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ABSTRACT 

THE ROLE OF MMP-3 IN COPPER OXIDE NANOPARTICLE-INDUCED 

PULMONARY INFLAMMATION AND FIBROSIS 

Yuanbao Zhang 

November 17, 2022

Copper oxide nanoparticles (Nano-CuO) are wildly used in medical and 

industrial fields and our daily necessities. However, the biosafety assessment of 

Nano-CuO is far behind their rapid development. This study was to investigate the 

potential mechanisms underlying Nano-CuO-induced pulmonary inflammation and 

fibrosis, especially to determine whether Nano-CuO exposure could dysregulate 

MMP-3, an important mediator in pulmonary fibrosis, and its roles in Nano-CuO-

induced pulmonary inflammation and fibrosis. 

Aim 1 was to investigate whether exposure to Nano-CuO caused MMP-3 

dysregulation in lung epithelial cells and the role of MMP-3 in Nano-CuO-induced 

alteration of cell junction-associated proteins. The potential mechanisms that might 

be involved in these effects were also explored. The results demonstrated that 

exposure to Nano-CuO, but not Nano-TiO2, caused increased ROS generation, 

MAPKs activation, and MMP-3 expression. Nano-CuO-induced ROS generation 

was not observed in mitochondrial DNA-depleted BEAS-2B ρ0 cells, indicating that 
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mitochondria may be the main source of Nano-CuO-induced ROS generation, 

which was also confirmed by pretreatment of cells with Mito-TEMPO, a specific 

mitochondrial ROS inhibitor. In addition, pretreatment of cells with ROS 

scavengers or inhibitors or depleting mitochondrial DNA significantly attenuated 

Nano-CuO-induced MAPKs activation and MMP-3 upregulation, and pretreatment 

of cells with MAPKs inhibitors abolished Nano-CuO-induced MMP-3 upregulation, 

suggesting Nano-CuO-induced MMP-3 upregulation is through Nano-CuO-

induced ROS generation and MAPKs activation. Moreover, exposure of BEAS-2B 

cells to Nano-CuO for 48 h resulted in decreased expression of tight junction-

associated proteins such as zonula occludens protein-1 (ZO-1), occludin, and 

claudin-1, and adherens junction-associated protein E-cadherin, which were 

inhibited by MMP-3 siRNA transfection, suggesting an important role of MMP-3 in 

Nano-CuO-induced alterations of cell junction-associated proteins. 

Aim 2 was to examine whether Nano-CuO exposure could activate 

fibroblasts and the role of MMP-3 and OPN in this process. The results showed 

that exposure to non-cytotoxic doses of Nano-CuO caused a dose-dependent 

increase in MMP-3 expression and activity and OPN expression in both BEAS-2B 

cells and PMA-differentiated U937 macrophages (U937*), but not in MRC-5 

fibroblasts. Nano-CuO exposure also increased the production of MMP-3-cleaved 

OPN fragment, and the cleavage of OPN was abolished by MMP-3 siRNA 

transfection in BEAS-2B and U937* cells. Conditioned media from Nano-CuO-

exposed BEAS-2B, U937*, or the co-culture of BEAS-2B and U937* caused 

activation of unexposed MRC-5 fibroblasts, which was reflected by increased 
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expression of α-smooth muscle actin (α-SMA), Col1A1, and fibronectin. However, 

direct exposure to Nano-CuO did not induce the activation of MRC-5 fibroblasts. 

In a triple co-culture system, exposure of BEAS-2B and U937* cells to Nano-CuO 

caused activation of unexposed MRC-5 fibroblasts, while transfection of MMP-3 

siRNA in BEAS-2B and U937* cells significantly inhibited the activation and 

migration of MRC-5 fibroblasts, suggesting that MMP-3 released from Nano-CuO-

exposed BEAS-2B and U937* cells may play a key role in Nano-CuO-induced 

activation of MRC-5 fibroblasts. Furthermore, pretreated MRC-5 fibroblasts with 

GRGDSP, an RGD-containing peptide that interrupts the binding of MMP-3-

cleaved OPN to its cell surface receptors, attenuated Nano-CuO-induced 

activation and migration of fibroblasts in the triple co-culture system, indicating that 

MMP-3-cleaved OPN is engaged in the activation of MRC-5 fibroblasts caused by 

Nano-CuO. 

Aim 3 was to investigate the role of MMP-3 in Nano-CuO-induced lung injury 

and fibrosis in vivo. Our results demonstrated that mice intratracheally exposed to 

Nano-CuO (0, 25, 50, 100 µg per mouse) resulted in a dose-dependent increase 

in acute lung inflammation at day 3 after exposure, which was evidenced by 

elevated neutrophil count, and the levels of total protein and LDH in BALF. Nano-

CuO-induced acute lung inflammation was further confirmed histologically by the 

infiltration of excessive neutrophils into lung alveolar space and interstitial tissues. 

In the time-course study, Nano-CuO exposure caused increases in the neutrophil 

count, and the levels of total protein and LDH in BALF, which appeared as early 

as day 1 after exposure, peaked at day 3 and then declined. Although the total cell 
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count, macrophage count, and LDH level in BALF decreased from day 14 after 

exposure, their levels were still higher than those in the control group at days 28 

and 42 post-exposure, suggesting that Nano-CuO exposure caused chronic 

inflammation in mouse lungs. Nano-CuO-caused fibrosis were observed in the 

lung sections evidenced by trichrome staining at days 14, 28, and 42 post-

exposure. Nano-CuO-induced fibrosis was further confirmed by increased 

hydroxyproline content and fibrosis-related proteins, such as α-SMA, Col1A1, and 

fibronectin. Nano-CuO exposure also caused persistent expression of MMP-3 in 

mouse lungs from day 1 to day 42 post-exposure. Elevated MMP-3 protein levels 

in BALF were confirmed by Western blot. To explore the role of MMP-3 in Nano-

CuO-induced lung inflammation and fibrosis, mouse Ambion® In vivo Pre-designed 

MMP-3 siRNA was chosen. MMP-3 siRNA treatment significantly ameliorated the 

acute lung inflammation and injury caused by Nano-CuO. MMP-3 siRNA treatment 

also restored the downregulated cell junction-associated proteins such as ZO-1, 

occludin, and E-cadherin in mouse lungs caused by Nano-CuO. Furthermore, 

MMP-3 siRNA treatment alleviated Nano-CuO-induced chronic inflammation and 

fibrosis in mouse lungs. These results suggest that MMP-3 plays important roles 

in Nano-CuO-induced pulmonary inflammation, injury, and fibrosis. 

In summary, this study showed that exposure to Nano-CuO could cause 

ROS generation which further leads to MMP-3 production in lung epithelial cells. 

Increased MMP-3 production caused disruption of cell junction-associated 

proteins, initiating and promoting Nano-CuO-induced lung inflammation, injury, 

and fibrosis. Findings in this study could provide insights into the interventions that 
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prevent metal nanoparticle-induced lung injury and fibrosis. Findings in this study 

also provide the scientific basis to establish the exposure limits of metal oxide 

nanoparticles. 
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CHAPTER I: INTRODUCTION 

1.1 Copper oxide nanoparticles 

Copper oxide nanoparticles (Nano-CuO) are one of important classes of 

metal oxide nanoparticles, which are widely used in a range of applications such 

as catalysts, solar cells, wood-protection, electronics, and antimicrobial 

productions due to their high surface reactivity, chemical stability, thermoelectric 

properties, and superconductivity (Bhaumik et al. 2014; Evans et al. 2008; 

Maqusood et al. 2014; Ren et al. 2009; Tal Ben-Moshe 2009). They are also used 

in inks as an additive and in food packages as a coating material (Longano et al. 

2012; Soltani et al. 2016). It is estimated that the global production of Nano-CuO 

by the year of 2025 will be 1600 tons (Future Markets Inc. 2015). The increasing 

use of Nano-CuO calls for a full understanding of their potential effects on human 

and environmental health. 

1.2 Lung toxicity of Nano-CuO 

Lungs are constantly in contact with ambient environment; thus they are 

one major portal to exposure of microbes, environmental pollution and 

nanoparticles. Noxious effects caused by copper (oxide) particles were reported in 

human.  A case reported that in an enclosed, poorly ventilated steam condenser, 
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twenty-six workers got metal fume fever after cutting brass pipes with electric 

cutting torches(Armstrong et al. 1983). And the copper (oxide) dusts induced acute 

adverse effects include fever, dyspnea, chills, headache, and nausea in exposed 

workers. These symptoms appeared less than 5 h after exposure and excessive 

urine copper levels were confirmed in five of twelve exposed workers (Armstrong 

et al. 1983). 

Nanoparticles can easily enter and deposit into lungs compared to micro-

sized particles (Ilves et al. 2019; Juganson et al. 2015). Therefore, cells in first 

defend line of lungs against exogenous materials, such as epithelial cells, would 

be firstly exposed to nanoparticles after inhalation. Nano-CuO-induced toxicity in 

airway epithelial cells has been demonstrated in many in vitro studies. A previous 

study showed that Nano-CuO is more toxic than its bulk counterparts (micro-size 

CuO)(Strauch et al. 2017), and exposure of human bronchial epithelial BEAS-2B 

cells to 1 µg/mL and higher doses of Nano-CuO for 24 h resulted in a remarkable 

induction of oxidative stress-sensitive and pro-inflammatory genes, as well as 

those coding for cyclin-dependent kinase inhibitor 1 (p21Cip1) and the apoptosis-

related proteins Noxa and DR5 (Strauch et al. 2017). Nano-CuO exposure in 

BEAS-2B cells also activated DNA damage inducible genes, however, genes 

coding for distinct DNA repair factors were downregulated (Strauch et al. 2017). 

Nano-CuO exposure induced mitochondrial depolarization, reactive oxygen 

species (ROS) generation, DNA damage, and cell death in airway epithelial HEp-

2 cells and human lung carcinoma epithelial A549 cells (Fahmy and Cormier 2009; 

Karlsson et al. 2008; Wang et al. 2012b). Exposure of Human bronchial epithelial 
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cells (HBEC) and A549 cells to Nano-CuO also caused lactate dehydrogenase 

(LDH) release, IL-8 production, and the activation of the pro-inflammatory 

transcription factors AP-1 and NF-B (Cho et al. 2012; Horie et al. 2018; Jing et al. 

2015). Similarly, exposure of human airway epithelial H292 cells to Nano-CuO 

resulted in increased expression of pro-inflammatory cytokines such as IL-6 and 

TNF-α, and pro-fibrotic factor transforming growth factor-β1 (TGF-β1), as well as 

collagen Ⅰ (Ko et al. 2018).  

Lung inflammation induced by Nano-CuO has been shown in several animal 

models. A previous study demonstrated that inhalation exposure of rats to Nano-

CuO for 5 consecutive days (6 h per day) caused dose-dependent alveolitis, 

bronchiolitis, vacuolation of the respiratory epithelium, and emphysema in the 

lungs; and limited inflammation was still observed at day 22 post-exposure at the 

highest exposure dose of 13.2 mg/m3 (Gosens et al. 2016). Wistar rats 

intratracheally instilled with 515 µg of Nano-CuO exhibited elevated LDH, total 

protein, pro-inflammatory mediator IL-1β, and MIP-2 in bronchoalveolar lavage 

fluid (BALF), and severe neutrophilic inflammation in alveoli and peribronchial and 

perivascular regions at 24 h post-exposure. At day 28 post-exposure, 

granulomatous inflammation in the rat lungs was observed (Cho et al. 2010). In 

addition, in an ovalbumin (OVA)-induced asthma mouse model, Nano-CuO 

exposure aggravated the airway hyper-responsiveness, and caused increased 

mucus secretion, ROS generation, inflammatory cell count, proinflammatory 

cytokines, and immunoglobulin E induced by OVA at 48 h post-exposure (Park et 

al. 2016). Similarly, in OVA-challenged BALB/c mice, exposure to Nano-CuO 
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exacerbated the allergic airway inflammation via excessive neutrophil infiltration in 

the lungs (Ilves et al. 2019). 

Several studies have investigated the long-term effects of Nano-CuO 

exposure on lungs. Lai and colleagues reported that exposure of C57BL/6 mice to 

5 mg/kg of Nano-CuO resulted in myofibroblast activation, collagen accumulation, 

and increased expression of progressive fibrosis marker α-SMA, suggesting that 

Nano-CuO induced fibrosis in the lung tissues at day 28 post-exposure (Lai et al. 

2018).  Female Wistar rats exposed to 515 µg of Nano-CuO caused interstitial 

fibrosis in the rat lungs at day 28 after exposure (Cho et al. 2010). 

Taken together, these studies demonstrated that Nano-CuO exposure 

caused epithelial damage, inflammation, injury, and fibrosis in lungs. However, the 

mechanisms underlying Nano-CuO-caused pulmonary injury and fibrosis are still 

not well known. 

1.3 MMP-3 and pulmonary inflammation and fibrosis 

Matrix metalloproteinases (MMPs) were initially described in 1962 in a study 

of tissue remodeling during anuran tadpole metamorphosis (Gross and Lapiere 

1962). Up to date, 28 MMPs have been found in vertebrates and plants. In human, 

there are 24 MMPs genes encoding 23 secreted and membrane associated MMPs 

(Jablonska-Trypuc et al. 2016; Laronha and Caldeira 2020). Matrix 

metalloproteinases are a larger family of endopeptidases that belong to the 

metzincin superfamily. MMPs are able to degrade all kinds of extracellular matrix 

proteins. They are crucial in many physiological processes such as morphogenesis 
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and tissue repair; they are also associated with many pathological events such as 

inflammation, fibrosis, cancer, etc. (Apte and Parks 2015; Shay et al. 2015). Matrix 

metalloproteinase-3 (MMP-3), also named stromelysin-1, is an important member 

of matrix metalloproteinases family. MMP-3 is secreted as an inactive proprotein 

which consists of three basic parts: a propeptide, a metalloproteinase catalytic 

domain, and a hemopexin-like C-terminal domain (Gomis-Ruth et al. 1997). MMP-

3 can degrade extracellular matrix proteins, such as collagen, fibronectin, laminin, 

and elastin, and cleave and activate other MMPs and cytokines, rendering MMP-

3 crucial in many physiological and pathological processes (Fingleton 2017; Wan 

et al. 2021; Ye et al. 1996). 

Inflammation, a complex biological part of immune responding to harmful 

stimuli, is one of the most fundamental and pronounced reactions to eliminate the 

stimuli and initiate repair process (Ferrero-Miliani et al. 2007; Netea et al. 2017). 

During the inflammatory response, proteolysis is a key process to enable tissue 

remodeling and healing (Keller et al. 2013). MMPs are such one big family of 

endopeptidases that can degrade extracellular matrix and basement membrane, 

making MMPs inevitably involved in the regulation of inflammation. MMPs can 

regulate inflammatory responses through alteration of vessel permeability and 

regulation of cytokine activities (Chang and Werb 2001; Fingleton 2017; Mittal et 

al. 2016). For example, in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced 

mouse skin inflammation model, elevated MMP-2 cleaved and inactivated 

complement 1 (C1) inhibitor, which further increased activation of complement 1 

and generation of bradykinin by plasma kallikrein, finally resulting in an increase in 
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vessel permeability in wild-type mice. Whereas in MMP-2 knockout (KO) mice, the 

vessel permeability was significantly lower as compared to that in wild-type mice 

(Keller et al. 2013). Similarly, in lipopolysaccharide-induced uveitis mouse model, 

systemic administration of lipopolysaccharide caused increased expression of 

MMP-3 in the posterior of eyes, leukocyte adhesion and infiltration in vitreous 

cavity, and upregulation of intercellular adhesion molecule 1 and IL-6 mRNA in 

retina and retinal pigment epithelium. However, in MMP-3 KO mice, these effects 

were significantly suppressed (Van Hove et al. 2016). 

MMP-3 has been reported to be engaged in lung inflammation. For 

example, in immunoglobulin G immune complexes-mediated acute lung injury 

mouse model, distinct increase of MMP-3 activity was observed in wild-type mouse 

lungs, however, in MMP-3 KO mice, the IgG complexes-mediated acute alveolitis 

was markedly decreased which was reflected by reduced protein content and 

leukocyte count in BALF (Warner et al. 2001). Similarly, a less degree of MIP-2-

induced lung inflammation was observed in MMP-3 KO mice as compared to that 

in wild-type mice (Nerusu et al. 2007). Furthermore, lacking MMP-3 expression 

also protects mice from lipopolysaccharide- or hydrochloric acid-induced lung 

injury. (Puntorieri et al. 2016). Recently, increased MMP-3 in serum of 108 

hospitalized COVID-19 patients was observed as compared to that in control 

patients, and the level of MMP-3 was correlated with the disease severity (Gelzo 

et al. 2022). The above studies suggest that MMP-3 plays important roles in 

pulmonary inflammatory responses. 



7 
 

Pulmonary fibrosis is a typical disease state that results from dysfunctional 

remedy responding to lung tissue injury caused by various particles, infections, 

allergens, chemicals, and other hazard factors (Giannandrea and Parks 2014; 

Tran et al. 2022; Zhao et al. 2022). It is characterized by the excessive extracellular 

matrix deposition and thickened alveolar walls. The progression of lung fibrosis 

leads to the reduction of lung compliance and capacity, lung dysfunction and 

failure, and ultimately death (Tran et al. 2022; Zhao et al. 2022; Zhao et al. 2020). 

To date, there is no cure for pulmonary fibrosis.  Understanding of the mechanisms 

underlying pulmonary fibrosis may provide new therapeutic strategies to treat the 

patients with lung fibrosis.  

The mechanisms underlying pulmonary fibrosis may be complex due to its 

various etiologies. Previous studies have revealed that many biological molecules 

and multiple mechanistic elements are involved in this process (Bonnans et al. 

2014; Giannandrea and Parks 2014; Wynn 2008; Wynn and Ramalingam 2012; 

Zhao et al. 2022; Zhao et al. 2020). Among them, one family of molecules are 

considered to play important roles in fibrosis that are matrix metalloproteinases, 

also called matrixins (Nagase and Woessner 1999; Nagase and Brew 2002; 

Sternlicht and Werb 2001; Visse and Nagase 2003).  

In normal physiological condition, the expression and activity of MMPs are 

precisely regulated by transcriptional factors and cytokines to interact with 

extracellular matrix (ECM) and are balanced by endogenous inhibitors called 

tissue inhibitors of metalloproteinases (TIMPs) (Balkowiec et al. 2018; Cui et al. 

2017). Loss of balance or control between MMPs and TIMPs may lead to 
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basement membrane disruption and invasion of fibroblasts to normal alveolar 

space where they aberrantly proliferate and produce unusual amount of ECM 

proteins like collagens, finally result in the diseases such as fibrosis (Brew et al. 

2000; Garcia-de-Alba et al. 2010; Gomez et al. 1997; Herrera et al. 2013; 

Woessner 1998; Yu et al. 2012). Our previous studies have shown that MMPs, 

such as MMP-2 and MMP-9, are involved in metal nanoparticle-induced lung 

inflammation and fibrosis (Mo et al. 2019; Mo et al. 2020b; Wan et al. 2008; Wan 

et al. 2011; Wan et al. 2017). Previous  studies also demonstrated that MMP-3, 

another type of MMPs, was upregulated in fibrotic diseases including idiopathic 

pulmonary fibrosis (IPF), bleomycin-induced pulmonary fibrosis, and liver fibrosis 

(Ra and Parks 2007; Suhaimi et al. 2020; Yamashita et al. 2011; Yamashita et al. 

2014; Ye et al. 1996). For example, in the lungs of patients with idiopathic 

pulmonary fibrosis, both MMP-3 mRNA and protein expression levels were 

increased (Yamashita et al. 2011). And MMP-3 was found overexpressed in 

various kinds of cells in the lungs of IPF patients including alveolar macrophages, 

alveolar and bronchial epithelial cells, interstitial fibroblasts, and intravascular 

leukocytes by immunohistochemical staining (Yamashita et al. 2011). Moreover, 

forced overexpression of MMP-3 caused pulmonary fibrosis in rats, while MMP-3 

KO mice were protected from bleomycin-induced pulmonary fibrosis (Yamashita 

et al. 2011). MMP-3 also mediates the progress of fibrotic response in other organs 

such as kidney (Rao et al. 2005; Yamashita et al. 2014). Meanwhile, MMP-3 could 

promote epithelial-mesenchymal transition (EMT), an important process 

contributing to the formation of fibrosis, both in vitro and in vivo, and in MMP-3 
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transgenic mice, moderate or severe fibrosis was observed (Sternlicht et al. 1999; 

Zhang et al. 2021b). These results suggest that MMP-3 overexpression may 

contribute to the formation of lung fibrosis. 

 

1.4 MMP-3 and lung epithelial barrier 

In lungs, the physical barrier constituted by airway epithelium is continually 

challenged by external environmental agents, including noxious stimuli such as 

allergens, virus, and microbes, and other environmental and occupational 

pollutions such as metal (oxide) nanoparticles. The integrity of epithelial barrier is 

essential to provide an effective protection for lungs, which dependents on cell 

junctions, such as tight junctions, adherens junctions, gap junctions, and other 

junctions. Tight junction, one important component in apical junctional complex 

which lock the epithelial cells into a stable layer and functions as the barrier, plays 

important role in protecting and separating different compartments within organism 

and regulating the diffusion of ions and solutes based on size and charge (Tepass 

2003; Zihni et al. 2016). Tight junction is a multiple protein complex which is 

situated between the epithelial, endothelial, and myelinated cells. To date, more 

than 40 different tight junction proteins have been identified, including 

transmembrane proteins occludin, claudin-1, and cytoplasmic protein ZO-1 [20]. 

Adherens junction is another protein complex that occurs at cell-cell junctions in 

epithelium (Guo et al. 2007), and usually locates below tight junctions. One 

important component of adherens junction is E-cadherin. E-cadherin is a 

transmembrane glycoprotein and consists of an extracellular domain that forms 
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adhesions between epithelial cells and a cytoplasmic domain that is bound by the 

anchor proteins p120 catenin or β-catenin and stabilized to actin cytoskeleton 

(Leckband and Prakasam 2006; Pokutta and Weis 2007; Yuksel et al. 2021). 

Alteration of these junction proteins would affect the integrity of epithelial 

barrier and further result in lung injury. A growing body of studies showed that 

disruption of airway epithelial junctions is involved in human lung diseases, such 

as chronic obstructive pulmonary disease (COPD) and asthma. (Brune et al. 2015; 

Lappi-Blanco et al. 2013; Ohta et al. 2012; Zou et al. 2020). For example, the 

expression of tight junction-associated proteins, such as ZO-1 and occludin, were 

significantly decreased both in lungs of COPD patients and in the air–liquid 

interface (ALI) culture of COPD patients-derived airway epithelial cells (Carlier et 

al. 2021; Heijink et al. 2014; Russell et al. 2002). Meantime, the expression of 

adherens protein E-cadherin was also reduced in ALI culture of COPD patients-

derived airway epithelial cells (François Carlier 2022). And inhaled corticosteroid 

treatment-induced lung function improvement in COPD was related with 

upregulation of genes enriched for epithelial junctions (van den Berge et al. 2014). 

Similarly, increasing evidence suggests that disruption of pulmonary epithelial 

junctions is also involved in the pathogenesis of pulmonary fibrosis. A case 

highlighted that a young man with a known genetic defect that leads to lose of 

epithelial junction developed severe lung fibrosis (Kulkarni et al. 2016). Increased 

permeability was also observed in the lungs of patients with IPF, suggesting that 

dysfunction of cell junction in lung epithelium is involved in the development of lung 

injury and fibrosis (McKeown et al. 2009). 
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Many factors have been shown to be involved in the dysfunction of epithelial 

junctions (Brune et al. 2015). Among them, MMPs are considered to play roles in 

the regulation of epithelial barrier due to their capability to degrade extracellular 

matrix proteins and basement membrane. In the bronchoalveolar lavage fluid 

(BALF) obtained from IPF patients, elevated MMPs expression and activities were 

observed (Henry et al. 2002), and the elevated levels of MMPs were correlated 

with an increased permeability index (McKeown et al. 2009). MMPs, such as MMP-

2 and MMP-9, have been reported to cause disruption of tight junction-associated 

proteins. It was reported that MMP-9 was involved in the decrease of occludin 

expression in BEAS-2B cells after silicon dioxide nanoparticles exposure, and this 

effect was inhibited by pretreatment with an MMP inhibitor (Liu et al. 2020). 

Overexpression of MMP-2 and MMP-9 could degrade tight junction-associated 

protein ZO-1 and increase blood-brain barrier (BBB) permeability, which were 

inhibited by pre-treatment of MMP-2/9 inhibitor SB-3CT in vitro (Zhang et al. 2018). 

Our previous study also showed that MMP-2 and MMP-9 were involved in Nano-

Ni-induced downregulation of tight junction-associated proteins, including ZO-1, 

occludin, and claudin-1, in human keratinocytes (Yuan et al. 2021). 

Recently, growing studies showed that MMP-3 is involved in the alteration 

of cell junctions. In IPF patients, elevated MMP-3 level is associated with the 

increased lung permeability (McKeown et al. 2009). In animal models, 

overexpression of MMP-3 was observed after spinal cord injury, and enhanced 

expression of MMP-3 caused blood-spinal cord barrier (BSCB) disruption, which 

was reflected by the decrease in tight junction-associated proteins ZO-1 and 



12 

occludin. Transfection of MMP-3 siRNA into the cells or treatment with an MMP-3 

inhibitor, N-isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH), 

significantly reduced the permeability of BSCB and increased the protein levels of 

ZO-1 and occludin. Similarly, the levels of tight junction-associated proteins were 

higher in MMP-3 KO mice than in wild-type mice after spinal cord injury. 

Furthermore, exogenous injection of an active MMP-3 recombinant enzyme into 

normal spinal cord increased BSCB permeability (Lee et al. 2014). In another 

study, isoflurane anesthesia and dye extravasation from brain were performed to 

evaluate the effects of MMP-3 on blood-brain barrier (BBB) permeability in vivo. 

Their results showed that both the isoflurane usage and anesthesia induction time 

were higher in MMP-3 KO mice than those in wild-type mice that had been 

administrated with MMP3 recombinant protein (wild-type+MMP-3), and the 

anesthesia emergence times were reported shorter in MMP-3 KO mice than that 

in wild-type+MMP-3 mice. Meantime, dye extravasation from brain was significant 

lower in MMP-3 KO mice than wild-type-MMP-3 mice (Zhang et al. 2021a).The 

transendothelial electrical resistance (TEER) results demonstrated that MMP-3 KO 

or inhibition significantly increased, while MMP-3 treatment decreased the barrier 

integrity of brain microvascular endothelial cells (BMVECs) monolayers. Their 

study further demonstrated that increased MMP-3 activity reduced the abundance 

of tight junction-associated proteins occludin, ZO-1, and claudin-5, as well as the 

adherens junction-associated protein E-cadherin in BMVECs (Zhang et al. 2021a). 

However, no studies have investigated the role of MMP-3 in the regulation of lung 

epithelial barrier after metal oxide nanoparticle exposure. 
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1.5 MMP-3 and fibroblast activation 

A hallmark of fibrosis is the excess production and deposition of 

extracellular matrix into normal lung tissues.  Fibroblasts, as well as other 

mesenchymal cells, are the principal cell types to regulate ECM homeostasis 

(Bonnans et al. 2014; Darby and Hewitson 2007; Zhao et al. 2020). Activated 

fibroblasts have a high capacity to produce extracellular matrix proteins and 

express α-SMA, which contribute to the form of fibrotic foci and contraction of 

fibrotic tissues (Darby and Hewitson 2007; Dong and Ma 2017). A variety of 

cytokines such as TGF-β, IL-1, and tumor necrosis factor (TNF), growth factors 

such as connective tissue growth factor (CTGF), and platelet-derived growth factor 

(PDGF), and matrix factors such as MMPs and  ECM proteins are involved in the 

activation and proliferation of fibroblasts (Bassiouni et al. 2021; Bonnans et al. 

2014; Hynes 2009; Mo et al. 2020b; Wynn and Ramalingam 2012; Zhao et al. 

2020). Among them, the role of matrix factors in regulation of fibroblast activation 

is gaining more and more attention (Berrier and Yamada 2007; Hynes 2009; Hynes 

2002; Zhao et al. 2020). 

Osteopontin (OPN), also named secreted phosphoprotein 1 (SPP1), is an 

extracellular structural protein, as well as an important cytokine, playing key roles 

in many physiological and pathological progress, including inflammation, cancer, 

COPD, asthma, and fibrosis (O'Regan and Berman 2000; Pang et al. 2019; Sodek 

et al. 2000; Thompson et al. 2014; Wang and Denhardt 2008). OPN is secreted by 

many kinds of cells including macrophages, epithelial cells, endothelial cells, and 

fibroblasts (Mori et al. 2008). Human OPN has two well-known integrin-binding 
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motifs: a typical RGD motif and a SVVYGLR integrin-binding site, through which it 

binds to the cell surface receptors (Mori et al. 2008; O'Regan 2003; 

Ophascharoensuk et al. 1999; Pardo et al. 2005). The receptors for OPN include 

integrins family (such as αVβ3) and CD44 which are expressed in most cell types. 

It is reported that OPN could promote the activation, migration, and un-controlled 

proliferation of fibroblasts (Burdo et al. 2007; Crawford et al. 1998; Denhardt et al. 

2001; Lin et al. 2000; Lin and Yang-Yen 2001; Mori et al. 2008; Ophascharoensuk 

et al. 1999; Pardo et al. 2005; Scatena et al. 1998). Increased OPN level is related 

to the severity of lung diseases, such as asthma and IPF (Mangum et al. 2004; 

Samitas et al. 2011; Samitas et al. 2013; Simoes et al. 2009). Previous studies 

showed that exposure to single-walled carbon nanotube caused increased OPN 

expression and contributed to single walled carbon nanotube-induced pulmonary 

fibrosis (Dong and Ma 2017; Mangum et al. 2006). However, whether exposure to 

metal oxide nanoparticles could cause upregulation of OPN, which further 

contributes to lung inflammation and fibrosis, is still unclear. 

Though intact OPN shows some physiological function, the modification of 

OPN after secretion is needed for its bioactivity (Christensen et al. 2010; Leitner 

et al. 2015). Proteolytic cleavage could modulate the biological activities of OPN 

and enhance its integrin-binding ability (Agnihotri et al. 2001; Helluin et al. 2000; 

Kennon and Stewart 2021; Kon et al. 2014; Lindsey et al. 2015; Scatena et al. 

2007; Yokasaki and Sheppard 2000). OPN is a substrate of MMP-3 and has at 

least 3 MMP-3-cleavage sites in the full-length protein. It has been observed that 

MMP-3 cleaved the OPN to be a more affinity fragment and MMP-3-mediated 
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cleavage of OPN potentiated the bioactivity of OPN (Agnihotri et al. 2001). 

Interestingly, MMP-3 is always co-expressed with OPN in fibrotic responses 

(Agnihotri et al. 2001; Craig et al. 2015; Szalay et al. 2009), suggesting that MMP-

3-OPN interaction may play roles in the development of pulmonary fibrosis. 

However, the role of MMP-3-cleaved OPN in the activation of fibroblasts is unclear. 

1.6 Specific aims 

In this study, the objective was to investigate the role of MMP-3 in Nano-

CuO-induced lung injury and fibrosis. Understanding how metal nanoparticles 

activate MMPs system that results in lung injury and fibrosis may lead to 

interventions that prevent metal nanoparticle-induced lung injury and fibrosis. 

The hypothesis was that exposure to Nano-CuO would cause ROS 

generation which might further lead to MMP-3 production in lung epithelial cells, 

which might alter cell junction-associated proteins, initiating and promoting Nano-

CuO-induced lung inflammation, injury, and fibrosis. This study will pursue the 

following three Specific Aims. 

1. Determine whether exposure to Nano-CuO would cause MMP-3

production in lung epithelial cells and the role of MMP-3 in Nano-CuO-induced 

alteration of cell junction-associated proteins. 

2. Examine whether Nano-CuO exposure would activate fibroblasts and the

role of MMP-3 and OPN in this process. 

3. Investigate the role of MMP-3 in Nano-CuO-induced lung inflammation,

injury, and fibrosis in vivo. 
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CHAPTER II: DETERMINE WHETHER EXPOSURE TO NANO-CUO WOULD 

CAUSE MMP-3 PRODUCTION IN LUNG EPITHELIAL CELLS AND THE ROLE 

OF MMP-3 IN NANO-CUO-INDUCED ALTERATIONS OF CELL JUNCTION-

ASSOCIATED PROTEINS 

2.1 Introduction 

In lungs, the epithelial barrier is the initial site of contact for all inhaled 

substances, playing as both a physical and an immunological shelter to protect the 

subepithelial tissues. Dysfunction of the barrier is considered as a critical factor in 

the development of lung inflammation and subsequent fibrosis (Brune et al. 2015; 

Carlier et al. 2021; Ohta et al. 2012). Epithelial junctions, such as tight junction, 

adherens junction, and other cell junctions, which lock the epithelial cells into a 

stable layer, contribute to the integrity of lung epithelial barrier. Previous studies 

have demonstrated that exposure to some nanoparticles disrupted the expression 

of tight junction-associated proteins, such as ZO-1, claudin, and adherens junction-

associated protein E-cadherin in lung endothelial and epithelial cells or brain 

endothelial cells (Chen et al. 2020; Chen et al. 2016; Liu et al. 2020; Xu et al. 

2015). Our previous study demonstrated that exposure to nickel nanoparticles 

caused downregulation of tight junction-associated proteins, such as ZO-1, 

occludin, and claudin-1 in epidermal keratinocytes (Yuan et al. 2021). However, 
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knowledge of the effects of Nano-CuO on lung epithelial junction-associated 

proteins is still limited. 

Matrix metalloproteinases (MMPs) belong to a large family of 

endopeptidases that are able to degrade extracellular matrix proteins and 

basement membrane. MMPs are crucial in many physiological processes such as 

morphogenesis and tissue repair; they are also associated with many pathological 

events such as inflammation, cancer, and fibrosis etc. (Apte and Parks 2015; Shay 

et al. 2015). MMPs, such as MMP-2 and MMP-9, have been shown to be involved 

in metal nanoparticle-induced dysregulation of tight junction-associated proteins 

(Yuan et al. 2021). Previous studies also showed that MMP-3, another type of 

MMPs, was involved in the dysregulation of cell junction-associated proteins in 

blood-spinal cord barrier or blood-brain barrier, while knocking-out or knocking-

down MMP-3 restored the abundance of tight junction-associated proteins and 

adherens junction-associated protein E-cadherin (Lee et al. 2014; Zhang et al. 

2021a). This raises the intriguing possibility that MMP-3 may be involved in metal 

nanoparticle-induced pulmonary epithelial barrier dysfunction. 

In the present study, we examined whether exposure to Nano-CuO altered 

the expression and activity of MMP-3 and its role in Nano-CuO-induced 

downregulation of epithelial junction-associated proteins in normal human 

bronchial epithelial BEAS-2B cells. We also explored the potential mechanisms 

that might be involved in these effects. 
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2.2 Materials and methods 

2.2.1 Nanoparticles and their characterization 

Copper (Ⅱ) oxide nano-powder (Nano-CuO) was purchased from Sigma-

Aldrich (St. Louis, MO) and Nano-TiO2 was provided by INABTA and Co., Ltd., 

Vacuum Metallurgical Co., Ltd. (Japan). The characteristics of Nano-CuO and 

Nano-TiO2 were described in our and other previous studies (Karlsson et al. 2008; 

Yu et al. 2010). Briefly, the mean diameters of Nano-CuO and Nano-TiO2 in the 

powder are 42 nm and 28 nm determined by transmission electron microscopy 

(TEM), and their mean hydrodynamic sizes are 220 nm and 280 nm determined 

by dynamic light scattering (DLS). The specific surface area is 23 m2/g for Nano-

CuO and 45.0 m2/g for Nano-TiO2. The metal nanoparticles were suspended in 

normal saline in a concentration of 100 µg/mL. To reduce agglomeration, metal 

nanoparticle suspensions were ultrasonicated by an ultrasonic cleaner FS30 

(Fisher Scientific, Pittsburg, PA) for at least 10 min prior to each experiment. 

2.2.2 Chemicals and reagents 

Catalase (CAT) was purchased from MP Biomedicals (Solon, OH). N-

acetyl-L(+)-cysteine (NAC) and MitoSOXTM Red reagent were from Fisher (Fair 

Lawn, NJ). Trolox, Mito-TEMPO, and MMP-3 substrate β-casein were from SIGMA 

(Saint Louis, MO). TRIzolTM Reagent was purchased from Invitrogen (Carlbad, 

CA). SB203580 was from TOCRIS (Ellisville, MO), PD98059 from Cell Signaling 

Technology (Beverly, MA), and SP600125 from Thermo Fisher (Ward Hill, MA). 
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Antibodies against β-actin (cat.# 58169), total p38 (cat.# 9212), phospho-

p38 (cat.# 9215), total ERK1/2 (cat.# 9107), phospho-ERK1/2 (cat.# 9101), total 

JNK2 (cat.# 9258),  phospho-JNK (cat.# 4668), E-cadherin (cat.# 3195), claudin-

1 (cat.# 4933s), horseradish peroxidase (HRP)-conjugated horse anti-mouse IgG 

(cat.# 7076), and goat anti-rabbit IgG (cat.# 7074) were obtained from Cell 

Signaling Technology (Beverly, MA). Anti-MMP-3 antibody (cat.# 53015) was from 

abcam (Cambridge, MA). Anti-ZO-1 antibody (cat.# bs-1329R) was purchased 

from Bioss Antibodies (Woburn, MA). Anti-occludin antibody (cat.# NBP1–77037) 

was obtained from Novus Biologicals (Littleton, CO). All other chemicals were 

purchased from Fisher Scientific (Waltham, MA) except when otherwise stated. All 

chemicals used were of analytical grade. 

2.2.3 Cell culture 

Normal human bronchial epithelial cells BEAS-2B were purchased from 

American Type Culture Collection (ATCC, Cat.# CRL-9609, Manassas, VA) and 

maintained in RPMI 1640 medium with L-glutamine, supplemented with 10% FBS, 

100 U/mL penicillin, and 100 µg/mL streptomycin (Corning, Manassas, VA) in a 

humidified atmosphere at 37 °C and 5% CO2. 

2.2.4 Cytotoxicity of metal oxide nanoparticles 

The cytotoxicity of Nano-CuO and Nano-TiO2 in BEAS-2B cells were 

determined by both CellTiter 96® AQueous Non-Radioactive Cell Proliferation 

Assay (MTS assay) (Promega, Madison, WI) and alamarBlue Cell Viability 
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Reagent (alamarBlue assay) (Invitrogen, Eugene, OR) as described in our 

previous studies (Mo et al. 2009a; Yu et al. 2010). Briefly, 3x103 BEAS-2B cells 

per well were seeded in 96-well plates. After 12 h incubation, cells were treated 

with different doses of Nano-CuO or Nano-TiO2 (0, 0.5, 1.0, 1.5, 2.0, and 5.0 

µg/mL) in a total volume of 200 µL per well. Cells without treatment were used as 

control. After 24 h treatment, the cytotoxicity was determined by recording the 

colorimetric absorbance at 490 nm for MTS assay and fluorescence at 

ex530/em590 for alamarBlue assay. The cell viability was presented as the 

percentage as compared to the control. 

2.2.5 Detection of ROS generation 

ROS generation was tested using 2′, 7′-dichlorodihydrofluorescein 

diacetate (H2-DCFDA) (Molecular Probes, Eugene, OR). H2-DCFDA is a non-

fluorescent compound. It can rapidly permeate through cell membranes and is 

hydrolyzed by the intracellular esterases and oxidized by intracellular oxidants to 

be a high fluorescent DCF, with a fluorescent intensity proportional to the 

intracellular ROS. Briefly, BEAS-2B cells were seeded into 96-well plate overnight 

and pretreated with 5 µM of H2-DCFDA for 2 h, followed by different doses of Nano-

TiO2 or Nano-CuO treatment for multiple times. Cells without treatment were used 

as control. The fluorescence was detected by Synergy HT microreader (BioTek, 

Winooski, VT) at ex485/em528. To determine the effects of ROS scavengers or 

inhibitors on Nano-CuO-induced ROS production in BEAS-2B cells, catalase 

(CAT, 2,000 U), N-acetyl-L(+)-cysteine (NAC, 20 mM), and Trolox (100 µM) were 
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added 2 h prior to adding H2-DCFDA, followed by exposure to 1 µg/mL of Nano-

CuO for 24 h. 

For detection of mitochondrial ROS generation, MitoSOXTM Red Reagent 

(5 µM), a mitochondria-specific superoxide indicator, was used according to the 

manufacturer’s instruction. Briefly, the cells were pretreated with MitoSOXTM for 2 

h prior to exposure to 1 μg/mL of Nano-CuO. The fluorescence at ex530/em590 

was recorded by Synergy HT microreader (BioTek, Winooski, VT). A specific 

mitochondrial superoxide scavenger, Mito-TEMPO (10 µM), was used to observe 

whether Nano-CuO-induced ROS generation was from mitochondria. For images 

of MitoSOXTM staining, cells were treated with Nano-CuO (1 μg/mL) for 6 h and 

MitoSOXTM (5 µM) for another 30 min. The images were captured by fluorescence 

microscopy (Nikon, Japan). 

2.2.6 Generation of BEAS-2B Rho-0 (ρ0) cells 

To obtain BEAS-2B ρ0 cells, parental BEAS-2B cells were chronically 

exposed to low dose of ethidium bromide (EtBr) as described previously 

(Fernandez-Moreno et al. 2016; Hashiguchi and Zhang-Akiyama 2009). Briefly, 

1x104 BEAS-2B cells per flask were seeded in 75 cm2 flasks in complete media. 

After 12 h incubation, the medium was replaced with fresh complete medium 

supplemented with 50 ng/mL EtBr, 50 μg/mL uridine, and 100 μg/mL sodium 

pyruvate. After one week of culture, the medium was refreshed every other day. 

Usually after approximately one month following the initial addition of EtBr, ρ0 cell 

colonies were visible. To verify the depletion of mitochondrial DNA (mtDNA) in 
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BEAS-2B ρ0 cells, genomic DNA was isolated from the cells as described 

previously (Blin and Stafford 1976). mtDNA level was quantified by qPCR using 

primers for mitochondrial encoded D-loop gene and normalized to nuclear 

encoded beta-2-microglobulin (B2M) gene. The PCR primers for D-loop gene 

were: forward 5’-CATCTGGTTCCTACTTCAGGG-3’ and reverse 5’-

TGAGTGGTTAATAGGGTGATAGA-3’. The primers for B2M gene (as a positive 

control and internal reference) were: forward 5’- 

TGCTGTCTCCATGTTTGATGTATCT-3’ and reverse 5’- 

TCTCTGCTCCCCACCTCTAAGT-3’. qPCR was performed using a Bio-Rad iQ5 

iCycler (Bio-Rad, Hercules, CA). Briefly, 100 ng genomic DNA was used in a total 

of 20 µL reaction mix which contains 1 µL of forward/reverse primer (5 µM) and 10 

µL of 2 × iTaq Universal SYBR Green Supermix. The mixture was preheated and 

denaturated at 95 °C for 3 min, followed by 50 cycles of denaturation at 95 °C for 

30 s, annealing at 54 °C for 1 min, and extension at 72 °C for 30 s. The failure of 

mitochondrial ROS production in BEAS-2B ρ0 cells induced by Nano-CuO 

exposure was confirmed by using MitoSOXTM Red Reagent staining as described 

above. 

 

2.2.7 Extraction of total RNA and real-time PCR 

Total RNA was isolated from BEAS-2B or BEAS-2B ρ0 cells by using TRIzol 

Reagent according to the manufacturer’s instruction. Total RNA concentration and 

purity were determined by DU730 Spectrophotometer (Beckman Coulter, 

Fullerton, CA) at absorbance of 260 nm and 280 nm. 
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To quantify the expression levels of MMP-3, TIMP-1, and TIMP-4, RT-qPCR 

was performed using a Mastercycler (Eppendorf, Westbury, NY) and a Bio-Rad 

iQ5 iCycler as previously described (Mo et al. 2009a; Mo et al. 2012; Yu et al. 

2010). Briefly, total RNA (2 µg) was reverse-transcribed into cDNA using 1 µL M-

MLV reverse transcriptase (Promega, Madison, WI) in a total volume of 25 µL 

which contains 2 µL of 0.5 µg/µL oligo(dT)18 primer, 1.25 µL of 10 mM dNTP, 0.75 

µL RNasin Ribonuclease inhibitor, and 5 µL of 5 × M-MLV reaction buffer. Real-

time PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, 

Hercules, CA). Briefly, 1 µL cDNA was used in a total of 20 µL reaction mix which 

contains 1 µL of forward/reverse primer (5 µM) and 10 µL of iTaq Universal SYBR 

Green Supermix. The mixture was denaturated at 95 °C for 3 min, followed by 50 

cycles of denaturation at 95 °C for 10 s, annealing at 58 °C for 30 s, and extension 

at 72 °C for 30 s. The melting curve was analyzed at last to confirm the single 

amplification product during the process. The primers for human MMP-3, TIMP-1, 

TIMP-4, and β-actin were: 

MMP-3 forward 5’-CTCACAGACCTGACTCGGTT-3’; 

MMP-3 reverse 5’- CACGCCTGAAGGAAGAGATG-3’; 

TIMP-1 forward 5’-AATTCCGACCTCGTCATCAG-3’; 

TIMP-1 reverse 5’-GTTTGCAGGGGATGGATAAA-3’; 

TIMP-4 forward 5’-CTTGGTGCAGAGGGAAAGTC-3’; 

TIMP-4 reverse 5’-GCCGTCAACATGCTTCATAC-3’; 

β-actin forward 5’-CATCGAGCACGGCATCGTCA -3’; 
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and β-actin reverse 5’-TAGCACAGCCTGGATAGCAAC -3’. The RT-qPCR results 

were recorded as threshold cycle numbers (Ct) and calculated by the 2‑ΔΔCt method 

(Livak and Schmittgen 2001) with normalization against β-actin mRNA level in the 

same sample. 

 

2.2.8 β-casein and gelatin zymography assays 

MMP-3 activity was measured by β-casein zymography assay while MMP-

2 and MMP-9 activity by gelatin zymography assay as described previously with 

modifications (Mo et al. 2019; Wan et al. 2011; Yamashita et al. 2011). Briefly, cells 

were seeded in 6-well plates in serum-free RPMI1640. After Nano-CuO or Nano-

TiO2 treatment, the conditioned medium was collected. For β-casein zymography 

assay, the conditioned medium was concentrated by Amicon® Ultra centrifugal 

filter devices (with Ultracel-10K membrane, Millipore, Billerica, MA) for 10 times. 

Electrophoresis was performed on 10% SDS-polyacrylamide gel with 1 mg/mL β-

casein or 0.5 mg/mL gelatin under non-reducing conditions. After electrophoresis, 

the gels were washed twice (30 min each) in 2.5% Triton X-100 solution, and 

incubated in calcium assay buffer (pH 7.5) containing NaCl (150 mM), CaCl2 

(10 mM), ZnCl2 (5 μM), and 1% Triton X-100 at 37 °C for 36 h. After staining with 

0.1% Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA), the gels were 

destained in 10% acetic acid until clear bands were observed against the 

background of Coomassie blue-stained gel.  
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2.2.9 Protein extraction and Western blot 

Proteins were extracted using RIPA lysis buffer supplemented with PMSF, 

protease inhibitor cocktail, and sodium orthovanadate (Santa Cruz, CA). Cell 

samples were lysed in RIPA buffer for 30 min on ice. After centrifugation at 10,000 

g and 4 °C for 15 min, the supernatant containing total proteins was collected and 

the protein concentration was determined by Bradford protein assay (Bio-Rad). 

Western blot was performed as described previously (Long et al. 2019; Mo et al. 

2009a; Yu et al. 2010). Proteins were separated on SDS-PAGE, transferred on to 

Immun-Blot™ polyvinylidene fluoride (PVDF) membrane (Bio-Rad), blocked in 5% 

fat-free milk in 1 × TBS with 0.05% tween-20 for 1-2 h at room temperature, and 

incubated with primary antibody in 5% BSA at 4 °C overnight with gentle shaking. 

After washing, the membrane was incubated with HRP-conjugated secondary 

antibody for 1-2 h at room temperature. The bands were detected by using 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 

Rockford, IL) followed by exposure to CL-XPosureTM film (Thermo Scientific).  

Films were scanned by using a HP Officejet Pro8500 printer and quantified by 

using NIH ImageJ software (https://imagej.nih.gov/ij/). To determine the secreted 

MMP-3, supernatant of the conditioned medium was collected for electrophoresis. 

A gel stained with 0.1% Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA) 

was used as loading reference. 
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2.2.10 Transfection of BEAS-2B cells with MMP-3 siRNA 

Transfection was performed following the protocol provided by Thermo 

Fisher with modifications. Briefly, 1.5 × 105 BEAS-2B cells per well were seeded 

into six-well plates in antibiotic-free RPMI1640 supplemented with 10% FBS. The 

cells were incubated until 70-80% confluency. Cells were then transfected with a 

mixture of 6 µL of TurboFectin 8.0 Transfection Reagent (Origene, Rockville, MD) 

and 30 nM of MMP-3 siRNA (Ambion, Carlsbad, CA) in a total volume of 1 mL 

antibiotic-free and FBS-free RPMI 1640 medium for 6 h. After transfection, the cells 

were treated with Nano-CuO for another 48 h. The transfection efficiency was 

determined by MMP-3 expression by Western blot, and the cells were also 

harvested for Western blot. Silencer™ Select Negative Control No. 2 siRNA 

(Ambion, Carlsbad, CA) was used as a negative control.  

 

2.2.11 Immunofluorescent staining 

Immunofluorescent staining was performed based on the methods 

described previously (Mo et al. 2015; Yuan et al. 2021). Briefly, cells were seeded 

into 4-well LAB-TEK® II chamber slides (Nalge Nunc International, IL). After 

exposure to Nano-CuO for 48 h, cells were fixed with 10% neutral buffered formalin 

for 10 min and rinsed with 1x PBS three times (5 min each). Then cells were 

incubated in a blocking solution (3.26% of BSA, 5% of normal goat serum, and 

0.3% Triton X-100) for 1 h at room temperature for cell permeabilization and 

blocking of the nonspecific protein binding. After incubation with anti-E-cadherin 

(1:200) and anti-ZO-1 (1:200) antibodies overnight at 4 °C, the cells were 
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incubated with Alexa Fluor® 488-conjugated goat anti-rabbit IgG (Invitrogen, 

Carlsbad, CA) for 1 h at room temperature. The slides were mounted with Prolong 

Gold Antifade Reagent with DAPI (Invitrogen, Carlsbad, CA) and images were 

captured under fluorescence microscopy (Nikon, Japan). 

2.2.12 Statistical analysis 

Results were expressed as the mean ± standard error (SE). The differences 

among groups with one independent variable were evaluated by one-way analysis 

of variance (ANOVA) with Bonferroni post-hoc test. The differences among groups 

with two independent variables were evaluated by two-way analysis of variance 

(ANOVA) with Holm-Sidak test. All analyses were carried out using SigmaPlot 13.0 

software (Systat Software, San Jose, CA). In all statistical analyses, a p-value < 

0.05 was deemed statistically significant. 
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2.3 Results 

2.3.1 Cytotoxicity of Nano-CuO and Nano-TiO2 in BEAS-2B cells 

The cytotoxicity of different concentrations of Nano-CuO or Nano-TiO2 on 

BEAS-2B cells was shown in Figure 1. The results of MTS assay showed that 

exposure to 1.5 µg/mL or higher concentrations of Nano-CuO for 24 h caused 

significant cytotoxic effects on BEAS-2B cells (Figure 1A). However, exposure of 

the cells to Nano-TiO2 for 24 h did not cause any cytotoxic effects at all 

experimental doses (Figure 1A). The results were confirmed by using alamarBlue 

assay (Figure 1B). Non-cytotoxic doses were chosen for the following experiments. 

2.3.2 ROS generation in BEAS-2B cells exposed to Nano-CuO, but not to Nano-

TiO2 

Exposure of BEAS-2B cells to Nano-CuO caused a dose- and a time-

dependent increase in ROS production reflected by the increased DCF 

fluorescence intensity (Figure 2A, B). Exposure to 0.5 and 1 µg/mL of Nano-CuO 

for 24 h induced a significant increase in ROS generation compared to the control 

(Figure 2A), and the production of ROS appeared as early as 3 h after 1 µg/mL of 

Nano-CuO exposure (Figure 2B). However, treatment with the same doses of 

Nano-TiO2 did not cause any changes in DCF fluorescence in BEAS-2B cells 

(Figure 2A). 

Pre-treatment of cells with ROS scavengers or inhibitors, including N-acetyl-

l(+)-cysteine (NAC, 20 mM), catalase (2000 U), and Trolox (100 µM), significantly 

abolished Nano-CuO-induced ROS generation (Figure 2C). In addition, Nano-
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CuO-induced ROS was abolished by pretreatment of the cells with Mito-TEMPO, 

a specific mitochondrial ROS inhibitor (Figure 2D), but not by NADPH oxidase 

inhibitor, DPI (20 nM) (data not shown). To further determine whether mitochondria 

was the potential source of Nano-CuO-induced ROS generation, BEAS-2B ρ0 cells 

which lack mitochondrial DNA and dysfunction in oxidative phosphorylation were 

generated and the depletion of mitochondrial DNA in BEAS-2B ρ0 cells was 

validated by qPCR (Figure 3). MitoSOX™ Red Reagent, a mitochondria-specific 

fluorogenic dye in living cells, was used to detect the production of mitochondrial 

specific ROS. It is rapidly oxidized by mitochondrial superoxide rather than other 

ROS and the oxidized product is highly fluorescent. The results showed that Nano-

CuO-induced ROS generation was significantly attenuated in BEAS-2B ρ0 cells 

(Figure 2D, E). Those results suggest that mitochondria may be the key source of 

ROS generation in the BEAS-2B cells exposed to Nano-CuO. 
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Figure 1. Cytotoxicity of Nano-CuO and Nano-TiO2 on human lung epithelial 

(BEAS-2B) cells. 

BEAS-2B cells were seeded into 96-well plates and treated with different doses of 

Nano-CuO or Nano-TiO2 for 24 h. The cytotoxicity was determined by MTS assay 

(A) and alamarBlue assay (B). Cells without treatment were used as control. Data 

represent mean ± SE (n=6). * Significant difference as compared to the control 

group, p<0.05; # Significant difference as compared to the equal dose of Nano-

TiO2-treated group, p<0.05. 
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Figure 2. Effects of Nano-CuO and Nano-TiO2 on ROS generation in BEAS-2B 

cells, and the effects of ROS scavengers, mitochondria-targeted ROS inhibitor, or 

mitochondrial DNA depletion on Nano-CuO-induced ROS generation. 

BEAS-2B cells were pretreated with 5 M H2-DCFDA for 2 h, then were treated 

with different doses of Nano-CuO and Nano-TiO2 for 24 h (A) or 1 g/mL of Nano-

CuO for 0, 3, 6, 12, 24 h (B). After treatment, the fluorescence at ex485/em528 
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was recorded. (C) For antioxidant experiments, ROS scavengers or inhibitors NAC 

(20 mM), CAT (2000 U), and Trolox (100 M) were added 2 h prior to adding H2-

DCFDA for 2 h and 1 g/mL of Nano-CuO for another 24 h. (D) Mito-TEMPO (10 

µM) was added 2 h prior to treating MitoSOXTM for 2 h and 1 g/mL of Nano-CuO 

for 24 h. (E) For images of stained cells, cells were incubated with Nano-CuO (1 

g/mL) for 6 h and MitoSOXTM (5 µM) for 30 min. Cells without treatment were 

used as control. Data represent mean ± SE (n=6). * Significant difference as 

compared to the control group, p<0.05; # Significant difference as compared to the 

equal dose of Nano-TiO2-treated group, p<0.05; ‡ Significant difference as 

compared to Nano-CuO-treated alone group, p<0.05. 
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Figure 3. Validation of the depletion of mtDNA in BEAS-2B ρ0 cells. 

mtDNA level was quantified by qPCR using primers for mitochondrial encoded D-

loop gene and normalized to the level of a nuclear gene, beta-2-microglobulin 

(B2M). Data represent mean ± SE (n=3). * Significant difference as compared to 

their parental control BEAS-2B cells, p<0.05. 
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2.3.3 Role of Nano-CuO-induced ROS on MAPKs activation 

To examine whether Nano-CuO-induced ROS generation could activate 

mitogen-activated protein kinases (MAPKs) cascade, the expression of p38, 

Erk1/2 and JNK in BEAS-2B cells were determined by Western blot. The results 

demonstrated that exposure to 0, 0.5 and 1 µg/mL of Nano-CuO for 3 h caused a 

dose-dependent increase in phosphorylation of p38, Erk1/2 and JNK (Figure 4A, 

B). For the time-course study, BEAS-2B cells were exposed to 1 µg/mL of Nano-

CuO for 0, 3, 6, 12 and 24 h. The results showed that Nano-CuO caused increased 

phosphorylation of p38, Erk1/2 and JNK, which peaked at 6 or 12 h after treatment 

(Figure 4C, D). To further investigate the role of ROS generation on Nano-CuO-

induced activation of MAPKs, BEAS-2B cells were pre-treatment with ROS 

inhibitor, NAC (20 mM), for 2 h prior to exposure to 1 µg/mL of Nano-CuO for 

another 6 h. The results showed that NAC significantly suppressed Nano-CuO-

induced increased phosphorylation of p38, Erk1/2 and JNK (Figure 5A-D). Nano-

CuO also induced significant lower phosphorylation of MAPKs in BEAS-2B ρ0 cells 

as compared to that in their parental cells (Figure 5A-D). These results indicated 

that ROS generation in BEAS-2B cells exposed to Nano-CuO was involved in 

Nano-CuO-induced activation of MAPKs. 
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Figure 4. Dose- and time- dependent activation of MAPKs in BEAS-2B cells 

exposed to Nano-CuO.  

For dose-response study, BEAS-2B cells were treated with 0.5 and 1 µg/mL of 

Nano-CuO for 3 h (A, B). For time-course study, BEAS-2B cells were treated with 

1 µg/mL of Nano-CuO for 0, 3, 6, 12 and 24 h (C, D). A and C were the results of 

a single Western blot experiment. B and D were the average expression level of 

phospho-MAPKs (p-p38, p-Erk1/2, p-JNK) normalized to the expression level of 
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corresponding total MAPKs (p38, Erk1/2, JNK). Data represent mean ± SE (n=3). 

* Significant difference as compared to the control group, p<0.05.
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Figure 5. Effects of ROS scavenger or mitochondrial DNA depletion on Nano-CuO-

induced MAPKs activation in human lung epithelial cells. 

Protein was collected from the cells after exposure to 1 g/mL of Nano-CuO for 6 

h with/without pre-treatment with NAC (20 mM) for 2 h. Cells without treatment 

were used as control. (A) The result of a single Western blot experiment. (B, C, D) 

The average expression level of phospho-MAPKs (p-p38, p-Erk1/2, p-JNK) 

normalized to the expression level of corresponding total MAPKs (p38, Erk1/2, 
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JNK). * Significant difference as compared to the control group, p<0.05; # 

Significant difference as compared to Nano-CuO-treated alone group, p<0.05. 
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2.3.4 Effects of Nano-CuO on MMP-3 production 

To study whether exposure to Nano-CuO could cause the alteration of 

expression and activity of MMP-3, BEAS-2B cells were treated with 0, 0.5 or 1 

µg/mL of Nano-CuO for 6 h, or 1 µg/mL of Nano-CuO for 0, 3, 6, 12 and 24 h. The 

results showed that exposure of BEAS-2B cells to Nano-CuO caused a significant 

dose-dependent increase in MMP-3 mRNA level (Figure 6A), and MMP-3 mRNA 

expression reached peak at 6 h after Nano-CuO exposure (Figure 6B). However, 

the mRNA levels of TIMP-1 or TIMP-4, which are considered as the endogenous 

inhibitors of MMP-3, did not change following Nano-CuO exposure (Figure 7). To 

further confirm the upregulation of MMP-3 by Nano-CuO at the protein level, 

Western blot was performed. Nano-CuO caused a dose-dependent increase in 

MMP-3 expression at protein level (Figure 6C, E), and the expression reached at 

the highest level at 12 h after Nano-CuO exposure (Figure 6D, F). MMP-3 activity 

results, detected by β-casein zymography, were consistent with its mRNA and 

protein expression results (Figure 6G, H). However, exposure of cells to Nano-

TiO2 did not cause any changes in the expression and activity of MMP-3 (Figure 

6A, C, E, G). These results suggested that exposure of BEAS-2B cells to Nano-

CuO caused upregulation of MMP-3, which might further cause an imbalance 

between MMP-3 and its inhibitors TIMP-1 and TIMP-4. 
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Figure 6. Dose- and time- dependent induction of MMP-3 in BEAS-2B cells 

exposed to metal oxide nanoparticles. 

For dose-response study, BEAS-2B cells were exposed to 0.5 and 1 µg/mL of 

Nano-CuO or Nano-TiO2 for 6 h for MMP-3 mRNA (A) or 12 h for MMP-3 protein 

expression (C, E). For time-response study, the cells were exposed to 1 µg/mL of 
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Nano-CuO for 0, 3, 6, 12 and 24 h for MMP-3 mRNA (B) or 0, 6, 12 and 24 h for 

MMP-3 protein expression (D, F). After treatment, the cells were collected for total 

RNA isolation, while the conditioned media were collected for Western blot. Cells 

without treatment were used as control. Equal protein loading was verified by 

Coomassie Brilliant Blue staining. C and D were the results of a single experiment, 

while E and F were normalized band densitometry readings averaged from three 

independent experiments. (G, H) MMP-3 activity was detected in the conditioned 

media by β-casein zymography. Data represent mean ± SE (n=3). * Significant 

difference as compared to the control group, p<0.05; # Significant difference as 

compared to equal dose of Nano-TiO2-treated group, p<0.05. 
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Figure 7. Dose- and time- dependent studies of TIMP-1 and TIMP-4 mRNA 

expression in BEAS-2B cells exposed to Nano-CuO. 

For dose-response study, BEAS-2B cells were exposed to 0, 0.5 or 1 μg/mL of 

Nano-CuO for 6 h (A, C). For time-course study, BEAS-2B cells were exposed to 

1 μg/mL of Nano-CuO for 0, 3, 6, 12 and 24 h (B, D). Cells without treatment were 

used as control. TIMP-1 and TIMP-4 mRNA expressions were determined by RT-

qPCR. Data represent mean ± SE (n=3). 
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2.3.5 Effects of Nano-CuO-induced ROS and MAPKs activation on MMP-3 

expression 

To explore whether Nano-CuO-induced ROS generation could trigger the 

upregulation of MMP-3, ROS inhibitors or scavengers, catalase (2000 U), NAC (20 

mM), and Trolox (100 µM), were used to pre-treat BEAS-2B cells for 2 h prior to 

exposure to Nano-CuO. The results showed that pretreatment of cells with 

catalase, NAC or Trolox significantly abolished Nano-CuO-induced increased 

MMP-3 mRNA expression (Figure 8A), and secreted MMP-3 protein level and 

activity (Figure 8C, E). Nano-CuO exposure caused significant lower MMP-3 

expression and activity in BEAS-2B ρ0 cells as compared to that in their parental 

cells (Figure 8B, D, F). These results suggest that ROS generation in BEAS-2B 

cells exposed to Nano-CuO is involved in Nano-CuO-induced increased 

expression and activity of MMP-3. 

The results have shown that exposure to Nano-CuO caused activation of 

MAPKs through Nano-CuO-induced ROS generation. In order to investigate 

whether MAPKs activation were involved in Nano-CuO-induced MMP-3 

upregulation, MAPKs inhibitors, including p38 inhibitor SB203580 (10 µM), Erk1/2 

inhibitor PD98059 (10 µM), and JNK inhibitor SP600125 (10 µM), were used to 

pre-treat BEAS-2B cells for 2 h prior to Nano-CuO treatment for another 6 h. The 

RT-qPCR results showed that Nano-CuO-induced MMP-3 upregulation was 

significantly abolished by SB203580, PD98059, or SP600125 pretreatment (Figure 

9A). In addition, the secreted MMP-3 protein level in conditioned medium was 

significantly decreased by pre-treatment of the cells with p38, Erk1/2 and JNK 
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inhibitors (Figure 9B). β-casein zymography also demonstrated that Nano-CuO-

induced increased MMP-3 activity was ameliorated by pre-treatment of the cells 

with MAPKs inhibitors (Figure 9C). These results indicated that increased MMP-3 

expression and activity caused by Nano-CuO exposure was through Nano-CuO-

caused oxidative stress and activation of MAPKs pathway. 
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Figure 8. Effects of ROS scavengers or inhibitors, and mitochondrial DNA 

depletion on Nano-CuO-induced MMP-3 expression. 

BEAS-2B cells were pre-treated with ROS scavengers or inhibitors (CAT 2000 U, 

NAC 20 mM, and Trolox 100 M) for 2 h prior to exposure to 1 g/mL of Nano-

CuO for 6 h (A).  BEAS-2B ρ0 cells were exposed to 0.5 and 1 g/mL of Nano-
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CuO for 6 h (B). Cells without treatment were used as control. (C, D) Conditioned 

media were collected for determination of MMP-3 by Western blot after BEAS-2B 

and BEAS-2B ρ0 cells were exposed to 1 g/mL of Nano-CuO for 12 h with/without 

pre-treatment of NAC, CAT, or Trolox for 2 h. Equal protein loading was verified 

by Coomassie Brilliant Blue staining. (E, F) MMP-3 activity was measured by β-

casein zymography. Data represent mean ± SE (n=3). * Significant difference as 

compared to the control group, p<0.05; # Significant difference as compared to the 

Nano-CuO-treated alone group, p<0.05. 
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Figure 9. Effects of MAPKs inhibitors on Nano-CuO-induced MMP-3 upregulation 

in BEAS-2B cells. 

BEAS-2B cells were pre-treated with p38 inhibitor SB203580 (10 µM), Erk inhibitor 

PD98059 (10 µM), or JNK inhibitor SP600125 (10 µM) for 2 h prior to exposure to 

1 µg/mL of Nano-CuO. After 6 h treatment, total RNA was isolated for 

measurement of MMP-3 mRNA by real-time PCR (A). After 12 h treatment, 

conditioned media were collected for measurement of MMP-3 expression by 

Western blot (B), or for MMP-3 activity by β-casein zymography (C). Cells without 

treatment were used as control. Data represent mean ± SE (n=3). * Significant 

difference as compared to the control, p<0.05; # Significant difference as 

compared to the Nano-CuO-treated alone group, p<0.05. 
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2.3.6 Nano-CuO exposure caused downregulation of tight and adherens junction-

associated proteins in lung epithelial BEAS-2B cells  

To determine whether exposure to metal nanoparticles could cause 

alteration expression of tight junction-associated proteins (ZO-1, occludin, and 

claudin-1) and adherens junction-associated protein E-cadherin, BEAS-2B cells 

were exposed with 0, 0.5 and 1 µg/mL of Nano-CuO or Nano-TiO2 for 48 h and the 

proteins were extracted for Western blot. The results showed that Nano-CuO 

exposure caused a significant decrease in the expression of ZO-1, occludin, 

claudin-1, and E-cadherin with a dose-dependent manner (Figure 10A, B, and 

Figure 11 A, B).  The time-course study revealed that Nano-CuO exposure induced 

decreased expression of E-cadherin as early as 12 h after treatment, and reduced 

expression of ZO-1, occludin, claudin-1 after 24 h or 48 h of exposure (Figure 10C, 

D, and Figure 11C, D). The expression of ZO-1 and E-cadherin were also 

examined by dual immunofluorescent staining. The results demonstrated that 

exposure to 1 µg/mL Nano-CuO for 48 h caused a significant decrease in the 

expression of ZO-1 and E-cadherin (Figure 10E and Figure 11E).  
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Figure 10. Dose- and time-dependent effects of Nano-CuO exposure on tight 

junction-associated proteins in BEAS-2B cells. 

BEAS-2B cells were treated with 0, 0.5 and 1 µg/mL of Nano-CuO for 48 h (A, B) 

or 1 µg/mL of Nano-CuO for 0, 12, 24 and 48 h (C, D). The protein was isolated to 

detect the expression of tight junction-associated proteins. (A, C) were the results 

of a single Western blot experiment, while (B, D) were the average expression 

level of ZO-1, occludin, and claudin-1 normalized to β-actin from three independent 

experiments. Data represent mean ± SE (n=3). * Significant difference as 

compared to the control group. p<0.05. (E) For immunofluorescent staining, cells 
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were treated with Nano-CuO for 48 h. Immunofluorescent staining of ZO-1 (green) 

was shown. DAPI (blue) stains the whole nuclei of cells. Scale bar represents 

50 μm for all panels. 
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Figure 11. Dose- and time- dependent effects of Nano-CuO exposure on adherens 

junction-associated protein E-cadherin in BEAS-2B cells. 

BEAS-2B cells were treated with 0, 0.5 and 1 µg/mL of Nano-CuO for 48 h (A, B) 

or 1 µg/mL of Nano-CuO for 0, 12, 24 and 48 h (C, D). The protein was isolated to 

detect the expression of adherens junction-associated protein E-cadherin. (A, C) 

were the results of a single Western blot experiment, while (B, D) were the average 

expression level of E-cadherin normalized to β-actin from three independent 

experiments. Data represent mean ± SE (n=3). * Significant difference as 

compared to the control group. p<0.05. (E) For immunofluorescent staining, cells 

were treated with Nano-CuO for 48 h. Immunofluorescent staining of E-cadherin 
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(green) was shown. DAPI (blue) stains the whole nuclei of cells. Scale bar 

represents 50 μm for all panels. 
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2.3.7 The role of MMP-3 in Nano-CuO-induced downregulation of tight and 

adherens junction-associated proteins 

To investigate the role of MMP-3 in Nano-CuO-induced downregulation of 

tight junction-associated proteins and adherens junction-associated protein, 

BEAS-2B cells were transfected with 30 nM of MMP-3 siRNA for 6 h and then 

exposed to 1 µg/mL of Nano-CuO for another 48 h. Negative Control No. 2 siRNA 

was used as a negative control. The efficiency of MMP-3 siRNA transfection was 

confirmed by Western blot. Nano-CuO-induced upregulation of MMP-3 was 

significantly blocked by MMP-3 siRNA, but not by control siRNA transfection 

(Figure 12A). In order to observe whether MMP-3 knock-down by siRNA will affect 

other MMPs, MMP-2 and MMP-9 activities were determined by gelatin 

zymography assay. The results showed that MMP-2 and MMP-9 were not affected 

(Figure 12B). MMP-3 siRNA transfection significantly restored the reduced 

expression of ZO-1, occludin, claudin-1, and E-cadherin caused by Nano-CuO 

(Figure 13A, B, and Figure 14A, B). The immunofluorescent staining results further 

confirmed that Nano-CuO-caused decrease of tight junction-associated proteins 

and adherens junction-associated protein were attenuated by MMP-3 siRNA 

(Figures 13C and 14C). 
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Figure 12. The efficiency of MMP-3 siRNA transfection and the effects of MMP-3 

siRNA on MMP-2 and MMP-9 activities in BEAS-2B cells. 

BEAS-2B cells were transfected with MMP-3 siRNA or Negative Control No. 2 

siRNA. After 6 h transfection, the cells were exposed to 1 µg/mL of Nano-CuO for 

another 12 h. Conditioned media were collected to detect the expression of MMP-

3 by Western blot (A) and the activities of MMP-2 and MMP-9 by gelatin 

zymography assay (B). Equal protein loading was verified by Coomassie Brilliant 

Blue staining. 
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Figure 13. The role of MMP-3 on Nano-CuO-induced downregulation of tight 

junction-associated proteins in BEAS-2B cells. 

BEAS-2B cells were transfected with MMP-3 siRNA or Negative Control No. 2 

siRNA. After 6 h transfection, the cells were exposed to 1 µg/mL of Nano-CuO for 

another 48 h. The protein was isolated from the cells to detect the expression of 

tight junction-associated proteins by Western blot (A, B), or the cells were used for 

immunofluorescent staining (C). Scale bar in (C) represents 50 μm for all panels. 

Data represent mean ± SE (n=3). * Significant difference as compared to the 

control group, p<0.05; # Significant difference as compared to the Nano-CuO-

treated group transfected with Negative Control No. 2 siRNA, p<0.05. 
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Figure 14. The role of MMP-3 on Nano-CuO-induced downregulation of adherens 

junction-associated protein E-cadherin in BEAS-2B cells. 

BEAS-2B cells were transfected with MMP-3 siRNA or Negative Control No. 2 

siRNA. After 6 h transfection, the cells were exposed to 1 µg/mL of Nano-CuO for 

another 48 h. The protein was isolated from the cells to detect the expression of 

adherens junction-associated protein E-cadherin by Western blot (A, B), or the 

cells were used for immunofluorescent staining (C). Scale bar in (C) represents 

20 μm for all panels. Data represent mean ± SE (n=3). * Significant difference as 

compared to the control group, p<0.05; # Significant difference as compared to the 

Nano-CuO-treated group transfected with Negative Control No. 2 siRNA, p<0.05. 
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2.4 Discussion 

Nano-CuO is widely used in various medical and industrial fields, such as 

wood-protection, antimicrobial productions, and nano-pigments (Evans et al. 2008; 

Ren et al. 2009; Semenzin et al. 2019; Tal Ben-Moshe 2009). With the increasing 

use of Nano-CuO, the potential health effects of Nano-CuO on human and 

environment are urgently needed to be investigated. Lungs are constantly in 

contact with ambient environment, thus they are one of major routes for various 

exogenous stimuli, such as microbes, environmental pollutants, nanoparticles, 

etc., to enter the body. Therefore, cells in first defend line of lung tissues against 

exogenous materials, such as epithelial cells, would be firstly exposed to 

nanoparticles after inhalation. BEAS-2B cells, non-tumorigenic epithelial cells that 

were derived from human lung tissues, have been widely used to evaluate the 

adverse effects of metal nanoparticles, such as lung inflammation, fibrosis, DNA 

damage, and cell transformation (Mo et al. 2021; Naz et al. 2020; Park et al. 2015; 

Strauch et al. 2017). Therefore, BEAS-2B cells were chosen in this study.  

Our results demonstrated that exposure of BEAS-2B cells to Nano-CuO, 

but not Nano-TiO2, caused severe cytotoxicity in a dose-dependent manner. Even 

at the very low concentrations of Nano-CuO, such as 1.5 µg/mL, it still reduced 

about 20% of cell viability. Non-cytotoxic doses of Nano-CuO were chosen in the 

present study because exposure to a dose that is lower than a cytotoxic dose can 

help identify potential health effects of Nano-CuO rather than those due to 

cytotoxicity. In addition, NIOSH recommended the exposure limits of copper fume 

of 0.1 mg/m3 (TWA). Assuming an adult worker works over 1000 days (8 h per 
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day) at 0.1 mg/m3 of copper fume with 20 L/min ventilation rate, the total copper 

fume deposited in the lungs would be 384 mg (assuming no clearance and 40% 

deposition rate) (0.1 mg/m3 × 20 L/min × 60 min/h × 8 h/day × 1000 days × 40% = 

384 mg). The surface area of human lung is about 100 m2, so the exposure 

concentration of copper fume would be about 0.384 μg/cm2. Previous study 

recommended a factor ×10 for uneven deposition (Akerlund et al. 2019), then the 

copper fume exposure concentration would be 3.84 μg/cm2, which is about 19-fold 

higher than the dose we used in this study. Therefore, 1 µg/mL (0.2 µg/cm2) of 

Nano-CuO as the exposure dose we have chosen in the present study is 

reasonable. 

Oxidative stress is a central hypothetical mechanism that accounts for the 

adverse effects induced by various metal nanoparticles  (Akhtar et al. 2016; Horie 

et al. 2018; Lai et al. 2018; Naz et al. 2020; Wu et al. 2020). Oxidative stress occurs 

when production of ROS disturbs the balance of antioxidant ability and oxidative 

pressure. Nanoparticles, including Co, CuO, ZnO, and CeO2, can cause excessive 

ROS production which may overwhelm antioxidant defenses and induce oxidative 

stress in different cell lines (Karlsson et al. 2008; Manke et al. 2013; Mo et al. 

2009a; Wan et al. 2008; Wan et al. 2012; Zhang et al. 1998). In the present study, 

our results demonstrated that Nano-CuO exposure caused a dose- and a time-

response increase in ROS generation in the BEAS-2B cells, and the increased 

ROS appeared as early as 3 h post-exposure. Nano-CuO-induced ROS generation 

was blocked by pre-treatment of BEAS-2B cells with ROS scavengers or inhibitors, 

such as catalase, NAC and Trolox. Mitochondria and NADPH oxidase are the 
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potential sources of ROS generation caused by nanoparticles (Karlsson et al. 

2009; Mo et al. 2009a). To explore the potential sources of Nano-CuO-induced 

ROS, mitochondria-specific superoxide scavenger Mito-TEMPO or NADPH 

oxidase inhibitor diphenyleneiodonium (DPI) was used to pre-treat cells prior to 

exposure to Nano-CuO. The results demonstrated that Mito-TEMPO significantly 

suppressed Nano-CuO-induced ROS, while DPI did not change ROS generation, 

suggesting that Nano-CuO-caused ROS production was originated from 

mitochondria rather than from activation of NADPH oxidase. These results were 

further confirmed by using BEAS-2B ρ0 cells; exposure of BEAS-2B ρ0 cells to 

Nano-CuO caused significantly lower ROS generation as compared to that in the 

parental cells. 

In addition, nanoparticle-caused ROS generation also contributes to the 

activation of cell signaling pathways, inflammatory cytokine and chemokine 

expression, and transcription factors (Manke et al. 2013). Although the 

components that mediate these effects differ among the different nanoparticles, 

there is commonality through their ability to cause oxidative stress. MAPKs are a 

kind of protein kinases that are sensitive to ROS stimulation and act important roles 

in responding to oxidative stress. A previous study indicated that Nano-CuO-

induced oxidative stress was involved in Nano-CuO-induced DNA damage and cell 

death via activation of p38 MAPK pathway in human vascular endothelial cells 

(HUVEC) (He et al. 2020). Nano-CuO-induced ROS also caused increased 

phosphorylation of Erk MAPK and p53, leading to cytotoxicity in human 

keratinocytes HaCaT and mouse embryonic fibroblasts MEF (Luo et al. 2014). Our 
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previous study also showed that Nano-CuO-caused upregulation of PAI-1 in 

endothelial cells which was mediated by p38 phosphorylation was due to oxidative 

stress (Yu et al. 2010). In the present study, Nano-CuO exposure caused 

increased phosphorylation of p38, Erk and JNK at as early as 3 h after Nano-CuO 

exposure, corresponding with Nano-CuO-induced ROS generation which was also 

occurred at 3 h post-exposure. And pre-treatment of the cells with ROS inhibitors 

or scavengers, such as CAT, NAC and Trolox, could significantly inhibit MAPKs 

activation induced by Nano-CuO. Meanwhile, the expression of MMP-3 caused by 

Nano-CuO was also abolished by ROS scavengers or inhibitors at both mRNA and 

protein levels. To further explore the role of MAPKs activation in the upregulation 

of MMP-3, inhibitors of MAPKs, such as p38 specific inhibitor, SB203580, Erk 

specific inhibitor, PD98059, and JNK specific inhibitor, SP600125, were used to 

pretreat BEAS-2B cells prior to exposure to Nano-CuO. The results manifested 

that these three specific MAPKs inhibitors significantly inhibited Nano-CuO-

induced upregulation of MMP-3. Our results suggest that Nano-CuO-induced 

MMP-3 upregulation may be through MAPKs activation via Nano-CuO-induced 

ROS generation. 

MMPs belong to a superfamily of enzymes that are able to degrade various 

kinds of extracellular matrix proteins, playing important roles in the process of 

tissue remodeling and repair (Nagase and Woessner 1999; Nagase and Brew 

2002; Sternlicht and Werb 2001; Visse and Nagase 2003). In normal physiological 

conditions, the expression and activity of MMPs are precisely regulated by 

transcriptional factors and cytokines and are balanced by endogenous inhibitors 
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which are tissue inhibitors of metalloproteinases (TIMPs) (Balkowiec et al. 2018; 

Cui et al. 2017). However, under pathologic conditions, overexpression of MMPs 

may lead to disruption of intercellular junction proteins and dysfunction of epithelial 

barrier, which may further contribute to the development of various lung diseases, 

such inflammation, chronic obstructive pulmonary disease, asthma, and fibrosis 

(Carlier et al. 2021; Ohta et al. 2012; Zou et al. 2020). For example, MMP-9 has 

been reported to be involved in the disruption of tight junction-associated protein 

occludin in human lung epithelial BEAS-2B cells, and BB94, a MMP inhibitor, 

significantly alleviated the downregulation of occludin induced by silica 

nanoparticles (Liu et al. 2020). In addition, overexpression of MMP-2 and MMP-9 

could decrease tight junction-associated protein ZO-1 and increase blood-brain 

barrier (BBB) permeability, which were inhibited by pre-treatment of MMP-2/9 

inhibitor SB-3CT in vivo and in vitro (Zhang et al. 2018). In our previous study, 

MMP-2 and MMP-9 were also involved in the Nano-Ni-induced downregulation of 

tight junction-associated proteins, including ZO-1, occludin, and claudin-1, in 

human keratinocytes (Yuan et al. 2021). However, few studies focused on the 

effects of MMP-3, another member of MMPs family, on intercellular junction 

proteins in lungs. 

Lungs are constantly challenged by external environmental agents, such as 

various particles, microbes, etc. Therefore, the integrity of the epithelial barrier is 

essential to provide effective protection for the lungs (Bhat et al. 2018; Buckley 

and Turner 2018; Zihni et al. 2016). Tight junction, adherens junction, and other 

cell junctions together lock the epithelial cells into a stable layer and function as 
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the barrier. The dysregulation of cell junction-associated proteins may lead to 

impaired epithelial barrier function and further result in tissue damage (Lappi-

Blanco et al. 2013; Ohta et al. 2012; Zou et al. 2020). Nanoparticles-induced 

disruption of cell junction-associated proteins has been reported (Chen et al. 2020; 

Chen et al. 2016; Liu et al. 2020; Xu et al. 2015; Yuan et al. 2021). For example, 

a study revealed that exposure to zinc oxide nanoparticles disrupted the 

endothelial tight and adherens junctions and further led to inflammatory cell 

infiltration in mouse lungs (Chen et al. 2020). Another study revealed that exposure 

to silica nanoparticles decreased the expression of tight junction-associated 

proteins, such as ZO-1, occludin, and claudin-1 (Liu et al. 2020). In the present 

study, our results demonstrated that exposure of BEAS-2B cells to Nano-CuO for 

48 h resulted in the disruption of tight and adherens junctions, reflected by 

decreased expression of ZO-1, occludin, claudin-1, and E-cadherin. Meantime, our 

results demonstrated that exposure to Nano-CuO caused significantly increased 

MMP-3 expression in both transcriptional and translational levels in human lung 

epithelial cells, whereas the expression of TIMP1 and TIMP-4 was not altered. Our 

results also showed that exposure of BEAS-2B cells to Nano-CuO did not cause 

any changes in the expression of MMP-2 and only caused a slight, but not 

significant increase in the expression of MMP-9 (data not shown). This raises the 

intriguing possibility that Nano-CuO-induced MMP-3 upregulation may be involved 

in Nano-CuO-induced lung epithelial barrier dysfunction, which was confirmed by 

the MMP-3 siRNA transfection. Knocking down MMP-3 by MMP-3 siRNA 
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significantly restored Nano-CuO-caused reduction of ZO-1, occludin, claudin-1, 

and E-cadherin. 

Previous studies have shown that MMP-3 is involved in the downregulation 

of cell junction-associated proteins(Yamashita et al. 2011). For example, in the 

lung tissues of patients with idiopathic pulmonary fibrosis (IPF), both MMP-3 

mRNA and protein expression levels were increased (Yamashita et al. 2011), and 

the upregulated level of MMP-3 was correlated with an increased permeability 

index (McKeown et al. 2009). In mice, overexpression of MMP-3 caused the 

decrease of tight junction-associated proteins, such as ZO-1 and occludin in blood 

vessels and increased the blood-spinal cord barrier (BSCB) permeability after 

spinal cord injury, while these effects were attenuated in MMP-3 KO mice (Lee et 

al. 2014). MMP3 upregulation also reduced the barrier integrity in microvascular 

endothelial cells (BMVECs) and increased the blood-brain barrier (BBB) 

permeability in mice (Zhang et al. 2021a). 

Taken together, our study demonstrated that exposure of human lung 

epithelial BEAS-2B cells to Nano-CuO caused MMP-3 upregulation, which further 

induced downregulation of tight and adherens junction-associated proteins. The 

results also revealed that Nano-CuO-induced upregulation of MMP-3 was 

mediated by phosphorylation of MAPKs due to Nano-CuO-induced oxidative 

stress. These results provide further understanding of pulmonary inflammation and 

fibrosis caused by metal nanoparticle exposure. 
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CHAPTER III: EXAMINE WHETHER NANO-CUO EXPOSURE WOULD 

ACTIVATE FIBROBLASTS AND THE ROLE OF MMP-3 AND OPN IN THIS 

PROCESS 

3.1 Introduction 

Nano-CuO has been shown to cause oxidative stress, inflammatory 

response, oxidative DNA lesions, immunotoxicity, and even cell death (Costa et al. 

2018; Juganson et al. 2015; Karlsson et al. 2008; Naz et al. 2020). In chapter II, I 

have shown that Nano-CuO exposure caused upregulation of matrix 

metalloproteinase-3 , and our previous study showed that MMP-3 was involved in 

the occurrence of epithelial-mesenchymal transition in human lung epithelial cells, 

which is a cellular process playing crucial roles in disease development such as 

cancer and fibrosis (Zhang et al. 2021b). Several in vivo studies also showed that 

Nano-CuO exposure induced epithelial cell injury, pulmonary inflammation, and 

finally lung fibrosis in mice (Ko et al. 2018; Lai et al. 2018). However, the 

mechanism underlying Nano-CuO-induced lung fibrosis is still unclear. 

Activation of fibroblasts is considered the cellular drive that leads to the 

development of fibrosis (Darby and Hewitson 2007). Activated fibroblasts have a 

high capacity to produce extracellular matrix proteins and express α-SMA, which 

contribute to the form of fibrotic foci and contraction of fibrotic tissues (Darby and 

Hewitson 2007; Dong and Ma 2017). Nanoparticle-induced activation of fibroblasts 
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have been reported in previous studies (Bonner 2010; Dong and Ma 2015; Dong 

and Ma 2016; Hussain et al. 2014; Kabadi et al. 2019; Ryman-Rasmussen et al. 

2009; Snyder-Talkington et al. 2013; Venter and Niesler 2018; Wang et al. 2013). 

For example, Previous study revealed that multi-walled carbon nanotubes 

(MWCNTs) exposure caused secretion of TGF-β1 in alveolar macrophages and 

subsequently induced TGF-β1-dependent fibrotic responses in both co-culture 

model and male spontaneously hypertensive rats (Wang et al. 2013). Another 

study demonstrated that MWCNTs induced NLRP3 inflammasome activation in 

airway epithelial cells, which further mediated non-TGF-β dependent pro-fibrotic 

responses in lung fibroblasts (Hussain et al. 2014). However, whether Nano-CuO 

could activate fibroblasts and the underlying mechanisms are still not fully 

elucidated. 

Osteopontin (OPN), also named secreted phosphoprotein 1 (SPP1), is an 

important cytokine in body fluids and extracellular matrix. Human OPN has two 

well-known integrin-binding motifs: a typical RGD motif and an SVVYGLR integrin-

binding site, through which it binds integrin family such as αvβ3, playing key roles 

in many physiological and pathological progress, including inflammation, cancer, 

COPD, asthma, and fibrosis (Mangum et al. 2004; Mori et al. 2008; O'Regan 2003; 

Ophascharoensuk et al. 1999; Pardo et al. 2005; Rangaswami et al. 2006; Samitas 

et al. 2011; Simoes et al. 2009; Takahashi et al. 2001; Wang and Denhardt 2008). 

Elevated expression of OPN has been observed in lung diseases, such as asthma 

and IPF, and the upregulated OPN level is associated with the severity of these 

lung diseases (Pardo et al. 2005; Samitas et al. 2011; Simoes et al. 2009). 
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Nanoparticle-induced overexpression of OPN has been reported in vitro and in 

vivo. For example, OPN was highly and persistently induced in mouse lungs 

responding to MWCNTs exposure in both acute and chronic phases, and 

knocking-out OPN had a protective effect against MWCNTs-induced fibrotic focus 

formation and fibroblast accumulation in mouse lungs (Dong and Ma 2017). 

Another study also showed that OPN was highly expressed in bleomycin-induced 

lung fibrosis, while RMV-7, an αv integrin monoclonal antibody, significantly 

suppressed the fibrotic responses caused by bleomycin in both in vitro and in vivo 

models (Takahashi et al. 2001). However, whether Nano-CuO exposure could 

cause upregulation of OPN and its role in the fibrotic responses caused by Nano-

CuO are unclear. In addition, the bioactivity of OPN is modified by proteolytic 

cleavage through which OPN exposes its integrin-binding motifs that are masked 

in intact OPN, and cleaved-OPN exerts enhanced biological activity than the intact 

protein (Agnihotri et al. 2001; Denhardt et al. 2001; Senger et al. 1996; Senger and 

Perruzzi 1996; Takahashi et al. 1998). Previous study has reported that OPN is a 

substrate of MMP-3 and cleavage of OPN by MMP-3 potentiated the bioactivity of 

OPN (Agnihotri et al. 2001). Interestingly, MMP-3, a member of MMPs and an 

important mediator of pulmonary fibrosis, is always co-expressed with OPN in 

fibrotic responses (Agnihotri et al. 2001; Craig et al. 2015; Szalay et al. 2009). This 

raises the intriguing possibility that MMP-3-cleaved OPN may be involved in metal 

oxide nanoparticle-induced pulmonary fibrosis. Therefore, investigating the 

relationship between MMP-3-cleaved OPN and fibroblast activation after metal 
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nanoparticle exposure will contribute to our full understanding of the mechanisms 

underlying metal nanoparticle-induced pulmonary fibrosis. 

In the present chapter, a triple co-culture model consisting of human lung 

epithelial cells, macrophages, and fibroblasts was established to explore the role 

of MMP-3 in the fibrotic responses in vitro after nanoparticle exposure. We 

hypothesized that exposure of human lung epithelial cells and macrophages to 

Nano-CuO would increase the expression and activity of MMP-3, which cleaved 

OPN to produce bioactive OPN fragment, contributing to the fibroblast activation 

and lung fibrosis finally. 
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3.2 Materials and methods 

3.2.1 Nanoparticles and their characterization 

See “Nanoparticles and their characterization” in Materials and methods in 

the section 2.2.1 of Chapter II. 

3.2.2 Chemicals and reagents 

CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS 

assay) was purchased from Promega (Madison, WI), and alamarBlue Cell Viability 

Reagent (alamarBlue assay) was from Invitrogen (Eugene, OR). Phorbol 12-

myristate 13-acetate (PMA) was obtained from Promega Corporation (Madison, 

WI). MMP-3 substrate β-casein and GRGDSP peptides were from SIGMA (Saint 

Louis, MO). 

Antibodies against β-actin (cat.# 58169), collagen type 1 (Col1A1, cat.# 

84336), fibronectin (cat.# 26836), TGF-β (cat.# 3711), and horseradish peroxidase 

(HRP)-conjugated horse anti-mouse IgG (cat.# 7076) and goat anti-rabbit IgG 

(cat.# 7074) were obtained from Cell Signaling Technology (Beverly, MA). Anti-

osteopontin (OPN) antibody (cat.# PIPA534579) was purchased from Invitrogen 

Corporation (Carlsbad CA). Anti-MMP-3 antibody (cat.# 53015 and 52915) was 

from abcam (Cambridge, MA), and anti-α-SMA (cat.# A5228) antibodies from 

SIGMA (Saint Louis, MO). 

All other chemicals were purchased from Fisher Scientific (Fair Lawn, NJ) 

except when otherwise stated. All chemicals used were of analytical grade. 
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3.2.3 Cell culture 

Human U937 monocytes (cat.# CRL-1593.2) and normal human bronchial 

epithelial cells BEAS-2B (cat.# CRL-9609) were purchased from American Type 

Culture Collection (ATCC, Manassas, VA) and maintained in RPMI 1640 medium 

with L-glutamine, supplemented with 10% Fetal Bovine Serum (FBS), 100 U/mL 

penicillin, and 100 µg/mL streptomycin (Corning, Manassas, VA) in a humidified 

atmosphere at 37 °C and 5% CO2. Prior to use, U937 monocytes were 

differentiated into macrophages (U937*) with 100 nM PMA at 37 °C for 48 h. 

Human fibroblasts MRC-5 cells were obtained from ATCC (cat.# CCL-171) 

and maintained in Eagle's Minimum Essential Medium (EMEM) supplemented with 

10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (Corning, Manassas, 

VA) in a humidified atmosphere at 37 °C and 5% CO2. 

3.2.4 Collection of conditioned media 

4 × 105 BEAS-2B or U937* cells per well were seeded in 6-well plates in 2 

mL complete EMEM.  After overnight culture, the cells were exposed to Nano-CuO 

for 12 h. The cell culture media were collected and centrifugated. For co-culture of 

BEAS-2B and U937*, BEAS-2B cells were seeded in 6-well plates and incubated 

overnight. Then U937* macrophages were added at the ratio of 1:1 or 1:9 

(U937*:BEAS-2B, total 4 × 105 cells per well). BEAS-2B-U937* co-culture was 

cultured in 2 mL complete EMEM for 12 h in a humidified atmosphere at 37 °C and 

5% CO2. Then the co-culture was exposed to 0.5 or 1 µg/mL of Nano-CuO for 

another 12 h. The cell culture media were collected and centrifugated, and the 
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supernatant was used as conditioned media to culture MRC-5 cells for 0, 12, 24, 

48 and 72 h. Supernatants from unexposed cells were used as negative control. 

3.2.5 Triple co-culture model 

The triple co-culture model was composed of three kinds of human cell 

lines: human lung bronchial epithelial cells (BEAS-2B), macrophages 

(differentiated U937), and fibroblasts (MRC-5), and was set according to the 

previous studies with a little modification (Akerlund et al. 2019; Barosova et al. 

2020; Kabadi et al. 2019; Rothen-Rutishauser et al. 2005). Briefly, BEAS-2B cells 

were seeded at first in the inserts of Corning Transwell®-Clear unit (24 mm 

diameter insert, 0.4 μm pore size, polyester membrane, Corning, NY) in 2 mL 

complete EMEM. 1.5 mL complete medium was added in the lower chamber. After 

overnight incubation, the medium was aspirated, and 2 mL U937* macrophage 

suspension was added on top of the BEAS-2B epithelial monolayer at the ratio of 

1:1 or 1:9 (U937*:BEAS-2B). The total BEAS-2B and U937* cells were 2 × 105 

cells per insert. U937* macrophages were allowed to attachment for 12 h and the 

medium was changed. The cells were incubated for another 24 h at 37 °C and 5% 

CO2. 

MRC-5 cells were seeded in 6-well plates at a density of 1 × 105 cells/mL in 

a volume of 2 mL/well and incubated for 48 h. Then, the inserts above were placed 

in the well with MRC-5 cells, and 1 mL of complete EMEM was added in the insert 

and 1.5 mL in the lower chamber. The triple co-culture model was incubated for 12 

h in a humidified atmosphere at 37 °C and 5% CO2. Then BEAS-2B and U937* 
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cells in the inserts were exposed to 1 µg/mL of Nano-CuO for 12 h. After exposure, 

the inserts were taken out and MRC-5 cells in the lower chamber were incubated 

for another 36 h. 

 

3.2.6 Cytotoxicity assays 

The cytotoxicity of Nano-CuO in BEAS-2B, U937, and MRC-5 cells were 

determined by both alamarBlue assay and MTS assay as described in our previous 

studies (Mo et al. 2009b). Briefly, cells were seeded in 96-well plates. After 12 h 

incubation, cells were treated with different doses of Nano-CuO in a total volume 

of 200 µL per well. Cells without treatment were used as control. After treatment, 

the cytotoxicity was determined by recording the colorimetric absorbance at 490 

nm for MTS assay and fluorescence at ex530/em590 for alamarBlue assay. The 

cell viability was presented as the percentage as compared to the control. 

 

3.2.7 Wound healing assay 

Fibroblast migration ability was evaluated by in vitro wound healing assay. 

Briefly, MRC-5 fibroblasts were seeded in 12-well plates and incubated in EMEM 

media until ~70-80% confluency. The wound was carefully made by scratching a 

straight line in the monolayer using a pipette tip. A second scratch was made 

perpendicular to the first one and the wells were washed twice with 1 x PBS to 

remove any detached cells. After treatment with conditioned media for 48 h, the 

cell image was captured by a microscopy (Nikon, Japan) and the wound closure 



72 

area was calculated by using NIH ImageJ software (https://imagej.nih.gov/ij/), 

which was used to determine the migration ability of fibroblasts. 

3.2.8 β-casein zymography assay 

See “β-casein zymography assay” in Materials and methods in the section 

2.2.8 of Chapter II. 

3.2.9 Protein extraction and Western blot 

See “Protein extraction and Western blot” in Materials and methods in the 

section 2.2.9 of Chapter II. 

To determine the level of cleaved-OPN, the media were collected and 

concentrated by Amicon® Ultra centrifugal filter units (with Ultracel-10K 

membrane) for 10 times before electrophoresis. The gel stained with 0.1% 

Coomassie Brilliant Blue R-250 was used as loading reference. 

3.2.10 Transfection of BEAS-2B and U937* cells with MMP-3 siRNA 

Transfection was performed as described in the section 2.2.10 of chapter II 

with modifications. Briefly, BEAS-2B cells were seeded in the inserts and 

incubated for 24 h, then U937* cells were seeded at a ratio of 1:1 or 1:9 

(U937*:BEAS-2B) onto the BEAS-2B cell layer in antibiotic-free RPMI1640 

supplemented with 10% FBS and allowed to attach. Cells were then transfected 

with a mixture of 6 µL of TurboFectin 8.0 Transfection Reagent (Origene, Rockville, 

MD) and 30 nM of MMP-3 siRNA (Ambion, Carlsbad, CA) in a total volume of 1 

https://imagej.nih.gov/ij/
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mL antibiotic-free and FBS-free RPMI 1640 medium for 6 h. Afterwards, 1 mL of 

RPMI 1640 medium containing 2 times FBS and antibiotics was added, and the 

cells were incubated for another 12 h. Silencer™ Select Negative Control No. 2 

siRNA (Ambion, Carlsbad, CA) was used as a negative control. After exposure to 

Nano-CuO for 12 h, the conditioned media were collected and the roles of MMP-3 

in cleavage of OPN and activation of fibroblasts were determined.  

 

3.2.11 Statistical analysis 

Results were expressed as the mean ± standard error (SE). The differences 

among groups with one independent variable were evaluated by one-way analysis 

of variance (ANOVA) with Bonferroni post-hoc test. The differences among groups 

with two independent variables were evaluated by two-way analysis of variance 

(ANOVA) with Holm-Sidak test. All analyses were carried out using SigmaPlot 13.0 

software (Systat Software, San Jose, CA). In all statistical analyses, a p-value < 

0.05 was deemed statistically significant.   
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3.3 Results 

3.3.1 Cytotoxic effects of Nano-CuO on MRC-5, U937*, and BEAS-2B cells 

To find a non-cytotoxic dose for the mechanism study, the cytotoxicity of 

Nano-CuO on MRC-5, U937*, and BEAS-2B cells were at first determined by 

alamarBlue assay. MRC-5 cells were exposed to various concentrations of Nano-

CuO for 48 h, U937* and BEAS-2B cells were exposed to different doses of Nano-

CuO for 24h. After exposure, cell viability was measured by alamarBlue assay. 

The results showed that exposure of MRC-5 (Figure 15A), U937* (Figure 15B), 

and BEAS-2B cells (Figure 1B) to 1 µg/mL or lower concentrations of Nano-CuO 

did not cause significant decreases in cell viability. These results were further 

confirmed by using MTS assay (data not shown). Therefore, non-cytotoxic doses 

(≤ 1 µg/mL) were chosen for the following in vitro experiments. 
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Figure 15. Cytotoxicity of Nano-CuO on human MRC-5 fibroblasts and U937-

derived macrophages. 

MRC-5 fibroblasts (A) and U937* macrophages (B) were seeded into 96-well 

plates and treated with different doses of Nano-CuO for 48 (A) and 24 h (B), 

respectively. The cytotoxicity was determined by alamarBlue assay. Cells without 

treatment were used as control. Data represent mean ± SE (n=6). * Significant 

difference as compared to the control group, p<0.05. 
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3.3.2 Exposure to Nano-CuO increased the expression and activity of MMP-3 in 

BEAS-2B and U937* cells, but not in MRC-5 cells 

The effects of Nano-CuO on MMP-3 expression and activity in BEAS-2B, 

U937*, and MRC-5 cells were detected by Western blot and β-casein zymography 

assay, respectively. In chapter II, I have shown that exposure to Nano-CuO caused 

a dose-dependent increase in the expression and activity of MMP-3 in BEAS-2B 

cells, and the peak occurred at 12 h after Nano-CuO exposure. Therefore, in this 

chapter, BEAS-2B, U937*, and MRC-5 cells were exposed to 0, 0.5 and 1 µg/mL 

of Nano-CuO for 12 h, and the expression and activity of MMP-3 were measured 

after exposure. The results demonstrated that exposure to Nano-CuO caused a 

dose-dependent increase in the expression of MMP-3 in both BEAS-2B and U937* 

cells (Figure 16A, C, E, G). The MMP-3 activity detected by β-casein zymography 

was consistent with its protein expression results (Figure 16B, D, F, H). Exposure 

of BEAS-2B cells to 1 µg/mL of Nano-CuO caused a 3~4-fold increase in MMP-3 

activity. Similarly, a 3~4-fold increment of MMP-3 activity was also observed in 

U937* macrophages after Nano-CuO exposure. However, in MRC-5 cells, Nano-

CuO exposure did not cause any change in the expression and activity of MMP-3 

(data not shown). 

To further explore the effects of Nano-CuO exposure on the activity of MMP-

3 in the co-culture system, BEAS-2B and U937* cells were co-cultured at the rate 

of 1:1 and 9:1 (BEAS-2B:U937*) and then exposed to 1 µg/mL of Nano-CuO for 

12 h. After Nano-CuO exposure, the MMP-3 activity in the media was measured 

by using β-casein zymography. The results demonstrated that Nano-CuO induced 
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a 3~4-fold increase in the MMP-3 activity in both 1:1 and 9:1 co-culture models 

(Figure 17), which are similar to those in mono-culture models. 
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Figure 16. Increased secretion of MMP-3 in BEAS-2B cells and U937* 

macrophages exposed to Nano-CuO. 

BEAS-2B cells (A-D) and U937* macrophages (E-H) were exposed to 0, 0.5 and 

1 µg/mL of Nano-CuO for 12 h. After treatment, the conditioned media were 

collected. MMP-3 protein level in the conditioned media was detected by Western 

blot (A, E). Equal protein loading was verified by Coomassie Brilliant Blue staining. 

MMP-3 activity in the conditioned media was detected by β-casein zymography 

(B, F). A, B, E and F were the results of a single experiment, while C, D, G and H 

were normalized band densitometry readings averaged from three independent 

experiments. Data represent mean ± SE (n=3). * Significant difference as 

compared to the control group, p<0.05. 
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Figure 17. Increased MMP-3 activity in BEAS-2B and U937* cells exposed to 

Nano-CuO.  

BEAS-2B cells, U937* macrophages, or co-culture of BEAS-2B and U937* cells at 

the ratio of 1:1 or 9:1 (BEAS-2B:U937*) were exposed to 1 µg/mL of Nano-CuO 

for 12 h. After treatment, the conditioned media were collected. MMP-3 activity in 

the conditioned media was detected by β-casein zymography. For the 

electrophoresis, equal volume of conditioned media was loaded.  
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3.3.3 Exposure to Nano-CuO caused upregulation of OPN in BEAS-2B and U937* 

cells, but not in MRC-5 cells 

To study whether exposure to Nano-CuO could cause upregulation of OPN, 

BEAS-2B, U937*, and MRC-5 cells were treated with 0, 0.5 and 1 µg/mL of Nano-

CuO for 12 h, the expression of full-length OPN in cells and cleaved-OPN in media 

were determined by Western blot. The results showed that Nano-CuO exposure 

induced a dose-dependent increase in the full-length OPN in BEAS-2B and U937* 

cells cleaved-OPN in the conditioned media from BEAS-2B and U937* cells 

(Figure 18A, B, C, D). However, in MRC-5 cells, Nano-CuO exposure did not 

induce a significant increase in either full-length or cleaved-OPN (data not shown). 

In the co-culture system, Nano-CuO-induced OPN production in both cells 

and in media were detected by Western blot. BEAS-2B and U937* cells were 

seeded at a ratio of 1:1 or 9:1 (BEAS-2B:U937*) and exposed to 0.5 or 1 µg/mL of 

Nano-CuO for 12 h, respectively. Nano-CuO exposure caused, in both ratio of 1:1 

and 9:1 co-culture system, a dose-dependent increase in the expression of full-

length OPN in cells and cleaved-OPN in the media (Figure 18A, B, C, D). The 

expression of cleaved-OPN in the conditioned media from co-culture systems were 

also compared with that from monoculture. The results showed that exposure to 1 

µg/mL of Nano-CuO caused a similar fold increase in cleaved-OPN in both 

monoculture and co-culture systems (Figures 18D and 19). 
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Figure 18. Increased expression of OPN in BEAS-2B cells and U937* 

macrophages exposed to Nano-CuO.  

BEAS-2B cells, U937* macrophages, or co-culture of BEAS-2B and U937* 

macrophages at the ratio of 1:1 or 9:1 (BEAS-2B:U937*) were exposed to 0, 0.5 

and 1 µg/mL of Nano-CuO for 12 h. After treatment, the cells and conditioned 

media were collected. Full-length OPN in the cells and cleaved OPN in the 

conditioned media were detected by Western blot (A, C). A and C were the results 

of a single experiment. B was the average expression level of full-length OPN 

normalized to β-actin from three independent experiments. In C, equal protein 
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loading was verified by Coomassie Brilliant Blue staining. D was normalized band 

densitometry readings averaged from three independent experiments. Data 

represent mean ± SE (n=3). * Significant difference as compared to the control 

group, p<0.05. 
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Figure 19 Increased production of cleaved-OPN in BEAS-2B cells and U937* 

macrophages exposed to Nano-CuO. 

To compare the production of cleaved-OPN in monoculture and co-culture 

systems, BEAS-2B cells, U937* macrophages, or co-culture of BEAS-2B and 

U937* macrophages at the ratio of 1:1 or 9:1 (BEAS-2B:U937*) were exposed to 

1 µg/mL of Nano-CuO for 12 h. After treatment, the conditioned media were 

collected. Cleaved-OPN in the media were detected by Western blot. Equal protein 

loading was verified by Coomassie Brilliant Blue staining. 
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3.3.4 The role of MMP-3 in Nano-CuO-induced production of cleaved-OPN 

To determine the role of MMP-3 in Nano-CuO-induced production of 

cleaved-OPN, BEAS-2B or U937* cells were transfected with 30 nM of MMP-3 

siRNA for 6 h and then exposed to 1 µg/mL of Nano-CuO for another 12 h. Media 

were collected for the detection of cleaved-OPN. Negative Control No. 2 siRNA 

was used as a negative control. The results showed that MMP-3 siRNA 

transfection significantly abolished the production of cleaved-OPN caused by 

Nano-CuO exposure in both BEAS-2B and U937* culture media (Figure 20A, B, 

C, D). However, the expression of Nano-CuO-induced full-length OPN in cells was 

not affected by MMP-3 siRNA transfection (Data not shown). 
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Figure 20. The role of MMP-3 on Nano-CuO-induced production of cleaved-OPN 

in BEAS-2B cells and U937* macrophages. 

BEAS-2B cells (A) and U937* macrophages (C) were transfected with 30 nM of 

MMP-3 siRNA or Negative Control No. 2 siRNA for 6 h. After transfection, the cells 

were exposed to 1 µg/mL of Nano-CuO for 12 h. The conditioned media were 

collected to detect the level of cleaved-OPN protein by Western blot. Equal protein 

loading was verified by Coomassie Brilliant Blue staining. A and C were the results 

of a single experiment. B and D were normalized band densitometry readings 

averaged from three independent experiments. Data represent mean ± SE (n=3). 

* Significant difference as compared to the control group, p<0.05. # Significant

difference as compared to the Nano-CuO-treated group transfected with Negative 

Control No. 2 siRNA, p<0.05. 
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3.3.5 Direct Nano-CuO exposure did not activate MRC-5 cells 

To explore whether exposure to Nano-CuO would cause activation of 

fibroblasts, MRC-5 cells were treated with 0, 0.5, and 1 µg/mL of Nano-CuO for 48 

h, and the expression of α-SMA, Col1A1, and fibronectin were measured by 

Western blot. The results showed that direct exposure to Nano-CuO for 48 h did 

not cause significant alterations in the expression of α-SMA, Col1A1, and 

fibronectin (Figure 21A, B). For the time-response study, MRC-5 cells were 

exposed to 1 µg/mL of Nano-CuO for 0, 12, 24, 48, and 72 h. The results 

demonstrated that Nano-CuO did not cause activation of MRC-5 cells at all the 

time points after Nano-CuO treatment (Figure 21C, D).  
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Figure 21. Direct Nano-CuO exposure had no effects on activation of MRC-5 

fibroblasts. 

For dose-response study, MRC-5 cells were treated with 0, 0.5 and 1 µg/mL of 

Nano-CuO for 48 h (A, B). For time-course study, MRC-5 cells were treated with 

1 µg/mL of Nano-CuO for 0, 12, 24, 48 and 72 h (C, D). After exposure, proteins 

were isolated to detect the expression of α-SMA, Col1A1, and fibronectin. A and 

C were the results of a single Western blot experiment. B and D were the average 

expression level of α-SMA, Col1A1, and fibronectin normalized to β-actin from 

three independent experiments. Data represent mean ± SE (n=3). * Significant 

difference as compared to the control group, p<0.05. 
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3.3.6 Conditioned media from Nano-CuO-exposed BEAS-2B or U937* cells 

caused activation of unexposed MRC-5 fibroblasts 

To investigate whether some mediators, such as MMP-3 and cleaved-OPN, 

released from Nano-CuO-exposed BEAS-2B or U937* could cause activation of 

MRC-5 cells, BEAS-2B or U937* cells were treated with 0, 0.5 and 1 µg/mL of 

Nano-CuO for 12 h and the conditioned media were collected. MRC-5 fibroblasts 

were then cultured in the conditioned media for 48 h. The conditioned media from 

cells without Nano-CuO exposure were used as control. The results demonstrated 

that conditioned media from Nano-CuO-exposed BEAS-2B cells or U937* 

macrophages caused significant activation of MRC-5 cells after 48 h exposure, 

reflected by dose-dependent increases in α-SMA, Col1A1, and fibronectin proteins 

(Figure 22A, B, E, F). For the time-course studies, BEAS-2B or U937* cells were 

treated with 1 µg/mL of Nano-CuO for 12 h and the conditioned media were 

collected. MRC-5 fibroblasts were then exposed to the conditioned media for 0, 

12, 24, 48 and 72 h. Conditioned media from Nano-CuO-exposed BEAS-2B cells 

or U937* macrophages induced a time-dependent increase in α-SMA protein in 

MRC-5 fibroblasts, which peaked at 72 h after adding conditioned media. And the 

conditioned media caused significant increases in the expression of Col1A1 and 

fibronectin, which reached peak at 48 h after adding conditioned media (Figure 

22C, D, G, H). Migration of MRC-5 fibroblasts was evaluated by wound healing 

assay. The results showed that conditioned media from Nano-CuO-exposed 

BEAS-2B cells or U937* macrophages significantly promoted the migration of 

MRC-5 fibroblasts (Figure 23A, B, C, D). 
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Figure 22. Conditioned media from Nano-CuO-exposed BEAS-2B or U937* cells 

caused activation of unexposed MRC-5 fibroblasts. 

(A) is the experimental protocol. For dose-response study, BEAS-2B or U937* 

cells were treated with 0, 0.5 and 1 µg/mL of Nano-CuO for 12 h and the 
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conditioned media were collected. MRC-5 fibroblasts were then exposed to the 

conditioned media from exposed BEAS-2B cells (B, C) or U937* macrophages (F, 

G) for 48 h. For time-course study, BEAS-2B or U937* cells were treated with 1

µg/mL of Nano-CuO for 12 h and the conditioned media were collected. MRC-5 

fibroblasts were then exposed to the conditioned media from exposed BEAS-2B 

cells (D, E) or U937* macrophages (H, I) for 0, 12, 24, 48 and 72 h. After exposure, 

proteins from MRC-5 cells were isolated to detect the expression of α-SMA, 

Col1A1, and fibronectin. B, D, F and H were the results of a single Western blot 

experiment. C, E, G, and I were the average expression level of α-SMA, Col1A1, 

and fibronectin normalized to β-actin from three independent experiments. Data 

represent mean ± SE (n=3). * Significant difference as compared to the control 

group, p<0.05. 
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Figure 23. Conditioned media from Nano-CuO-exposed BEAS-2B or U937* cells 

enhanced migration of unexposed MRC-5 fibroblasts. 

BEAS-2B or U937* cells were treated with 0 or 1 µg/mL of Nano-CuO for 12 h and 

the conditioned media were collected. MRC-5 fibroblasts were then exposed to the 

conditioned media from exposed BEAS-2B cells (A, C) or U937* macrophages (B, 

D) for 48h. Migration of MRC-5 cells was detected by wound healing assay. A and

B were the results of a single representative image. C and D were the average 

closure area from three independent experiments. Scale bar represents 200 µm. 

Data represent mean ± SE (n=3). * Significant difference as compared to the 

control group, p<0.05. 
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3.3.7 Conditioned media from Nano-CuO-exposed co-culture of BEAS-2B and 

U937* cells caused activation of unexposed MRC-5 fibroblasts 

To further investigate whether conditioned media from Nano-CuO-exposed 

co-culture of BEAS-2B and U937* cells could cause activation of unexposed MRC-

5 cells, BEAS-2B and U937* cells were seeded at the ratio of 1:1 or 9:1 (BEAS-

2B:U937*). For the dose-response study, co-culture systems were exposed to 0, 

0.5 and 1 µg/mL of Nano-CuO for 12 h and the conditioned media were collected. 

MRC-5 fibroblasts were then exposed to the conditioned media for 48 h. The 

results showed that both conditioned media caused significant activation of MRC-

5 cells, reflected by dose-dependent increases in α-SMA, Col1A1, and fibronectin 

proteins (Figure 24A, B, E, F). For the time-course study, co-culture of BEAS-2B 

and U937* cells with ratio of 1:1 or 9:1 was treated with 1 µg/mL of Nano-CuO for 

12 h and the conditioned media were collected. MRC-5 fibroblasts were then 

exposed to the conditioned media for 0, 12, 24, 48 and 72 h. The results 

demonstrated that both conditioned media induced time-dependent increases of 

α-SMA, Col1A1, and fibronectin, which reached peak at 48 or 72 h after adding 

conditioned media (Figure 24C, D, G, H).   
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Figure 24. Conditioned media from Nano-CuO-exposed co-culture of BEAS-2B 

and U937* cells caused activation of unexposed MRC-5 fibroblasts. 

(A) Experimental protocol of the co-culture experiments. For dose-response study, 

co-culture of BEAS-2B and U937* cells with the ratio of 1:1 (B) or 9;1 (F) was 

treated with 0, 0.5 and 1 µg/mL of Nano-CuO for 12 h and the conditioned media 

were collected. MRC-5 fibroblasts were then exposed to the conditioned media for 
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48 h. For time-course study, co-culture of BEAS-2B and U937* cells with ratio of 

1:1 (D) or 9:1 (H) was treated with 1 µg/mL of Nano-CuO for 12 h and the 

conditioned media were collected. MRC-5 fibroblasts were then exposed to the 

conditioned media for 0, 12, 24, 48 and 72 h. After exposure, proteins from MRC-

5 cells were isolated to detect the expression of α-SMA, Col1A1, and fibronectin. 

B, D, F and H were the results of a single Western blot experiment. C, E, G, and I 

were the average expression level of α-SMA, Col1A1, and fibronectin normalized 

to β-actin from three independent experiments. Data represent mean ± SE (n=3). 

* Significant difference as compared to the control group, p<0.05.
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3.3.8 Exposure of BEAS-2B and U937* cells to Nano-CuO caused activation of 

unexposed MRC-5 fibroblasts in a triple co-culture system 

Then we explored whether BEAS-2B and U937* cells exposed to Nano-

CuO could activate unexposed MRC-5 cells in a triple co-culture system. BEAS-

2B cells and U937* cells were seeded at the ratio of 9:1 or 1:1 (BEAS-2B:U937*) 

in the insert of transwell unit and MRC-5 cells were seeded in the lower chamber 

of the unit. After the establishment of the triple co-culture system, BEAS-2B and 

U937* cells were exposed to 0, 0.5 and 1 µg/mL of Nano-CuO for 12 h and then 

the inserts were taken out. MRC-5 cells in the lower chamber were incubated for 

another 36 h. After incubation, proteins from MRC-5 cells were isolated for 

Western blot to detect the expression of α-SMA, Col1A1, and fibronectin. The 

results demonstrated that in both models, exposure of BEAS-2B and U937* cells 

to Nano-CuO led to a significant activation of unexposed MRC-5 cells in the lower 

chamber of the transwell unit, which was reflected by the dose-dependent 

increases of α-SMA, Col1A1, and fibronectin expression (Figure 25A, B, C, D). 
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Figure 25. Exposure of BEAS-2B and U937* cells to Nano-CuO caused activation 

of unexposed MRC-5 fibroblasts in a triple co-culture system. 

(A) Experimental protocol for the triple co-culture experiments. BEAS-2B cells and 

U937* cells were seeded at the ratio of 1:1 (B) or 9:1 (D) (BEAS-2B:U937*) in the 

inserts of transwell unit and MRC-5 cells were seeded in the lower chamber of the 

unit. After establishment of the triple co-culture system, BEAS-2B and U937* cells 

were exposed to 0, 0.5 and 1 µg/mL of Nano-CuO for 12 h, then the inserts were 

taken out. MRC-5 cells in the lower chamber were incubated for another 36 h and 

proteins were isolated to detect the expression of α-SMA, Col1A1, and fibronectin. 

B and D were the results of a single Western blot experiment. C and E were the 

average expression level of α-SMA, Col1A1, and fibronectin normalized to β-actin 
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from three independent experiments. Data represent mean ± SE (n=3). * 

Significant difference as compared to the control group, p<0.05. 
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3.3.9 The role of MMP-3 in Nano-CuO-induced activation of MRC-5 cells in the 

triple co-culture system 

To investigate the role of MMP-3 in MRC-5 cell activation in the triple co-

culture model, BEAS-2B and U937* cells were transfected with 30 nM of MMP-3 

siRNA for 6 h and then exposed to 1 µg/mL of Nano-CuO for 12 h. After exposure, 

the inserts were taken out and the MRC-5 fibroblasts seeded in the lower chamber 

were incubated for another 36 h. The proteins isolated from MRC-5 fibroblasts 

were used to detect the expression of α-SMA, Col1A1, and fibronectin by Western 

blot. Negative control No. 2 siRNA was used as a negative control. The results 

showed that MMP-3 siRNA transfection significantly suppressed the activation of 

MRC-5 cells, which was reflected by inhibited expression of α-SMA, Col1A1, and 

fibronectin in the triple co-culture system (Figure 26A, B, C, D).  Furthermore, 

migration of MRC-5 fibroblasts caused by Nano-CuO was significantly attenuated 

by MMP-3 siRNA transfection (Figure 27A, B, C, D). 
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Figure 26. The role of MMP-3 on Nano-CuO-induced activation of MRC-5 

fibroblasts in the triple co-culture system. 

BEAS-2B and U937* cells were seeded at the ratio of 1:1 (A) or 9:1 (C) (BEAS-

2B:U937*) in the inserts of transwell unit and transfected with 30 nM of MMP-3 

siRNA or Negative Control No. 2 siRNA for 6 h. After transfection, the cells were 

exposed to 1 µg/mL of Nano-CuO for 12 h. After exposure, the inserts were taken 

out and the MRC-5 fibroblasts seeded in the lower chamber were incubated for 

another 36 h. The proteins isolated from MRC-5 fibroblasts were used to detect 

the expression of α-SMA, Col1A1, and fibronectin by Western blot. A and C were 

the results of a single Western blot experiment. B and D were the average 

expression level of α-SMA, Col1A1, and fibronectin normalized to β-actin from 

three independent experiments. Data represent mean ± SE (n=3). * Significant 

difference as compared to the control group, p<0.05; # Significant difference as 

compared to the Nano-CuO-treated group transfected with Negative Control No. 2 

siRNA, p<0.05. 
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Figure 27 MMP-3 siRNA transfection attenuated Nano-CuO-induced migration of 

MRC-5 fibroblasts in the triple co-culture system. 

BEAS-2B and U937* cells were seeded at a ratio of 1:1 (A, C) or 9:1 (B, D) (BEAS-

2B:U937*) in the inserts of transwell unit and transfected with 30 nM of MMP-3 

siRNA or Negative Control No. 2 siRNA for 6 h. After transfection, the cells were 

exposed to 1 µg/mL of Nano-CuO for 12 h. After exposure, the inserts were taken 

out and the MRC-5 fibroblasts seeded in the lower chamber were incubated for 

another 36 h. Migration of MRC-5 cells was detected by wound healing assay. 

Cells without any treatments were used as the control. A and B were the results 

of a single representative image. C and D were the average closure area from 
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three independent experiments. Data represent mean ± SE (n=3). * Significant 

difference as compared to the control group, p<0.05; # Significant difference as 

compared to the Nano-CuO-treated group with control siRNA transfection, p<0.05.  
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3.3.10 The role of MMP-3-cleaved OPN in activation of unexposed MRC-5 cells in 

triple co-culture system 

In the sections 3.3.2, 3.3.3, and 3.3.4, I have shown that Nano-CuO 

exposure induced upregulation of MMP-3 and production of MMP-3-cleaved OPN 

in BEAS-2B and U937* cells, and MMP-3 siRNA transfection significantly inhibited 

the production of MMP-3-cleaved OPN and activation of MRC-5 fibroblasts. To 

further explore whether MMP-3-cleaved OPN was involved in the activation of 

MRC-5 fibroblasts in the triple co-culture system, MRC-5 fibroblasts were 

pretreated with GRGDSP peptides (200 µg/mL), which could interrupt the binding 

of cleaved-OPN to cell surface integrins, and then BEAS-2B and U937* cells in the 

triple co-culture model were exposed to 1 µg/mL of Nano-CuO for 12 h. After 

exposure, the inserts were taken out and the MRC-5 fibroblasts seeded in the 

lower chamber were incubated for another 36 h. The proteins isolated from MRC-

5 fibroblasts were used to detect the expression of α-SMA, Col1A1, and fibronectin 

by Western blot. The results revealed that GRGDSP treatment significantly 

attenuated the activation of MRC-5 fibroblasts in the triple co-culture system 

(Figure 28A, B, C, D), suggesting that MMP-3-cleaved OPN fragment played key 

roles in MRC-5 fibroblast activation. In addition, GRGDSP treatment also inhibited 

the migration of MRC-5 fibroblasts caused by Nano-CuO exposure in the triple co-

culture system (Figure 29A, B, C, D). 
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Figure 28. The role of MMP-3-cleaved OPN in Nano-CuO-induced activation of 

MRC-5 fibroblasts in the triple co-culture system. 

BEAS-2B and U937* cells were seeded at the ratio of 1:1 (A) or 9:1 (C) (BEAS-

2B:U937*) in the inserts, and MRC-5 fibroblasts were seeded in the lower 

chambers of transwell units. MRC-5 fibroblasts were pretreated with 200 µg/mL of 

GRGDSP peptides, then BEAS-2B and U937* cells were exposed to 1 µg/mL of 

Nano-CuO for 12 h. After exposure, the inserts were taken out and the MRC-5 

fibroblasts seeded in the lower chamber were incubated for another 36 h. The 

proteins from MRC-5 fibroblasts were isolated to determine the activation of MRC-

5 fibroblasts by Western blot. A and C were the results of a single Western blot 

experiment. B and D were the average expression level of α-SMA, Col1A1, and 

fibronectin normalized to β-actin from three independent experiments. Data 

represent mean ± SE (n=3). * Significant difference as compared to the control 

group, p<0.05; # Significant difference as compared to the Nano-CuO-treated 

alone group, p<0.05.  
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Figure 29. Pretreatment of GRGDSP peptides inhibited Nano-CuO-induced 

migration of MRC-5 fibroblasts in the triple co-culture system. 

BEAS-2B and U937* cells were seeded at the ratio of 1:1 (A) or 9:1 (B) (BEAS-

2B:U937*) in the inserts and MRC-5 fibroblasts were seeded in the lower 

chambers of transwell units. MRC-5 fibroblasts were pretreated with 200 µM 

GRGDSP peptides, then BEAS-2B and U937* cells were exposed to 1 µg/mL of 

Nano-CuO for 12 h. After exposure, the inserts were taken out and the MRC-5 

fibroblasts seeded in the lower chamber were incubated for another 36 h. Migration 

of MRC-5 cells was detected by wound healing assay. A and B were the results of 

a single representative image. C and D were the average closure area from three 

independent experiments. Data represent mean ± SE (n=3). * Significant 
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difference as compared to the control group, p<0.05; # Significant difference as 

compared to the Nano-CuO-treated alone group, p<0.05. 
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3.4 Discussion 

In present study, we established a triple co-culture model, consisting of 

human lung epithelial cells, macrophages, and fibroblasts, to investigate the role 

of MMP-3 in lung fibrotic responses in vitro after exposure to Nano-CuO. Human 

lung epithelial BEAS-2B cells were selected because they have been widely used 

to evaluate pulmonary toxicity after nanoparticle exposure (Kabadi et al. 2019; Xia 

et al. 2013; Zhang et al. 2021b). Human U937 monocytes were selected because 

they have a higher passage number with stability and consistency, and they can 

differentiate into mature macrophages upon PMA-treatment (Verhoeckx et al. 

2015). To mimic physiological condition in normal human lungs, BEAS-2B cells 

and U937* macrophages were seeded in a ratio of either 1:1 or 9:1 in the co-culture 

system. The ratios were selected based on the cell composition in normal human 

lung alveolar region. The 1:1 ratio corresponds to the total cell volume of alveolar 

epithelial cells (2653 µm3) and macrophages (2492 µm3). The 9:1 ratio 

corresponds to the highest ratio of the number of pneumocytes to macrophages 

reported in normal human lungs (Cappellini et al. 2020; Crapo et al. 1982; Garcia-

de-Alba et al. 2010; Gomez et al. 1997; Jantzen et al. 2012; Loret et al. 2016; 

Michael J. Derelanko 2001). Comparing to monoculture, co-culture model provides 

more realistic micro-environmental conditions to mimic in vivo conditions, and it is 

a good in vitro method to study the role of cell-cell interactions or communications 

in nanoparticle-induced pulmonary toxicity (Kabadi et al. 2019; Klein et al. 2011; 

Muller et al. 2010; Rothen-Rutishauser et al. 2008; Wottrich et al. 2004). Jennifer 

et al. presented evidence that in vitro co-culture model is more sensitive as 
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compared to the conventional monoculture in evaluating the inflammatory 

responses in the lower respiratory tract after nanoparticle exposure (Kasper et al. 

2011).  Previous studies also reported that more concordant inflammatory and 

fibrotic genes were expressed in co-culture system than in monoculture when 

comparing gene expression in mouse lungs after nanoparticle exposure (Snyder-

Talkington et al. 2013; Snyder-Talkington et al. 2015). In this study, our results 

demonstrated that in the triple co-culture model, mediators released from Nano-

CuO-exposed BEAS-2B and U937* cells caused the activation of MRC-5 

fibroblasts, whereas directly exposure to Nano-CuO did not induce the activation 

of MRC-5 cells, suggesting that co-culture models are more sensitive and suitable 

for evaluating nanoparticle-induced pulmonary toxicity in vitro. 

During pulmonary inflammation, macrophages constantly communicate 

with epithelial cells, the underlying mesenchymal cells, such as fibroblasts, and 

extracellular matrix, which form a structure called epithelial-mesenchymal cell 

trophic unit (EMTU), to regulate lung homeostasis and immunity against inhaled 

particles and other pathogens (Hu and Christman 2019). These cell-cell 

communications are hypothesized to be crucial in leading to pulmonary injury and 

fibrotic responses after exposure to respirable inhaled nanomaterials (Bonner 

2010; Dong and Ma 2016; Hussain et al. 2014; Kabadi et al. 2019; Snyder-

Talkington et al. 2013; Venter and Niesler 2018; Wang et al. 2013). The roles of 

these cell-cell communications in fibrotic responses have been modelled in co-

culture system or by using conditioned media, such as co-culture of epithelial cells 

and macrophages, or using conditioned media from either epithelial cells or 
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macrophages to culture fibroblasts in transwell or other 3D culture systems 

(Barosova et al. 2020; Hussain et al. 2014; Kabadi et al. 2019). For example, Salik 

and colleagues used conditioned media to explore the effects of MWCNTs-

exposed normal human bronchial epithelial cells on MRC-5 cells, and their results 

showed the conditioned media from MWCNTs-treated HBE cells induced 

remarkable expression of pro-fibrotic markers in MRC-5 cells, such as tenascin-c 

and osteopontin (Hussain et al. 2014).  Pranita’s study also demonstrated that 

MWCNTs exposure caused inflammatory and fibrotic responses in a lung 

microtissues consisting of human macrophages, lung epithelial cells, and 

fibroblasts, reflected by increased expression of the genes, such as platelet-

derived growth factor (PDGF) and COL3A1 (Kabadi et al. 2019). In the present 

study, we first employed a conditioned media approach to explore the effects of 

cell-cell communications of human epithelial cells and macrophages on fibroblast 

activation. Conditioned media from exposed human lung epithelial BEAS-2B cells, 

U937 differentiated macrophages (U937*), or co-culture of BEAS-2B and U937* 

macrophages at a ratio of 9:1 or 1:1 (BEAS-2B:U937*) were collected and used to 

culture human fibroblasts MRC-5. Our results showed that conditioned media from 

Nano-CuO-exposed BEAS-2B or U937* caused dose-dependent activation of 

MRC-5 cells, reflected by increased expression of α-SMA, Col1A1, and fibronectin 

proteins. Conditioned media from co-culture of BEAS-2B and U937* induced 

similar dose-dependent activation of MRC-5 cells in both 9:1 and 1:1 model. The 

four types of conditioned media caused significant increase in α-SMA, Col1A1 and 

fibronectin in MRC-5 cells, with α-SMA expression peaked at 72 h and Col1A1 and 
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fibronectin peaked at 48 h after adding conditioned media. Then we established a 

triple co-culture model, consisting of BEAS-2B, U937*, and MRC-5 cells, to study 

the role of cell-cell communications in fibrotic responses after Nano-CuO 

exposure. Our results revealed that in the triple co-culture system, both 9:1 and 

1:1 ratio of exposed BEAS-2B and U937* cells led to dose-dependent activation 

of MRC-5 cells. However, directly exposure of MRC-5 cells to Nano-CuO did not 

result in its activation, suggesting that the cell-cell communications play important 

roles in Nano-CuO-induced fibrotic responses. 

To further identify the roles of cell-cell communications in metal 

nanoparticle-induced pulmonary fibrotic responses, we focused on the effects of 

two matrix factors, MMP-3 and OPN, released from BEAS-2B and U937* after 

exposed to Nano-CuO, on activation of MRC-5 fibroblasts. OPN is a multifunctional 

protein that acts as a cytokine as well as extracellular matrix, playing key roles in 

the formation of lung injury and fibrosis (Mori et al. 2008; Ophascharoensuk et al. 

1999; Pardo et al. 2005). OPN is secreted by many kinds of cells, such as 

macrophages, epithelial cells, endothelial cells, and fibroblasts (Mori et al. 2008; 

O'Regan 2003; Pardo et al. 2005; Takahashi et al. 2001). It is reported that OPN 

is highly expressed in nanomaterials-induced fibrosis in animal models, as well as 

in human fibrotic diseases such as IPF (Fujita et al. 2015; Khaliullin et al. 2017; 

Mangum et al. 2004; Pardo et al. 2005; Samitas et al. 2011; Simoes et al. 2009; 

Thompson et al. 2014). Knockout or blocking of OPN showed protect effects 

against nanomaterial- or bleomycin-induced fibroblast activation and fibrosis in 

both in vivo and in vitro studies (Dong and Ma 2017; Khaliullin et al. 2017; 
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Takahashi et al. 2001). For example, Dong’s study revealed that OPN was highly 

induced after MWCNTs exposure in mouse lungs, and OPN knockout reduced the 

formation of fibrotic focus and accumulation of myofibroblasts in mouse lungs. In 

cellular level, OPN stimulated differentiation of fibroblasts and production of 

collagen and fibronectin, which was blocked by OPN neutralizing antibodies (Dong 

and Ma 2017). Decreased formation of granuloma and less deposition of collagen 

were also observed in lungs of OPN KO mice comparing to those in wild-type mice 

after MWCNTs administration (Khaliullin et al. 2017). In the current study, Nano-

CuO exposure caused significant upregulation of OPN in BEAS-2B cells and 

U937* macrophages and induced activation of fibroblasts in the triple co-culture 

system. Treatment with H-Gly-Arg-Gly-Asp-Ser-Pro-OH - Calbiochem, a GRGDSP 

peptide interrupts binding of OPN to cell surface receptors, significantly inhibited 

the migration and activation of MRC-5 cells in the triple co-culture model, 

suggesting that Nano-CuO-induced OPN in BEAS-2B and U397* macrophages 

acted an important paracrine signaler to activate MRC-5 fibroblasts. 

OPN displays multiple biological activities through its binding motifs, such 

as RGD motif or SVVYGLR integrin-binding site, to interact with a variety of cellular 

receptor molecules. Previous studies reported that proteolytic cleavage of OPN 

may either enhance or reduce the integrin-binding ability of OPN, suggesting that 

different cleavage sites may affect the biological activities of OPN-derived 

fragments or peptides (Agnihotri et al. 2001; Christensen and Sorensen 2014; Kon 

et al. 2014; Leitner et al. 2015; Lindsey et al. 2015; Tan et al. 2013). Matrix 

metalloproteinases are a large family of proteases that can degrade all kinds of 
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extracellular matrix proteins and cleave biomolecules, such as OPN (Apte and 

Parks 2015). MMPs have been demonstrated to be able to cleave OPN and 

unmask its receptor-binding sites, which modulates the biological function of OPN 

by altering its integrin-binding ability (Agnihotri et al. 2001; Kon et al. 2014; Leitner 

et al. 2015; Lindsey et al. 2015; Tan et al. 2013). For example, a study showed 

that MMP-9 can cleave murine OPN at several different sites, and the OPN-p151 

peptide, which is cleaved at Gly-Leu bond (Gly151-Leu152) of OPN sequence, 

showed an increased wound healing effects on fibroblasts (Lindsey et al. 2015). 

MMP-3, another member of the MMPs family, was revealed to cleave human OPN 

at Gly-Leu bond (Gly166-Leu167), which is 5 amino acids downstream of the RGD 

binding motif that enhances the binding ability of OPN to its receptors. And this 

MMP-3-cleaved OPN (~40 kDa) showed a significantly enhanced ability of 

adhesion and migration stimulus in vitro comparing with full-length OPN (Agnihotri 

et al. 2001). In this study, exposure of BEAS-2B and U937* cells to Nano-CuO 

caused remarkable increased expression of MMP-3 and production of MMP-3-

cleaved OPN (~40 kDa), these raised our interests to explore whether MMP-3-

cleaved OPN was involved in the activation of fibroblasts in the triple co-culture 

system, which was confirmed by transfection of MMP-3 siRNA in BEAS-2B and 

U937* cells. MMP-3 siRNA transfection significantly blocked the generation of 

MMP-3-cleaved OPN fragment (~40 kDa) and inhibited the activation of MRC-5 

cells in the triple co-culture system, suggesting that MMP-3-cleaved OPN plays an 

important role in Nano-CuO-induced fibrotic responses. 
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Activation and differentiation of fibroblasts into myofibroblasts is a critical 

step in the development of pulmonary fibrosis. A variety of growth factors and 

cytokines can activate and stimulate fibroblast differentiation (Bonner 2010; Dong 

and Ma 2016; Thompson et al. 2014). For example, Li’ study supported that silica 

nanoparticles induced secretion of pro-fibrotic cytokines, such as TGF-β1, a well-

documented fibrogenic cytokine, in macrophages, which further promoted the 

proliferation and differentiation of human lung fibroblasts MRC-5, reflected by 

increased expression of α-SMA and collagen Ⅰ (Li et al. 2021). Our previous study 

revealed that exposure to Nano-Ni caused activation of TGF-β1/Smad signaling 

pathway and further led to pulmonary fibrosis in mouse lungs (Mo et al. 2020b). In 

addition to TGF-β1, OPN was showed to induce proliferation, migration, and 

activation of fibroblasts in mouse lungs (Dong and Ma 2017; Khaliullin et al. 2017; 

Takahashi et al. 2001). In OPN KO mice, marked decrease of collagen deposition 

and reduced inflammation in the lungs were observed after SWCNT exposure 

comparing to those in wild-type mice (Khaliullin et al. 2017). In another study, 

treatment of mice with RMV-7, an αv antibody interrupts the binding of OPN to 

integrins, significantly suppressed the formation of bleomycin-induced lung 

fibrosis, and in vitro, RMV-7 significantly repressed recombinant OPN-enhanced 

migration, adhesion, and proliferation of NIH3T3 murine fibroblasts (Takahashi et 

al. 2001). Similarly, in this study, Nano-CuO exposure caused production of MMP-

3-cleaved OPN and further resulted in activation of fibroblasts, whereas no 

significant upregulation of TGF-β was observed (Figure 30). Additionally, PDGF 

and several other pro-inflammatory cytokines may also contribute to the 
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progression of lung fibrosis (Bonner 2010; Mangum et al. 2006; Thompson et al. 

2014). For example, Salik’s study showed that conditioned media from MWCNTs-

treated HBE cells caused NLRP3 inflammasome-dependent but not TGF-β-

dependent fibrotic responses in fibroblasts (Hussain et al. 2014). 

Although OPN-induced activation of fibroblasts was confirmed in current 

study and other studies (Dong and Ma 2017; Khaliullin et al. 2017; Takahashi et 

al. 2001), the detail of OPN-induced fibroblasts activation and fibrosis still needs 

to be explored. Indeed, OPN is a multifunctional factor and has been showed to 

interact with other factors in fibrotic responses. Previous studies demonstrated that 

TGF-β1 was significantly induced in wild-type mouse lungs at day 7 after SWCNT 

administration, while the TGF-β1 level was unaltered in OPN KO mice, suggesting 

that OPN may act upstream of TGF-β1 responding to nanomaterials exposure 

(Khaliullin et al. 2017). At the molecular level, it was shown that OPN could 

promote the production and activation of TGF-β1, which further contribute to 

myofibroblast differentiation and fibrous matrix protein production in both in vivo 

and in vitro after exposure to MWCNTs (Dong and Ma 2017). Another study 

reported that recombinant OPN enhanced platelet-derived growth factor (PDGF)-

mediated cell proliferation and DNA synthesis in murine fibroblasts, which was not 

affected by mOPN-GST alone (Takahashi et al. 2001). In addition, OPN may 

promote occurrence of epithelial-mesenchymal transition, which is a cellular 

process playing important roles in organ development, as well as disease 

formation, such as fibrosis (Hatipoglu et al. 2021). In vivo, OPN-siRNA treatment 

restored BLM-induced decrease of E-cadherin and reduced the expression of 
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vimentin. And in vitro, OPN knockdown inhibited the expression of Col1A1, 

fibronectin, and vimentin mRNA in TGF-β1-treated A549 cells (Hatipoglu et al. 

2021). However, further study is needed to explore the OPN-mediated activation 

of fibroblasts. 
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Figure 30. Exposure to Nano-CuO did not cause upregulation of TGF-β1 in BEAS-

2B cells and U937* macrophages. 

BEAS-2B cells, U937* macrophages, or co-culture of BEAS-2B and U937* 

macrophages at the ratio of 1:1 or 9:1 (BEAS-2B:U937*) were exposed to 0, 0.5 

and 1 µg/mL of Nano-CuO for 12 h. After treatment, the cells were collected. TGF-

β1 in the cells were detected by Western blot. 
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CHAPTER IV: INVESTIGATE THE ROLE OF MMP-3 IN NANO-CUO-INDUCED 

LUNG INFLAMMATION, INJURY, AND FIBROSIS IN VIVO 

4.1 Introduction 

Matrix metalloproteinases (MMPs) are a big family of calcium-dependent 

zinc-containing endopeptidases, which are capable of breaking down all 

extracellular matrix and membrane proteins (Yuan et al. 2021), playing essential 

roles in tissue remodeling related processes, such as morphogenesis, 

angiogenesis, tissue repair, cancer, fibrosis, etc. Our previous studies 

demonstrated that metal nanoparticles caused upregulation of MMPs, such as 

MMP-2 and MMP-9, which were further involved in metal nanoparticle-induced 

lung inflammation, injury, and fibrosis (Mo et al. 2019; Mo et al. 2020a; Mo et al. 

2020b; Wan et al. 2017). In chapter II and chapter III of this study, I have shown 

that Nano-CuO exposure caused increased expression and activity of MMP-3 in 

BEAS-2B cells and macrophages, which further dysregulated the expression of 

cell junction-associated proteins and activated fibroblasts, playing important roles 

in the development of pulmonary inflammation and fibrosis. In this chapter, we 

explored whether Nano-CuO exposure would cause expression of MMP-3 in 

mouse lungs, a member of MMPs family and a mediator of pulmonary fibrosis, and 
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explored the role of MMP-3 in Nano-CuO-induced lung inflammation, injury, and 

fibrosis in mice. 

We hypothesized that Nano-CuO exposure would cause elevated 

expression of MMP-3, which further contributed to the disruption of the epithelial 

barrier, lung injury, inflammation, and fibrosis. And knocking down of MMP-3 might 

significantly alleviate these effects caused by Nano-CuO. 

4.2 Materials and methods 

4.2.1 Nanoparticles and their characterization 

See “Nanoparticles and their characterization” in Materials and methods in 

the section 2.2.1 of Chapter II. In this chapter, Nano-CuO were dispersed in normal 

saline to make 0.5, 1, and 2 mg/mL work solutions and ultrasonicated by an 

ultrasonic cleaner FS30 (Fisher Scientific, Pittsburg, PA) for at least 10 min prior 

to the experiments. 

4.2.2 Animals 

C57BL/6J mice (male, 8-week-old, about 20-28 g) were purchased from 

The Jackson Laboratory (Bar Harbor, ME, USA) and housed in the animal 

research facility (at 20 ± 2 °C with 60 ± 10% humidity) with a 12 h light/dark cycle 

environment. Mice were allowed to get unrestricted access to food and water and 

have an acclimation period for 1-2 weeks before nanoparticle instillation. The 

general health of mice was monitored daily. Animal use was reviewed and 
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approved by the University of Louisville Institutional Animal Care and Use 

Committee. 

4.2.3 Exposure of mice to Nano-CuO 

Mice were exposed to Nano-CuO by intratracheal instillation as previously 

described (Mo et al. 2019; Mo et al. 2020b; Wan et al. 2017; Zhang et al. 1998; 

Zhang et al. 2003). C57BL/6J mice were randomly divided into control or Nano-

CuO-treated group. The neck skin of the mouse was opened after general 

anesthesia, and the trachea was exposed for Nano-CuO instillation. For the dose-

response study, mice were intratracheally instilled with 50 μL per mouse of 

physiological saline containing 0, 25, 50, or 100 μg Nano-CuO and sacrificed at 

day 3 after exposure. For the time-course study, mice were intratracheally instilled 

with 50 μg per mouse of Nano-CuO and sacrificed at days 1, 3, 7, 14, 28, and 42 

after exposure. The mice exposed to physiological saline were used as the control. 

After instillation, the wound was sutured immediately. 

4.2.4 MMP-3 siRNA delivery in mice 

Mouse Ambion® In vivo Pre-designed MMP-3 siRNA was acquired from 

Thermo Fisher Scientific (Waltham, MA). MMP-3 siRNA was dissolved in purified 

nuclease-free sterile water to be 250 µM, which were further diluted with 

physiological saline (0.9% NaCl) to a 50 µM working solution. For short-term 

exposure, mice were instilled intratracheally with MMP-3 siRNA (1 nmol per 

mouse) and 50 ug per mouse of Nano-CuO at day 0 and sacrificed at day 3 after 
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exposure. For long-term exposure, mice were at first intratracheally instilled with 

MMP-3 siRNA (1 nmol per mouse) and 50 ug per mouse of Nano-CuO at day 0, 

and repeatedly administrated with MMP-3 siRNA (1 nmol per mouse each time) at 

day 7, 14 and 21 through oropharyngeal aspiration and sacrificed at day 28 after 

initial exposure. Oropharyngeal aspiration was operated as stated before (Lakatos 

et al. 2006; Nielsen et al. 2018). Ambion™ In Vivo Negative Control #1 siRNA was 

chosen as a negative control. All siRNAs used were annealed and HPLC-purified. 

4.2.5 Preparation of bronchoalveolar lavage fluid (BALF) 

BALF was harvested from mice to evaluate lung injury after Nano-CuO 

exposure as mentioned before with some adjustments (Mo et al. 2019; Mo et al. 

2020b; Wan et al. 2017). After anesthesia by an overdose of tribromoethanol, 

mouse trachea and lungs were exposed and bilaterally lavaged by 6 x 0.5 mL of 

cold 1 x phosphate-buffered saline with 0.4 mM EDTA, with 2~3 times instillation 

and withdrawal in every lavage. The supernatant from first two lavage samples 

was immediately collected after centrifugation (200 g, 5 min, 4°C) and stored at 

−70°C for further analysis. Cells in all lavage fluid were collected, and the total 

number of cells was determined using a hemocytometer under a microscope. The 

counts for differential cells, such as neutrophils, macrophages, and lymphocytes, 

were performed on cytospin slides after stained by Giemsa and May-Grünwald 

stains (Sigma-Aldrich, St. Louis, MO). 
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4.2.6 Biochemical analysis of BALF 

LDH Cytotoxicity Detection Kits (TaKaRa Bio Inc., Shiga, Japan) were 

purchased to determine lactate dehydrogenase activity in BALF. Mouse 

CXCL1/KC QuantiKine® ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA) 

was used to determine the level of keratinocyte chemoattractant (KC) in BALF. 

Bio-Rad Protein Assay (Hercules, CA, USA) was chosen to measure the 

concentration of total protein in BALF via Bradford method. 

4.2.7 Lung histology and trichrome staining 

Mouse lungs were fixed with 10% neutral buffered formalin, dehydrated, 

degreased, and embedded in paraffin. The paraffin blocks were cut into 5 µm 

sections by using a microtome (Thermo Scientific, Rockford, IL). 

 H&E staining was used to detect the histological alterations of mouse lungs 

induced by Nano-CuO exposure, which was described in detail in our previous 

studies (Mo et al. 2019; Mo et al. 2020b). Briefly, lung tissue sections were stained 

in Harris Hematoxylin for 3 min after deparaffinization and rehydration. Then the 

lung sections were rinsed briefly in acid water and mordanted in bluing reagent for 

30 seconds each. After brief rinse with water and alcohol, sections were 

counterstained in Eosin Y solution for 2 min. After dehydration and clear, lung 

sections were mounted. 

Masson’s Trichrome staining was performed to confirm Nano-CuO-caused 

lung fibrosis as mentioned in our previous studies with modifications (Mo et al. 

2019; Mo et al. 2020b; Wan et al. 2017). Briefly, after deparaffinization and 
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rehydration, lung sections were mordanted in Bouin’s fixative for 12 h for the final 

coloration intensification, stained in Weigert’s Iron Hematoxylin working solution 

for 15 min, and briefly rinsed with water and then stained in Biebrich Scarlet-Acid 

Fuchsin for another 3 min. Following rinse with water, sections were incubated in 

Phosphomolybdic Acid/Phosphotungstic Acid for 15 min, and then stained in 

Aniline Blue solution for another 20 min. After differentiation in 1% acetic acid, lung 

sections were dehydrated, cleared, and mounted. 

4.2.8 Hydroxyproline assay 

To determine the amount of collagen in lungs after Nano-CuO exposure, 

the content of hydroxyproline in mouse left lungs were measured with similar 

methods used in our published studies (Mo et al. 2019; Mo et al. 2020b; Wan et 

al. 2017). Briefly, mouse left lung tissues were dried at 65 °C for 24 h, weighed, 

and hydrolyzed in HCl (1 mL, 6 N) at 100°C overnight. After cooling down, 6 N 

NaOH was used to neutralize the hydrolysate to nearly pH 6.0. Then, 3% 

chloramine-T solution (pH 6.0) (Sigma-Aldrich, St. Louis, MO), which contains 50% 

isopropanol and 500 mM sodium acetate, was added to oxidize the free 

hydroxyproline to pyrrole intermediates. Perchloric acid was added next to stop the 

oxidation (Sigma-Aldrich, St. Louis, MO). Finally, Ehrlich’s reagent (5% of 4-

dimethylaminobenzaldehyde in methanol) was used to convert the oxidation 

products to formation of brightly colored chromophore which can be easily 

measured at OD 560 nm. Hydroxyproline (Sigma-Aldrich, St. Louis, MO) was used 
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to generate a standard curve to determine the hydroxyproline content in mouse 

lungs. 

4.2.9 Total RNA extraction and real-time PCR 

Total RNA in the lung tissues was extracted by mirVana miRNA Isolation 

Kit (Abcam, Cambridge, MA) according to the manufacturer’s instructions. Briefly, 

lung tissues were homogenized by a motorized homogenizer in 10 times of lysis 

buffer, and 1/10 volume of miRNA Homogenate Additive was added to the tissue 

lysate. The mixture was incubated on ice for at least 10 min. A volume of Acid-

Phenol:Chloroform that is equal to the lysate volume before addition of  the miRNA 

Homogenate Additive was added in the tissue lysate and mixed thoroughly. The 

mixture was centrifuged at speed of 10,000 g for 5 min at room temperature and 

the supernatant was extracted for RNA isolation by adding isopropanol. After 

washing with 75% ethanol, the concentration of total RNA was measured by a DU 

730 Spectrophotometer (Beckman Coulter, Fullerton, CA). 

To quantify the expression of proinflammatory cytokines and fibrosis-related 

genes, RT-qPCR was performed by using a Mastercycler (Eppendorf, Westbury, 

NY) and a Bio-Rad iQ5 iCycler as previously described in “Extraction of total RNA 

and real-time PCR” in the section 2.2.7 of Chapter II. The mouse primers used 

were: 

MMP-3 forward 5’- GCTTTGAAGGTCTGGGAGGAGGTG-3’; 

MMP-3 reverse 5’- CAGCTATCTTCCTGGGAAATCCTG-3’; 

IL-1β forward 5’- TCATGGGATGATGATGATAACCTGCT-3’; 



123 
 

IL-1β reverse 5’- CCCATACTTTAGGAAGACACGGATT-3’;  

IL-6 forward 5’-TTGGGACTGATGCTGGTGACA-3’;  

IL-6 reverse 5’-TTGGAAATTGGGGTAGGAAGGA-3’;  

COL1A1 forward 5’-GTGCTCCTGGTATTGCTGGT-3’;  

COL1A1 reverse 5’-GGCTCCTCGTTTTCCTTCTT-3’;  

COL3A1 forward 5’-GGGTTTCCCTGGTCCTAAAG-3’;  

COL3A1 reverse 5’-CCTGGTTTCCCATTTTCTCC-3’;  

β-actin forward 5’-GGCATTGTTACCAACTGGGAC-3’;  

and β-actin reverse 5’-ACCAGAGGCATACAGGGACAG-3’. The expression of 

genes described above were recorded as threshold cycle numbers (Ct) and 

assessed by the 2‑ΔΔCt method (Livak and Schmittgen 2001) that normalize against 

corresponding β-actin mRNA level. 

 

4.2.10 Protein isolation and Western blot 

Mouse lung tissue homogenization were performed in 20-time volume of 

ice-cold RIPA lysis buffer supplemented with PMSF, protease inhibitor cocktail, 

and sodium orthovanadate (Santa Cruz Biotechnology, Santa Cruz, CA) using a 

motorized homogenizer. The homogenates were placed on ice for 45 min. After 

centrifugation at 11,000 g at 4°C for 15 min, supernatant that containing total 

proteins was transfered to a new tube and the total protein concentration was 

determined by Bradford method by using a DU730 Spectrophotometer. Then 

protein samples were prepared for Western blot as described in “Western blot” in 

the section 2.2.9 of Chapter II. The primary antibodies for β-actin (cat.# 4970) and 
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Col1A1 (cat.# 72026) were purchased from Cell Signaling Technology (Beverly, 

MA), antibody for α-SMA (cat.# A5228) from Sigma- Aldrich (Saint Louis, MO), 

anti-fibronectin (cat.# sc-8422) from Santa Cruz (Dallas, TX), and anti-MMP-3 

(cat.# 53015) from abcam (Cambridge, MA). HRP-conjugated goat anti-rabbit IgG 

was bought from CHEMICON (Temecula, CA), while HRP-conjugated horse anti-

mouse IgG was from Cell Signaling Technology (Beverly, MA). After incubation 

with primary and secondary antibodies, the protein bands were detected by using 

SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 

Rockford, IL) followed by exposure to CL-XPosureTM film (Thermo Scientific). 

Bands on the film were quantified by NIH ImageJ software 

(https://imagej.nih.gov/ij/). 

4.2.11 Statistical analysis 

SigmaPlot 13.0 software (Systat Software, San Jose, CA) was chosen for 

statistical analyses. Data were showed as mean ± standard error (SE). To analyze 

the differences among groups with one independent variable, one-way analysis of 

variance (ANOVA) was performed with Bonferroni post-hoc test. The differences 

among groups with two independent variables (such as siRNA and Nano-CuO) 

were analyzed by two-way ANOVA with Holm-Sidak test. p-value <0.05 was 

considered to be statistically significant. 

https://imagej.nih/
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4.3 Results 

4.3.1 Dose- and time- response studies after Nano-CuO exposure  

To obtain the appropriate dose and time for the study of pulmonary toxicity 

caused by Nano-CuO, dose- and time- response studies were performed in mice. 

In the dose-response study, mice were intratracheally instilled with 0, 25, 50, 100 

µg per mouse of Nano-CuO. At day 3 after exposure, mice were sacrificed, and 

lung tissues were harvested. The results showed that Nano-CuO exposure led to 

a dose-dependent increase in the cellular and biochemical constituents in BALF 

(Figure 31A-G). Even the 25 µg per mouse of Nano-CuO exposure induced acute 

pulmonary inflammatory response, which were reflected by significantly increased 

total number of neutrophils, total protein levels, and LDH activity in BALF, but not 

CXCL1/KC level and total number of cells in BALF. Mice exposed to 50 µg and 

100 ug per mouse of Nano-CuO caused significant increases in all the cellular and 

biochemical constituents described above. Cell differential in BALF from mouse 

after Nano-CuO instillation was also shown by cytospin slides followed by staining 

with Giemsa and May-Grünwald stains (Figure 31G). Therefore, 50 µg per mouse 

of Nano-CuO was chosen as the exposure dose for the following in vivo 

experiments.  

In the time-response study, mice were intratracheally instilled with 50 µg per 

mouse of Nano-CuO. At days 1, 3, 7, 14, 28 and 42 after exposure, the BALF were 

collected as described above. Nano-CuO instillation induced increases in total 

cells count and macrophages count in BALF from day 3 post-exposure, which 

peaked at day 14 post-exposure and then decreased. However, at days 28 and 42 
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after exposure, the total cells and macrophages counts were still higher than those 

in control group (Figure 32A, C). Nano-CuO exposure caused a remarkable 

increase in total number of neutrophils in BALF from day 1 after exposure, which 

reached its peak at day 3 and reduced from day 3 to day 7 post-exposure (Figure 

32B). Lymphocytes were also observed at day 7 and 14 after exposure (Figure 

32G), suggesting that Nano-CuO may also induce immune cell-mediated 

inflammatory responses. The total protein level and LDH activity in BALF were 

detected. Their levels increased at day 1, peaked at day 3 after exposure, and then 

went down but never reaching to the levels in control group (Figure 32D, E). The 

level of CXCL1/KC, a chemoattractant for neutrophils in mice, was significantly 

increased at day 1 after Nano-CuO instillation and declined at the following time 

points (Figure 32F). The results of cell differential caused by Nano-CuO were also 

shown by cytospin slides (Figure 32G). 
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Figure 31. Dose-response results of cellular and biochemical constituents in BALF 
from mice after Nano-CuO exposure.  

C57BL/6J mice were exposed to 0, 25, 50, 100 µg/mouse of Nano-CuO 

intratracheally. At day 3 after exposure, mice were sacrificed and the BALF was 

harvested. The total cell count (A), neutrophil count (B), macrophage count (C), 

total protein level (D), LDH (E), and CXCL1/KC level (F) in BALF were measured. 

(G) were the cell differential smears of a single experiment. Scale bar represents 

25 µm. Data represent mean ± SE (n=4~6). * p<0.05 vs. the control group. 
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Figure 32. Time-response results of cellular and biochemical constituents in BALF 

from mice after Nano-CuO exposure. 

C57BL/6J mice were intratracheally instilled with 50 µg/mouse of Nano-CuO. Mice 

instilled with same volume of normal saline were used as control group. At days 1, 

3, 7, 14, 28, and 42 after exposure, mice were sacrificed and BALF was harvested. 

The total cell count (A), neutrophil count (B), macrophage count (C), total protein 

level (D), LDH (E), and CXCL1/KC level (F) in BALF were measured. (G) were the 
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cell differential smears of a single experiment. Scale bar represents 25 µm. Data 

display mean ± SE (n=4~6). * p<0.05 vs. the control group.  
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4.3.2 Nano-CuO exposure upregulated MMP-3 in mouse lungs 

In chapter II and chapter III, I have shown that exposure of human lung 

epithelial BEAS-2B cells and macrophages to Nano-CuO resulted in an increased 

expression of mRNA and protein of MMP-3, as well as an increased activity of 

MMP-3. To further explore whether Nano-CuO exposure caused those effects in 

vivo, we conducted a time-response study in mice. We found that exposure to 50 

µg/mouse of Nano-CuO induced persistent increase in MMP-3 mRNA from day 1 

to day 42 post-exposure in mouse lungs (Data not shown). The level of MMP-3 

protein in BALF after Nano-CuO exposure was detected by Western blot. The 

Western blot results demonstrated that Nano-CuO instillation caused remarkable 

increases in MMP-3 protein in BALF (Figure 33A, B). These results suggested that 

Nano-CuO exposure could induce upregulation of MMP-3 in mouse lungs. 
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Figure 33. Increased MMP-3 protein level in BALF from mice after Nano-CuO 

exposure. 

Mice were intratracheally exposed to 50 µg per mouse of Nano-CuO. Mice instilled 

with same volume of normal saline were used as a control group. At day 3 and 7 

after exposure, mouse lung BALF was collected. The level of MMP-3 protein in 

BALF was detected by Western blot. A was the results of Western blot experiment. 

B was the average normalized band densitometry readings of MMP-3 protein level 

in BALF. Data represent mean ± SE (n=4~5). * p<0.05 vs. the control group. 
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4.3.3 Nano-CuO exposure downregulated cell junction-associated proteins in 

mouse lungs 

In section 2.3.6 of chapter II, the results illustrated that Nano-CuO exposure 

resulted in the disruption of cell junction-associated proteins in vitro. In this chapter, 

we investigated whether Nano-CuO exposure could also downregulate the 

expression of tight and adherens junction-associated proteins in mouse lungs. 

Mice were instilled with 50 µg per mouse of Nano-CuO intratracheally, and lung 

tissues were harvested at day 3 after exposure. The results demonstrated that 

Nano-CuO exposure significantly reduced the expression of tight junction-

associated proteins, such as ZO-1 and occludin, and adherens protein E-cadherin 

in mouse lungs (Figure 34A, B). 
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Figure 34. Nano-CuO exposure downregulated cell junction-associated proteins in 

mouse lungs. 

Mice were instilled with 50 µg per mouse of Nano-CuO intratracheally. At day 3 

after exposure, lung tissues were collected and prepared for Western blot. 

Adherens and tight junction-associated proteins were detected. A showed the 

results of representative Western blot experiment. B showed the average protein 

levels of E-cadherin, occludin, and ZO-1 normalized to β-actin. Data represent 

mean ± SE (n=5). * p<0.05 vs. the control group.  
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4.3.4 Nano-CuO exposure induced overexpression of pro-inflammatory cytokines 

and fibrosis-related genes  

To explore whether Nano-CuO exposure could induce upregulation of pro-

inflammatory cytokines genes, such as IL-1β and IL-6, and fibrosis-associated 

genes, such as Col1A1 and Col3A1, a time-response study was performed. Mice 

were intratracheally instilled with 50 µg per mouse of Nano-CuO. At days 1, 3, 7, 

14, 28, and 42 after exposure, lung tissues were harvested for total RNA 

extraction. Lung tissues from the control mice, which were instilled with equal 

volume of normal saline, were collected at day 1 post-exposure. The RT-qPCR 

results showed that Nano-CuO exposure led to elevated expression of IL-1β 

mRNA as early as day 1 post-instillation, which retained at a significant higher level 

from day 1 to day 14 after Nano-CuO exposure (Figure 35A). Similarly, the mRNA 

level of IL-6 increased and peaked at day 1 post-exposure and went down from 

day 1 to day 7 (Figure 35B). Nano-CuO instillation also induced elevated 

expression of fibrosis-related genes Col1A1 and Col3A1 (Figure 35C, D). 

Expression of Col1A1 mRNA increased over time and reached peak at day 14 

post-instillation, and went down to the levels of the control at day 28 (Figure 35C). 

Similarly, Col3A1 mRNA level peaked at day 3 and 7 post-exposure and then 

decreased to the levels of control at day 14 (Figure 35D). These results indicated 

that Nano-CuO exposure resulted in inflammation and fibrosis in mouse lungs.  
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Figure 35. Upregulation of pro-inflammatory and fibrosis-related genes after Nano-

CuO exposure. 

Mice were intratracheally instilled with 50 µg per mouse of Nano-CuO. Mice 

instilled with same volume of normal saline were used as the control group. At 

days 1, 3, 7, 14, 28, and 42 after exposure, mouse lung tissues were collected. 

The expression of IL-1β (A), IL-6 (B), Col1A1 (C), and Col3A1 (D) mRNA in lung 

tissues were detected by real-time PCR. Data represent mean ± SE (n=4~5). * 

p<0.05 vs. the control group. 
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4.3.5 Nano-CuO exposure induced lung inflammation and fibrosis in mice 

To confirm that Nano-CuO exposure could induce pulmonary inflammation 

and fibrosis, mice were intratracheally instilled with 50 µg per mouse of Nano-CuO. 

At days 1, 3, 7, 14, 28, and 42 after exposure, mouse lung tissues were harvested 

and inflated with 10% formalin solution. Mouse lung tissues from the control group 

which were instilled with equal volume of normal saline were collected at day 1 

post-exposure. 

H&E staining was performed to observe the histopathological alterations of 

lungs caused by Nano-CuO. Normal lung tissue structure was shown in control 

mice (Figure 36A, E). In Nano-CuO-exposed mouse lungs, infiltration of large 

numbers of leukocytes, such as polymorphonuclear (PMN) cells and 

macrophages, were observed, suggesting that Nano-CuO exposure caused 

inflammatory responses in mouse lungs. It occurred as early as day 1 after Nano-

CuO instillation. At day 1 after exposure, increased neutrophils were mainly 

observed in the peribronchial, peribronchiolar, and perivascular areas (Figure 

36B). While on day 3 after exposure, a remarkable number of neutrophils were 

observed to infiltrate into alveolar spaces, alveolar septa, and peribronchiolar, 

which accounted for more than 50% of the total leukocytes in BALF (Figure 36C), 

suggesting that Nano-CuO exposure caused acute lung inflammation in mouse 

lungs. The number of Nano-CuO-induced macrophages significantly increased at 

day 3, peaked at day 14 after exposure. At days 28 and 42 after exposure, 

excessive macrophages were still observed in mouse lungs (Figure 32C & Figure 

36D, F, G, H), indicating that Nano-CuO exposure induced chromic lung 
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inflammation in mice. At day 7 after exposure, aggregation of macrophages was 

found at peribronchial, peribronchiolar, and perivascular areas, and enlarged 

macrophages were observed in lung alveolar spaces (Figure 36D). Emphysema 

and thickened lung alveolar walls were also observed in the lung sections at days 

14, 28 and 42 after Nano-CuO exposure (Figure 36F, G, H). 

Trichrome staining was conducted to observe pulmonary fibrosis caused by 

Nano-CuO. No fibrosis was observed in the control mice and Nano-CuO-instilled 

mice at days 1, 3, and 7 after Nano-CuO exposure (Figure 36I, J, K, L). Nano-

CuO-caused lung fibrosis was verified by trichrome staining from day 14 to day 42 

post-exposure with an increasing tendency over time (Figure 36M, N, O). 

Thickening of alveolar septa was also observed from day 14 to day 42 after 

exposure. The amount of hydroxyproline in left lungs was also measured to confirm 

pulmonary fibrosis caused by Nano-CuO exposure. The results demonstrated that 

Nano-CuO exposure led to notable increases in the content of hydroxyproline in 

left lungs at days 14, 28, and 42 post-exposure (Figure 37A). Nano-CuO-induced 

lung fibrosis was further confirmed by determining the expression level of fibrosis-

associated proteins, such as α-SMA, Col1A1, and fibronectin in mouse lungs. The 

results showed that Nano-CuO exposure induced remarkable increases in the 

levels of α-SMA, Col1A1, and fibronectin proteins (Figure 37B, C), suggesting that 

Nano-CuO exposure caused fibrosis in mouse lungs. 
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Figure 36. Histology of mouse lungs after Nano-CuO exposure.  

Mice were intratracheally instilled with 50 µg per mouse of Nano-CuO. Mice 

instilled with same volume of normal saline were used as the control. At days 1, 3, 

7, 14, 28, and 42 after exposure, mouse lungs were harvested and prepared for 

H&E staining (A-H) or trichrome staining (I-O). Normal lung parenchyma structure 

was shown in the control group (A, E, I). Nano-CuO-induced acute lung 

inflammation was evidenced by the infiltration of excessive neutrophils into lung 

parenchyma (B, C). D, F, G and H showed Nano-CuO-caused subacute and 

chronic lung inflammation and fibrosis, which were supported by infiltration of a 

large number of macrophages and thickened alveolar walls. Emphysema was also 
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observed in mouse lungs at day 14, 28, and 42 after exposure (F, G, H). Nano-

CuO-induced lung fibrosis was shown by trichrome staining (I-O). No obvious 

fibrosis was observed at days 1, 3, and 7after exposure (I, J, K, L). Gradually 

increased deposition of collagen was observed at days 14, 28, and 42 post-

exposure (M, N, O), which showed development of fibrosis. Scale bar represents 

25 µm in all panels. 
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Figure 37. Nano-CuO exposure increased the hydroxyproline content and fibrosis-

associated proteins in mouse lungs. 

Mice were intratracheally exposed to 50 µg per mouse of Nano-CuO. Mice instilled 

with same volume of normal saline were used as control group. At days 1, 3, 7, 14, 

28, and 42 after exposure, lung tissues were harvested. A showed the 

hydroxyproline content in left lungs. Mouse lung tissues harvested at day 28 post-

exposure were used to detect the levels of fibrosis-associated proteins caused by 

Nano-CuO. B were results of Western blot experiments. C were the average 



141 

protein levels of α-SMA, Col1A1, and fibronectin normalized to β-actin. Data 

represent mean ± SE (n=5). * p<0.05 vs. the control group. 
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4.3.6 Knocking-down MMP-3 ameliorated Nano-CuO-induced acute lung 

inflammation and injury in mice 

To determine the role of MMP-3 in Nano-CuO-induced acute lung 

inflammation and injury, mice were instilled with Nano-CuO (50 μg/mouse) with 1 

nmol per mouse of Ambion® In Vivo MMP-3 siRNA intratracheally and sacrificed 

at day 3 after exposure. Ambion™ In Vivo Negative Control #1 siRNA was chosen 

as the negative control. Effective MMP-3 knockdown in mouse lungs was verified 

by Western blot. Nano-CuO-caused overexpression of MMP-3 in mouse lungs and 

in BALF were significantly reduced by MMP-3 siRNA treatment, however, the 

MMP-3 expression was not affected in control siRNA treated mouse lungs (Figure 

38A, B). 

For the BALF constituents, the results demonstrated that MMP-3 siRNA 

treatment significantly decreased the cellular and biochemical constituents in 

BALF caused by Nano-CuO instillation (Figure 39A-G). The increased total 

number of cells, and neutrophils caused by Nano-CuO were significantly reduced 

after MMP-3 siRNA treatment, but not altered after control siRNA treatment (Figure 

39A-C, G). Although the levels of biochemical constituents, such as the total 

protein, LDH activity, and CXCL1/KC, were still higher in MMP-3 siRNA-treated 

mice, the increased levels were significantly lower than those in control siRNA-

treated mice (Figure 39D-F). 

Lung sections were stained by H&E staining to observe the effects of MMP-

3 siRNA treatment on histopathological changes caused by Nano-CuO. The 

results revealed that Nano-CuO exposure led to severe acute lung inflammation 
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at day 3 after exposure, which were evidenced by the infiltration of excessive 

leukocytes into alveolar space and septa, peribronchial, peribronchiolar, and 

perivascular areas (Figure 40B). Similar inflammatory responses were observed 

in Nano-CuO-exposed mice treated with control siRNA (Figure 40C). However, in 

MMP-3 siRNA-treated mice, the inflammatory responses caused by Nano-CuO 

were in a much less extent compared to those in control siRNA-treated mice 

(Figure 40D). The number of infiltrated leukocytes into lungs were much less than 

that observed in control siRNA-treated mice (Figure 40D). These results suggest 

that MMP-3 knockdown ameliorates Nano-CuO-induced acute pulmonary 

inflammation and injury in mouse lungs. 
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Figure 38. The efficiency of MMP-3 siRNA treatment in mouse lungs. 

Mice were instilled with 50 µg per mouse of Nano-CuO and 1 nmol per mouse of 

Ambion® In Vivo MMP-3 siRNA intratracheally and sacrificed at day 3 after 

exposure. The levels of MMP-3 protein in BALF and lung tissues were determined 

by Western blot. Ambion™ In Vivo Negative Control #1 siRNA was used as a 

negative control. A was results of Western blot experiments. In B, the average 

expression level of MMP-3 in lung tissues was normalized to β-actin; the average 

protein level of MMP-3 in BALF was band densitometry readings. Data represent 

mean ± SE (n=4). * p<0.05 vs. the Nano-CuO-exposed mice with control siRNA 

instillation.  



145 
 

 

 

Figure 39. MMP-3 siRNA treatment significantly decreased the cellular and 

biochemical constituents in BALF caused by Nano-CuO exposure.  

Mice were intratracheally exposed to Nano-CuO (50 μg/mouse) with 1 nmol per 

mouse of Ambion® In Vivo MMP-3 siRNA. Mice were sacrificed at day 3 after 

exposure and BALF was harvested. Ambion™ In Vivo Negative Control #1 siRNA 

was used as a negative control. Nano-CuO-caused increases in total cell count 

(A), neutrophil count (B), macrophage count (C), total protein level (D), LDH (E), 
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and CXCL1/KC level (F) in BALF were significantly inhibited by MMP-3 siRNA 

treatment. (G) were the cell differential smears of a single experiment. Data 

represent mean ± SE (n=4~6). * p<0.05 vs. the control group; # p<0.05 vs. the 

Nano-CuO-treated group with Control siRNA treatment. 



147 

Figure 40. Knocking-down MMP-3 ameliorated Nano-CuO-caused acute lung 

injury and inflammation in mice. 

Mice were intratracheally instilled with Nano-CuO (50 μg/mouse) and 1 nmol per 

mouse of Ambion® In Vivo MMP-3 siRNA and sacrificed at day 3 after exposure. 

Ambion™ In Vivo Negative Control #1 siRNA was chosen as a negative control. 

Normal lung parenchyma was showed in control group (A). Nano-CuO-induced 

acute lung inflammation was evidenced by the infiltration of excessive neutrophils 

into lung parenchyma (B), similar inflammatory responses were observed in Nano-

CuO-instilled mice treated with control siRNA (C). However, only a much lesser 

extent of lung inflammation was observed in Nano-CuO-instilled mice treated with 

MMP-3 siRNA (D). Scale bar represents 50 µm in all panels. 
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4.3.7 Knocking-down MMP-3 ameliorated Nano-CuO-induced downregulation of 

cell junction-associated proteins in mouse lungs 

Dysfunction of epithelial barrier is considered a crucial factor to pulmonary 

inflammation and injury. Our results have shown that Nano-CuO exposure caused 

downregulation of cell junction-associated proteins. To explore the role of MMP-3 

in Nano-CuO-caused downregulation of cell junction-associated proteins, mice 

were intratracheally instilled with Nano-CuO (50 μg/mouse) with 1 nmol per mouse 

of Ambion® In Vivo MMP-3 siRNA and sacrificed at day 3 after exposure. Ambion™ 

In Vivo Negative Control #1 siRNA was used as a negative control. The results 

showed that MMP-3 knockdown significantly restored the downregulation of 

occludin, ZO-1, and E-cadherin caused by Nano-CuO (Figure 41A, B). 
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Figure 41. MMP-3 knockdown significantly restored the decreased expression of 

cell junction-associated proteins caused by Nano-CuO exposure in mouse lungs. 

Mice were exposed to 50 µg per mouse of Nano-CuO with 1 nmol per mouse of 

Ambion® In Vivo MMP-3 siRNA or Ambion™ In Vivo Negative Control #1 siRNA 

via intratracheal instillation and sacrificed at day 3 after exposure. The protein 

levels of E-cadherin, occludin, and ZO-1 in lung tissues were detected by Western 

blot. A showed the results of representative Western blot experiments. B was 

average protein levels of E-cadherin, occludin, and ZO-1 in lung tissues 

normalized to β-actin. Data represent mean ± SE (n=4). # p<0.05 vs. the Nano-

CuO-exposed mice with control siRNA treatment. 
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4.3.8 Knocking-down MMP-3 alleviated Nano-CuO-caused chronic lung 

inflammation and fibrosis in mice 

To explore whether MMP-3 played roles in Nano-CuO-induced chronic lung 

inflammation and fibrosis, mice were intratracheally instilled with Nano-CuO (50 

μg/mouse) and 1 nmol per mouse of Ambion® In Vivo MMP-3 siRNA and were 

repeatedly administrated with MMP-3 siRNA at days 7, 14, and 21 through oral 

pharyngeal aspiration. Mice were sacrificed at day 28 after initiating exposure. 

Ambion™ In Vivo Negative Control #1 siRNA was chosen as a negative control. 

After H&E staining, normal lung structure was shown in the control group 

(Figure 42A). Nano-CuO instillation caused extensive chronic lung inflammation. 

Aggregation of macrophages and large numbers of enlarged macrophages were 

observed in alveolar spaces (Figure 42B). Similar chronic inflammation caused by 

Nano-CuO was observed in mice treated with control siRNA (Figure 42C). 

However, in mice with MMP-3 siRNA treatment, Nano-CuO-induced inflammation 

was much milder (Figure 42D). The number of macrophages and inflamed lung 

fraction were much lesser than those in control siRNA-treated mice, suggesting 

that MMP-3 knockdown alleviates Nano-CuO-induced chronic lung inflammation 

in mice.  

Nano-CuO-induced fibrosis was observed in lung sections at day 28 after 

exposure, which was evidenced by the increased deposition of collagen in alveolar 

septa, by which collagen was stained blue (Figure 42F). Similar extent of fibrosis 

caused by Nano-CuO was observed in mice with control siRNA treatment (Figure 

42G). However, in mice treated with MMP-3 siRNA, the extent of Nano-CuO-
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caused lung fibrosis was much less than those in mice with control siRNA 

treatment (Figure 42H). Hydroxyproline is an important component (~14% of total 

amino acid) of collagen and is found in few proteins other than collagen, therefore 

hydroxyproline content has been used as an indicator to quantify lung fibrosis (Mo 

et al. 2019; Mo et al. 2020b; Taylor et al. 2002). In the lungs of control siRNA-

treated mice, Nano-CuO exposure induced a remarkable increase in the amount 

of hydroxyproline, which was similar to those in Nano-CuO-instilled mice without 

siRNA treatment (Figure 43A). However, in mice treated with MMP-3 siRNA, the 

hydroxyproline content caused by Nano-CuO exposure was significantly lower 

than those in control siRNA-treated mice (Figure 43A). To further verify the role of 

MMP-3 in Nano-CuO-caused lung fibrosis, the expression of fibrosis-related 

proteins, such as α-SMA, Col1A1, and fibronectin, were detected by Western blot. 

The results showed that Nano-CuO-induced expression of α-SMA, Col1A1, and 

fibronectin proteins in mouse lungs were significantly lower in MMP-3 siRNA-

treated mice as compared to those in control siRNA-treated mice (Figure 43B, C). 

These results suggest that MMP-3 knockdown ameliorates Nano-CuO-induced 

pulmonary fibrosis in mouse lungs.  
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Figure 42. Knocking-down of MMP-3 ameliorated Nano-CuO-caused chronic lung 

inflammation and fibrosis in mice. 

Mice were intratracheally instilled with 50 µg per mouse of Nano-CuO and 1 nmol 

per mouse of Ambion® In Vivo MMP-3 siRNA and were repeatedly administrated 

with MMP-3 siRNA at days 7, 14, and 21 through oral pharyngeal aspiration. Mice 

were sacrificed at day 28 after initiating exposure. Ambion™ In Vivo Negative 

Control #1 siRNA was used as the negative control. Normal lung structure was 

observed in control mice stained by H&E stain (A) or by trichrome staining (E). 

Nano-CuO-induced chronic lung inflammation was evidenced by the infiltration of 

excessive macrophages into lung parenchyma (B, C). However, only a much 

lesser extent of lung chronic inflammation was observed in Nano-CuO-instilled 

mice treated with MMP-3 siRNA (D). Nano-CuO-induced fibrosis was visualized 

by trichrome staining (F, G, collagen stained blue), but no fibrosis or a much lesser 

extent of fibrosis was observed in Nano-CuO-instilled mice treated with MMP-3 

siRNA (H). Scale bar represents 25 µm in all panels. 
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Figure 43. MMP-3 siRNA treatment reduced the increases of hydroxyproline 

content and fibrosis-related proteins caused by Nano-CuO in mouse lungs. 

Mice were instilled with 50 µg per mouse of Nano-CuO and 1 nmol per mouse of 

Ambion® In Vivo MMP-3 siRNA intratracheally and were repeatedly administrated 

with MMP-3 siRNA at days 7, 14, and 21 through oral pharyngeal aspiration. Mice 

were sacrificed at day 28 after initiating exposure. Ambion™ In Vivo Negative 
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Control #1 siRNA was chosen as a negative control. A showed the amount of 

hydroxyproline in left lungs. B showed results of representative Western blot 

experiments. C was the average protein levels of α-SMA, Col1A1, and fibronectin 

normalized to β-actin. Data represent mean ± SE (n=4~5). * p<0.05 vs. the control 

group; # p<0.05 vs. the Nano-CuO-instilled group with Control siRNA treatment.  
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4.4 Discussion 

Nano-CuO with a diameter of less than 100 nm have some unique 

properties including high surface area, physiochemical stability, and high thermal 

and electrical conductivity (Msebawi et al. 2021; Xu et al. 2021), which may endow 

nanoparticles with more toxic effects. Our and other previous studies have shown 

that some metal (oxide) nanoparticles are more toxic than their bulk materials and 

may possess different mechanisms of toxicity (Juganson et al. 2015; Mo et al. 

2020b; Wang et al. 2012a). With the widespread usage of Nano-CuO, the risk of 

exposure to Nano-CuO in workers and consumers has dramatically increased. 

Therefore, it is urgent to fully understand the toxic effects of Nano-CuO. 

Metal nanoparticle-induced lung inflammation and injury have been 

reported before (Gosens et al. 2016; Mo et al. 2020b). In the present study, we 

explored the lung toxicity caused by Nano-CuO in mice. Bronchoalveolar lavage 

fluid (BALF) was harvested to evaluate Nano-CuO-induced lung inflammation and 

injury. The results demonstrated that Nano-CuO exposure (50 µg per mouse) led 

to severe acute lung injury and inflammation in mice, which was evidenced by 

excessive leukocytes and elevated cytokines, LDH, and total protein level in BALF. 

Neutrophil count, a sensitive parameter to detect particle-related lung injury, raised 

as early as day 1 after Nano-CuO exposure, peaked at day 3, and then declined. 

The number of Nano-CuO-induced macrophages increased at day 3 and reached 

the maximum at day 14 after exposure; even at days 28 and 42 after exposure, 

the macrophage count remained higher than that in the control group. The level of 

CXCL1/KC, a chemoattractant for neutrophils in mice, peaked at day 1 after 
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exposure, and declined from day 1 to day 7 after exposure. LDH and total protein 

have been used to define lung injury (Mo et al. 2019; Mo et al. 2020b). In the 

present study, Nano-CuO exposure significantly increased the activity of LDH and 

the level of total protein, which raised at day 1 after exposure, and reached the 

maximum levels at day 3. At days 28 and 42 post-exposure, their levels were still 

high than that in the control mice. These results suggest that Nano-CuO caused 

persistent inflammation following instillation of Nano-CuO. 

Growing studies showed that MMPs, such as MMP-3, were engaged in 

inflammatory responses (Cobos-Correa et al. 2009; Gelzo et al. 2022; Nerusu et 

al. 2007; Schor et al. 2000; Sorokin 2010; Warner et al. 2001). For example, 

lipopolysaccharide-induced MMP-3 caused the increased infiltration of leukocytes 

into eye vitreous cavities in wild-type mouse, whereas the infiltration of leukocytes 

was significantly lower in MMP-3 KO mice (Van Hove et al. 2016). Similarly, in 

wild-type female mice, lipopolysaccharide induced severe mouse lung 

inflammation, reflected by increased neutrophil count, total protein level, and 

proinflammatory factors, such as TNF-α and IL-6; whereas the levels of these 

inflammatory parameters were significantly lower in MMP-3 KO female mice 

(Puntorieri et al. 2016). In the present study, Nano-CuO caused increased 

expression of MMP-3 in mouse lungs from day 1 to day 42 after exposure, thus, 

we further explored the role of MMP-3 in Nano-CuO-induced lung inflammation. 

Mice were intratracheally instilled with Nano-CuO (50 μg/mouse) and 1 nmol per 

mouse of Ambion® In Vivo MMP-3 siRNA. At day 3 after exposure, the BALF was 

harvested. Our results showed that the inflammatory parameters described above 
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were significantly lower in MMP-3 siRNA-treated mice than those in the control 

mice, suggesting that MMP-3 played significant roles in Nano-CuO-induced lung 

inflammation and injury. 

In lungs, the physical barrier constituted by airway epithelium provides an 

effective protection for lungs. The integrity of epithelial barrier dependents on cell 

junctions, such as tight junctions and adherens junctions. Alteration of these 

junction-associated proteins would affect the integrity of epithelial barrier and 

further result in lung injury (Brune et al. 2015; Heijink et al. 2014; Ohta et al. 2012). 

Previous studies have reported that nanoparticle exposure could disrupt the 

expression of tight junction-associated proteins, such as ZO-1, claudin, and 

adherens protein E-cadherin in lung epithelial cells (Chen et al. 2020; Liu et al. 

2020). In chapter II , my results have shown that Nano-CuO induced decreased 

expression of tight and adherens junction-associated proteins in human lung 

epithelial BEAS-2B cells. Therefore, in this chapter, we explored whether Nano-

CuO exposure would cause the disruption of cell junction-associated proteins in 

vivo. The results showed that exposure to Nano-CuO resulted in the 

downregulation of tight junction-associated proteins ZO-1 and occludin, and 

adherens junction-associated protein E-cadherin in mouse lungs at day 3 after 

exposure. MMP-3 could degrade basement membrane and cleave extracellular 

cellular proteins, raising the possibility that MMP-3 may play a role in Nano-CuO-

induced dysregulation of cell junctions in mouse lungs. Thus, we explored the role 

of MMP-3 in the regulation of cell junction-associated proteins caused by Nano-

CuO in mouse lungs. Mice were intratracheally instilled with Nano-CuO (50 
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μg/mouse) and 1 nmol per mouse of Ambion® In Vivo MMP-3 siRNA and sacrificed 

at day 3 after exposure. Lung tissues were harvested and prepared for Western 

blot. The results showed that Nano-CuO-induced downregulation of tight and 

adherens junction-associated proteins was significantly inhibited by MMP-3 siRNA 

treatment in mouse lungs. These results suggest that MMP-3 plays important roles 

in the disruption of lung epithelial junctions, which may be further involved in Nano-

CuO-induced pulmonary inflammation and injury. 

Fibrosis is a pathological wound healing in which excessive accumulation 

of extracellular matrix components replaces normal parenchymal tissues (Mo et al. 

2020b; Wynn 2004). Fibrosis is a complex process in which many factors are 

involved. Among them, MMP-3 has been shown to be involved in the development 

of pulmonary fibrosis (Ra and Parks 2007; Suhaimi et al. 2020; Yamashita et al. 

2011; Yamashita et al. 2014; Ye et al. 1996). In lungs of patients with idiopathic 

pulmonary fibrosis (IPF), elevated MMP-3 level was observed and the level of 

MMP-3 was related to the severity of pulmonary fibrosis (McKeown et al. 2009; 

Yamashita et al. 2011). In animal models, adenoviral vector-mediated 

overexpression of MMP-3 resulted in the development of pulmonary fibrosis in rats, 

whereas mice lacking MMP-3 expression were protected from bleomycin-induced 

pulmonary fibrosis (Yamashita et al. 2011). In the current study, Nano-CuO 

exposure caused enhanced expression of MMP-3 and fibrosis in mouse lung 

tissues, thus, we further studied the role of MMP-3 in Nano-CuO-induced lung 

fibrosis. Mice were intratracheally instilled with Nano-CuO (50 μg/mouse) and 1 

nmol per mouse of Ambion® In Vivo MMP-3 siRNA. The mice were repeatedly 
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administrated with MMP-3 siRNA at days 7, 14, and 21 through oral pharyngeal 

aspiration. At day 28 after Nano-CuO exposure, mice were sacrificed, and lungs 

were harvested. The trichrome staining results showed that Nano-CuO exposure 

caused the development of fibrosis in mouse lungs at day 28 after exposure, which 

was significantly attenuated by MMP-3 siRNA treatment. The results were further 

confirmed by measurement of hydroxyproline content and fibrosis-related proteins 

in mouse lungs. The increased hydroxyproline content caused by Nano-CuO 

exposure was significantly reduced by MMP-3 siRNA treatment. Furthermore, 

MMP-3 knockdown also significantly decreased the expression of fibrosis-related 

proteins in mouse lungs, such as α-SMA, Col1A1, and fibronectin. These results 

suggest that MMP-3 is involved in Nano-CuO-induced pulmonary fibrosis in mice.  

Chronic inflammation or injury plays an important role in the development 

of lung fibrosis. In our previous studies, exposure to metal nanoparticles, such as 

nickel and cobalt nanoparticles, caused extensive chronic lung inflammation and 

injury, which was involved in the subsequent fibrosis (Mo et al. 2020b; Wan et al. 

2017). In present study, Nano-CuO exposure also induced chronic inflammation in 

mouse lungs. We then explored the role of MMP-3 in Nano-CuO-induced chronic 

pulmonary injury. The results showed that MMP-3 knockdown significantly 

alleviated the chronic pulmonary inflammation caused by Nano-CuO, suggesting 

that MMP-3 plays a role in Nano-CuO-induced chronic lung injury, which may 

further promote the development of lung fibrosis.  

Although MMP-3 promoting the development of pulmonary fibrosis was 

confirmed in this study, the detailed mechanisms of MMP-3-induced fibrosis still 
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need to be further investigated. Indeed, MMP-3 has shown multiple functions in 

the development of pulmonary fibrosis (Chulia-Peris et al. 2022). For example, our 

published study demonstrated that MMP-3 promoted the occurrence of epithelial-

mesenchymal transition in human lung epithelial BEAS-2B cells (Zhang et al. 

2021b), which plays a crucial role in the development of fibrosis (Rygiel et al. 2008; 

Zeisberg et al. 2007). Concretely, MMP-3 can cleave adherens junction-

associated protein E-cadherin, which further activates the β-catenin pathway and 

induces epithelial-mesenchymal transition (Yamashita et al. 2011).  In addition, 

MMP-3 could cleave kinds of extracellular matrix molecules into bioactive 

fragments, such as OPN, which further promotes migration and activation of 

proinflammatory cells and fibroblasts (Agnihotri et al. 2001; Sorokin 2010). 

Similarly, MMP-3 could cleave collagen XVIII, an epithelial basement membrane 

proteoglycan, and generate a biological active endostatin to inhibit the repair and 

proliferation and to increase the apoptosis of lung distal epithelial cells, which may 

contribute to the initiation of pulmonary fibrosis (Heljasvaara et al. 2005; Richter et 

al. 2009). Furthermore, it is also reported that MMP-3 can activate TGF-β1 from 

its latent form (Chulia-Peris et al. 2022; Maeda et al. 2002). However, another 

study showed no difference in the active TGF-β1 level in BALF between wild-type 

and MMP-3 KO mice after bleomycin administration (Yamashita et al. 2011). 

Therefore, further study is needed to fully understand the role of MMP-3 in the 

development of pulmonary fibrosis. 

Taken together, this study showed that Nano-CuO exposure induced 

upregulation of MMP-3, lung inflammation, injury, and fibrosis in mice, and 
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knocking down of MMP-3 significantly alleviated Nano-CuO-induced lung 

inflammation, injury, and fibrosis. The results also showed that MMP-3 siRNA 

treatment significantly attenuated Nano-CuO-induced damage to lung epithelial 

barrier and chronic inflammation, which are considered important factors for 

fibrosis development. However, other mechanisms underlying Nano-CuO-caused 

pulmonary inflammation and fibrosis may present and need to be investigated in 

future.   
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CHAPTER V: SUMMARY AND CONCLUSION

Summary 

In this study, we investigated Nano-CuO-induced pulmonary inflammation 

and fibrosis and explored the potential mechanisms involved in these effects, 

especially explored whether Nano-CuO exposure could cause dysregulation of 

MMP-3 and its roles in Nano-CuO-induced pulmonary inflammation and fibrosis. 

We firstly determined the expression of MMP-3 in lung epithelial cells after 

Nano-CuO exposure. Exposure to Nano-CuO caused increased expression and 

activity of MMP-3 in BEAS-2B cells. To explore the potential signaling pathways 

that were involved in Nano-CuO-caused MMP-3 expression, the role of ROS and 

MAPKs pathway were examined in vitro after Nano-CuO exposure. Exposure of 

BEAS-2B cells to Nano-CuO caused a dose- and a time- dependent increase in 

ROS production, which was abolished by pretreatment of cells with ROS 

scavengers or inhibitors. Pretreatment of the cells with Mito-TEMPO, a specific 

mitochondrial ROS inhibitor, inhibited the CuO-induced ROS, suggesting that 

mitochondria was the potential source of Nano-CuO-induced ROS generation, 

which was further confirmed in BEAS-2B ρ0 cells, which lack mitochondrial DNA 

and dysfunction in oxidative phosphorylation. In BEAS-2B ρ0 cells, Nano-CuO-
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induced ROS generation was significantly attenuated. Nano-CuO-induced ROS 

further activated MAPKs pathway, reflected by increased phosphorylation of p38, 

Erk1/2, and JNK. Pretreatment of cells with ROS inhibitor suppressed Nano-CuO-

induced activation of MAPKs pathway, which was further confirmed in BEAS-2B 

ρ0 cells. Pretreatment of cells with ROS inhibitors or scavengers, and MAPKs 

inhibitors significantly inhibited Nano-CuO-induced MMP-3 expression, indicating 

that increased MMP-3 expression and activity caused by Nano-CuO exposure was 

through Nano-CuO-caused oxidative stress and activation of MAPKs pathway. 

Then we explored the expression of cell junction-associated proteins after Nano-

CuO exposure and the role of MMP-3 in this process. Nano-CuO exposure caused 

significant downregulation of cell junction-associated proteins, such as ZO-1, 

occludin, claudin-1, and E-cadherin. MMP-3 siRNA transfection significantly 

restored the reduced expression of ZO-1, occludin, claudin-1, and E-cadherin 

caused by Nano-CuO. These results demonstrated that exposure of human lung 

epithelial cells BEAS-2B to Nano-CuO caused MMP-3 upregulation, which further 

induced the disruption of tight and adherens junctions. 

The role of MMP-3 in Nano-CuO-induced activation of MRC-5 fibroblasts 

was investigated in a triple co-culture system. Exposure to Nano-CuO caused 

increases in MMP-3 protein and activity and OPN expression in BEAS-2B and 

U937* cells, but not in MRC-5 cells. Nano-CuO also caused increased production 

of cleaved-OPN fragment. MMP-3 siRNA transfection was performed to explore 

the role of MMP-3 in Nano-CuO-induced increased cleaved-OPN. MMP-3 siRNA 

transfection in BEAS-2B and U937* cells significantly abolished the production of 
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cleaved-OPN. Conditioned media from Nano-CuO-exposed BEAS-2B, or U937*, 

or the co-culture of BEAS-2B and U937* were collected to culture MRC-5 

fibroblasts. These conditioned media caused activation of unexposed MRC-5 

fibroblasts, which were reflected by increased expression of α-SMA, Col1A1, and 

fibronectin. However, direct exposure to Nano-CuO did not activate MRC-5 

fibroblasts. Then a triple co-culture system, consisting of human lung epithelial 

BEAS-2B cells, U937* macrophages, and MRC-5 fibroblasts, was established. 

Exposure of BEAS-2B and U937* cells to Nano-CuO caused activation of 

unexposed MRC-5 fibroblasts in the triple co-culture system. Transfection of MMP-

3 siRNA in BEAS-2B and U937* cells significantly inhibited the activation of MRC-

5 fibroblasts, suggesting that MMP-3 may play a key role in Nano-CuO-induced 

activation of MRC-5 fibroblasts. In addition, pretreatment of GRGDSP peptides, a 

peptide interrupting the binding of MMP-3-cleaved OPN to its receptors, attenuated 

the activation of MRC-5 fibroblasts, suggesting that MMP-3-cleaved OPN is 

involved in Nano-CuO-induced activation of MRC-5 fibroblasts in the triple co-

culture system. 

The role of MMP-3 in Nano-CuO-induced lung inflammation, injury, and 

fibrosis was further examined in vivo. In mice, Nano-CuO exposure induced 

persistent increase in MMP-3 expression from day 1 to day 42 post-exposure. 

Nano-CuO exposure significantly reduced the expression of tight junction-

associated proteins, such as occludin and ZO-1, and adherens protein E-cadherin 

in mouse lungs. Nano-CuO exposure induced pulmonary inflammation, injury, and 

fibrosis in mice which were confirmed by elevated cellular and biochemical 
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constituents in BALF, and H&E and trichrome stainings. Knocking down MMP-3 

inhibited Nano-CuO-induced downregulation of cell junction-associated proteins in 

mouse lungs. MMP-3 knockdown also ameliorated Nano-CuO-induced pulmonary 

inflammation, injury, and fibrosis in mice. These results suggesting that MMP-3 

plays important roles in Nano-CuO-induced pulmonary inflammation, injury, and 

fibrosis in mice. 

Conclusion 

Overall, this dissertation work showed that exposure to Nano-CuO caused 

ROS generation which further led to MMP-3 production in lung epithelial cells and 

macrophages, which disrupted cell junction-associated proteins, initiating and 

promoting Nano-CuO-induced lung inflammation, injury, and fibrosis. This study 

highlighted the role of MMP-3 in Nano-CuO-induced lung epithelial junction 

disruption, and the subsequent inflammation and fibrosis. Nano-CuO-induced 

MMP-3 activation and lung inflammation and fibrosis can be related to the 

alterations in human lung diseases, such as IPF. Findings in this study could 

provide new therapeutic strategies to treat the patients with these lung diseases. 

Findings in this study could also provide insights into the interventions that prevent 

metal nanoparticle-induced lung injury and fibrosis. Finally, findings in this study 

also provided the scientific basis to establish the exposure limits of Nano-CuO or 

other metal oxide nanoparticles. 
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