
of inflammatory cells. We found that the level of MIP-2 in the BALF was increased by approximately 1-fold after 24-72 h
exposure to CuO NPs compared with that in the control (Figure SH). These results indicated a rapid response of
proinflammatory mediators after exposure to CuO NPs. We also observed an elevation in the levels of ET-1 in BALF at
24 h post-exposure (Figure 5I), suggesting endothelial dysfunction in pulmonary vessels after exposure to CuO NPs. We
further visualized these characteristic features of acute lung inflammation and fibrosis using hematoxylin and eosin (H&E)
(Figure 5J) and Masson’s trichrome (Figure 5K) staining of left lung sections. We observed noticeable accumulation of CuO
NPs in the alveoli 24 h post-exposure (black arrows), which was accompanied by infiltration of neutrophils (multinuclear;
red arrows), and mononuclear leukocytes (likely lymphocytes or macrophages; green arrows). We especially detected that
the infiltration of inflammatory cells was greatly accelerated at 72 h, with the numbers of mononuclear leukocytes being
significantly increased (Figure 5J). Masson’s trichrome staining of lung tissues further indicated that exposure of rats to
CuO NPs via the respiratory tract caused serious lung fibrosis, as shown by the blue colored collagen (Figure 5K) compared
with that in the control. All these in vivo results suggested that CuO NPs exerted acute proinflammatory and profibrogenic
effects on the lungs, in consistency with our in vitro observations.

CuO NPs Induced Liver and Kidney Inflammation and Fibrosis in Spontaneously

Hypertensive Rats

We also separated the sera from the blood of SHRs to perform biochemical assays. We found that intratracheal instillation
of CuO NPs significantly and time-dependently increased the serum levels of alanine transferase (ALT) and aspartate
transferase (AST) in SHRs compared with those in control SHRs (Figures 6A and B), suggesting that CuO NPs induced
liver injury. We also evaluated indicators of kidney function, including the serum levels of creatinine (CRE) and blood
urea nitrogen (BUN). We noticed a significant increment in the levels of CRE and BUN after exposure to CuO NPs
compared with that in control (Figures 6C and D), suggesting that CuO NPs also induced kidney injury. We further
evaluated liver and kidney inflammation and fibrosis features using H&E and Masson’s trichrome staining. In particular,
H&E staining of liver tissues revealed that the liver of control animals showed a normal structure featured with radial
arrangement of hepatocytes around the central vein (CV). However, exposure to CuO NPs induced serious liver injury, as
manifested by liver structural disturbance, potential focal necrosis (disruption of cellular structure and absence of nuclei;
circled areas), and CV congestion (green arrows) (Figure 6E) in a time—dependent manner. Likewise, Masson’s trichrome
staining of liver tissues revealed the presence of remarkable fibrosis (blue color in interstitial areas) and smaller vein
congestion (red color inside veins) (Figure 6E).

We observed that CuO NPs also induced acute kidney injury, as manifested by the time-dependent glomerular
congestion and congestion of other smaller vessels (black arrows), and narrowing of the renal capsule, suggesting
glomerular swelling especially at 72 h after exposure (blue arrows), as indicated by H&E staining (Figure 6F). Masson’s
trichrome staining of kidney tissues revealed the presence of interstitial fibrosis (blue color), glomerular and smaller vein

congestion (red color inside blood vessels), and potential cell swelling especially at 72 h after exposure (Figure 6F).
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CuO NPs Induced Moderate Cardiac Inflammation and Fibrosis in Spontaneously
Hypertensive Rats

As shown in our in vitro experiments, CuO NPs induced an abundant production of cytokines in AC16 cells, suggesting
that CuO NPs might cause cardiac inflammation. We therefore performed in vivo experiments to examine the potential
hazardous effect of CuO NPs on the hearts of SHRs. To this end, we measured the levels of serum biomarkers of
inflammation, including CRP and TNF-o. We detected elevated levels of CRP and TNF-a after intratracheal instillation
of CuO NPs for 24 and 72 h compared with those in control animals, as shown in Figure 7A and B. This finding indicated

A m24h B m24h c R m24h
1207 a72n . —1000 1 w721 2 250 1721
£ 90 E 800 S 200
ES) £600 =" 150
£ 60 o b
o o 400 <§( 100
& 30 Z 200 Q© 50

. Control CuO NPs 0 Control CuO NPs . Control CuO NPs

D m24h E m24h F m24h
_ 100 7 m72h # 50 9 m72h 1000 ym72h
- & )

?E:n 80 E E 800

£ 60 g g 600

E 40 L(BJ w 400

w 20 < % 200

0 0

Control CuO NPs Control CuO NPs Control CuO NPs
G Control 72 h CuONPs 72h

X
o
=)
w
o3
e
X
o
o
<
w
o3
e
H o
£
(]
=
S
=
w
c
o
?
(]
=

Figure 7 Moderate cardiac injury induced by CuO NPs in SHRs. Serum levels of some biochemical parameters related to inflammation, coagulation, cell junction and
vasomotor were measured. (A) CRP. (B) TNF-a. (C) ICAM-1. (D) ET-1. (E) ACE. (F) vWF * p < 0.05, ** p < 0.01 vs control at 24 h post-exposure. “p < 0.05, p < 0.01 vs
control at 72 h post-exposure. (G) H&E and (H) Masson’s trichrome stains of the myocardial injuries manifested with inflammation (blue color), coronary vein congestion
and susceptible coagulation (yellow arrows), and fibrosis (blue color).
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that CuO NPs induced moderate cardiac injury and fibrosis. In addition, we found that the serum levels of ICAM-1, ET-1,
ACE, and plasma levels of vWF were also significantly elevated after exposure to CuO NPs for 72 h (Figures 7C—F),
suggesting that respiratory exposure to CuO NPs induced systemic inflammation and endothelial injuries, potentially
including damage to the coronary arteries. ET-1 is the most potent vasoconstrictive substance and plays a key role in the
pathogenesis of hypertension. As an important target in the management of hypertension, ACE regulates blood pressure
under normal conditions. Overexpression of ACE is known to raise blood pressure, resulting in damages in the heart,
brain, and kidneys. vWF is an important factor in the blood coagulation signaling and plays important roles in body
hemostasis and blood coagulation. Upon stress or tissue damage, the blood level of vWF increases. The time-dependent
increases in the levels of ET-1, ACE, and vWF in response to exposure to CuO NPs suggested a trend of formation of
cardiovascular lesions, including endothelial dysfunction, hypertension, and thrombosis. We further confirmed these
cardiovascular injury features using H&E and Masson’s Trichrome staining of the myocardium. Accordingly, H&E
staining mainly revealed the presence of increased perivascular and interstitial fibrosis in the myocardium after exposure
to CuO NPs from 24 to 72 h (Figure 7G). We also observed coronary vein congestion (yellow arrows) and coronary
arterial white thrombus (blue arrows) in the myocardium (Figure 7G). Likewise, Masson’s trichrome staining showed
similar changes to those observed with H&E staining, especially cardiac fibrosis and coronary congestion (Figure 7H).
Overall, we noticed that the cardiac injury induced by CuO NPs was less severe than that in the lungs, liver, and kidneys.
Nonetheless, the increased blood levels of CRP, TNF-a, ICAM-1, ET-1, ACE, and vWF might suggest systematic
inflammation, endothelial injury, and prothrombosis to some extent at the molecular level.

Conclusion

This study demonstrated that respiratory exposure to CuO NPs induced biotoxicities at the cellular and organismal levels.
We found that these underlying mechanisms were correlated with hierarchical oxidative-stress mechanisms, involving the
generation of ROS, upregulation of HO-1, mitochondrial dysfunction, and production of proinflammatory and profibro-
genic cytokines. In vivo, intranasal exposure of SHR animals to CuO NPs for 24—72 h induced multiple organ injuries,
including in the lungs, heart, liver, and kidneys. These organ injuries were more serious in the lungs, liver, and kidneys
than in the heart, as manifested by acute inflammation and fibrosis. This study provided a biosafety warning that special
attention should be paid to the professional or medical application of CuO NPs, and also suggested that individuals with
existing cardiovascular diseases, such as hypertension, are very susceptible to exposure to CuO NPs.
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