
ABSTRACT 

YOU, DOROTHY JOSEPHINE. Sex Differences in the Pulmonary Inflammatory Response to 

Nickel Nanoparticles In Vivo and In Vitro. (Under the direction of Dr. James C. Bonner). 

 

According to National Institute for Occupational Safety and Health (NIOSH), 70% of 

mortalities from occupational diseases results from work-related respiratory disorders. With the 

rapid development of nanotechnology, exposures to metal nanoparticles in the workplace are 

inevitable. Nickel nanoparticles (NiNPs) are used in various technological applications. 

However, there are increasing concerns of using NiNPs due to their adverse effects on human 

health and the environment. Environmental exposure to nickel is common and frequently co-

occurs with ubiquitous lipopolysaccharide (LPS) derived from gram negative bacteria.  

Inhalation exposure of nickel is known to cause a variety of pulmonary diseases including lung 

inflammation, cancer, and asthma. Epidemiology studies show that women are generally more 

susceptible to chronic lung inflammation, while men are more susceptible to acute lung 

inflammation. Therefore, to investigate sex differences experimentally, I hypothesized that male 

mice are susceptible to NiNP-induced acute lung inflammation whereas female mice are 

susceptible to NiNP-induced chronic lung inflammation. The goal of this study was to explore 

mechanisms of susceptibility between male and female mice to lung inflammation after NiNP 

exposure in vivo and in human lung epithelial cells in vitro. C57BL/6J male and female mice 

were treated by oropharyngeal aspiration with vehicle (0.1% Pluronic in PBS), LPS, NiNPs, or 

both for the acute and sub-chronic study. Human bronchial epithelial cells (BEAS-2B) were 

stimulated with NiNPs, LPS, or both, with and without 17β-estradiol treatment. The in vivo study 

showed that male mice were more susceptible to both acute and sub-chronic exposure to LPS 

and NiNPs. Our data from the in vivo study suggested that the mechanism of male susceptibility 

to acute NiNP-induced lung inflammation involves increased neutrophilic infiltration regulated 



by IL-6/STAT3 due to the inhibitory action of estradiol on IL-6 production, the main activator of 

STAT3, whereas male susceptibility to sub-chronic NiNP-induced lung inflammation involves 

monocytic infiltration regulated by CCL2. The in vitro study showed that NiNPs synergistically 

increased LPS-induced production of IL-6 protein secretion levels in BEAS-2B cells similar to 

the in vivo study. Moreover, experiments with pharmacological inhibitors revealed that the 

mechanism of synergistic induction of IL-6 by LPS and NiNPs in BEAS-2B cells involved the 

contributory actions of STAT3 and C/EBP-. However, no changes were seen with 17β-estradiol 

treatment. From this study, we were able to expand the knowledge and understanding of how 

susceptibility in pulmonary diseases induced by NiNPs can be determined by sex, duration of the 

exposure, or co-exposures to LPS in vivo and in vitro. 
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Engineered Nanomaterials 

Engineered nanomaterials (ENMs) are increasingly incorporated into a variety of products, 

making human exposure inevitable (James C Bonner, 2010; Oberdörster, 2010; Hendren et al., 

2011; Podila and Brown, 2013; Debia et al., 2016; Good et al., 2016; Kermanizadeh et al., 2016; 

Bandala and Berli, 2019; Hochella et al., 2019). ENMs are defined as a class of engineered 

substances with at least one dimension in the range of 1-100 nm (James C. Bonner, 2010; Giese et 

al., 2018). The high surface area per mass ratio and other physicochemical characteristics impart 

novel properties for use of ENMs in diverse fields including catalysis, electronics, textile 

fabrication, personal cosmetics, paints, and other various industrial applications (Piccinno et al., 

2012; Podila and Brown, 2013; Kermanizadeh et al., 2016; Yetisen et al., 2016; Giese et al., 2018; 

Osman, Sexton and Saleem, 2019; Ogunsona et al., 2020). In recent years, ENMs have gained 

increasing attention in the field of nanomedicine for the diagnosis and treatment of a variety of 

diseases including cancer (Liang et al., 2008; Guo et al., 2009; Abd Elkodous et al., 2019; 

Karmakar et al., 2019). However, due to the small size and high reactivity of many ENMs, there 

is the risk of possible adverse human health effects upon exposure (Kermanizadeh et al., 2016). 

There are many different types of ENMs used for industrial applications including metal 

nanoparticles, carbon nanoparticles such as carbon nanotubes (CNTs) and graphene, as well as 

those used for nanomedicine applications such as polymeric nanoparticles, solid lipid 

nanoparticles, and liposomes (Guo et al., 2009; Podila and Brown, 2013; Wang et al., 2014; Giese 

et al., 2018). CNTs make up a big portion of the nanotechnology market. Market analysis predicts 

that the CNT market will grow to nearly 10 billion dollars by 2023 (Research and Markets, 2018). 

A variety of CNTs include single-walled carbon nanotubes (SWCNTs) resembling a rolled 

graphene sheet with a diameter between 1-4 nm and multi-walled carbon nanotubes (MWCNTs) 
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containing multiple rolled graphene sheets with diameters between 10 to 100 nm (Francis and 

Devasena, 2018; Vetrivel, Navinselvakumar and Samuel Ratna Kumar, 2018; Xu et al., 2018; 

Mohanta et al., 2019). Different CNTs are utilized in electronics, medical applications, battery 

manufacturing, and polymers (Saleh, Alali and Ebaid, 2017; Fang et al., 2019; Shaki et al., 2020).  

Nickel Nanoparticles 

Nickel Nanoparticles (NiNPs) are one of the most widely used metal nanoparticles in the 

industry with their characteristics of high boiling point, low melting point, high catalytic 

activity, and high magnetism. For example, they are used as a catalyst to make MWCNTs, 

additives, coatings, battery manufacturing, and even in textile applications to make the clothing 

much durable. However, with the increase of the usage in NiNPs, there is also increasing 

concern about NiNP’s toxicity. Most of the exposure happen in the occupational setting where it 

can be frequently accompanied by co-exposures to other contaminants like lipopolysaccharides 

or LPS. Main route of exposure for NiNPs is through inhalation making the lungs much more 

susceptible to NiNP’s toxicity. Furthermore, those characteristics mentioned above with the 

larger surface area ratio make them a potential risk to the respiratory system when inhaled. It 

has been noted in the literature about general Nickel’s toxicity: implication in developmental 

and reproductive toxicity, exposure to nickel to cause cancer of the respiratory tract, lung 

fibrosis, asthma, and skin allergy. NiNPs have also been shown to cause both acute and chronic 

pulmonary inflammation.  

Inflammation 

Inflammation is the consequence of an innate immune response of the host to stimuli such 

as pathogens (e.g., bacteria, fungi, viruses), allergens, or toxic chemicals and pollutants 

(Mogensen, 2009; Wong, Magun and Wood, 2016; Chen et al., 2018). The steps in the 
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inflammatory response can be defined as (1) induction, (2) peak, and (3) resolution (Serhan et al., 

2007; Mogensen, 2009; Barroso et al., 2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão 

et al., 2019). The induction phase involves innate immune cells (e.g., macrophages) detecting the 

pathogen or other foreign agent and orchestrating the recruitment of other innate immune cells 

(e.g., neutrophils, eosinophils) to the site of infection and/or injury (Mogensen, 2009; Barroso et 

al., 2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão et al., 2019). The peak of 

inflammation involves recruited innate immune cells (e.g., macrophages, monocytes, neutrophils) 

engulfing pathogens or inhaled agents, triggering key defensive mechanisms, notably the 

generation of reactive oxygen species (i.e., respiratory burst) from macrophages and the release of 

neutrophil extracellular traps (NETs) from recruited neutrophils (Mogensen, 2009; Barroso et al., 

2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão et al., 2019). Recruited innate immune 

cells also secrete a plethora of cytokines (e.g., IL-6, IL-1β, TNF-α) and chemokines (e.g., CXC 

and CC motif chemokines) that have numerous functions (e.g., cell proliferation, cell migration, 

cell death, alteration of epithelial or endothelial barrier permeability) and also serve as extracellular 

signals that bridge the innate and adaptive immune systems. The resolution of inflammation 

involves clearance of foreign agents, removal of recruited host immune cells, and repair of 

damaged tissue (Sansbury and Spite, 2016; Lim et al., 2020) During an acute inflammatory 

response, the body’s innate immune system defends against the foreign agent in order to remove 

the invading threat and to heal the damaged tissue through the recruitment of various immune cells 

such as neutrophils, monocytes, macrophages, lymphocytes, and plasma cells (Mogensen, 2009; 

Barroso et al., 2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão et al., 2019; Sansbury 

and Spite, 2016; Lim et al., 2020). The induction of acute inflammation is a rapid process that 

occurs within hours and resolves within days, where the immune process is more localized to the 
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specific injury site (Sansbury and Spite, 2016; Lim et al., 2020). This acute inflammatory response 

is critical to restore the body back to a state of homeostasis after injury (Mogensen, 2009; Barroso 

et al., 2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão et al., 2019; Sansbury and Spite, 

2016; Lim et al., 2020). However, when acute inflammation fails to resolve or multiple exposures 

dysregulate the immune system, this may lead to unresolved chronic inflammation (Mogensen, 

2009; Barroso et al., 2017; Chen et al., 2018; Schett and Neurath, 2018; Galvão et al., 2019; 

Sansbury and Spite, 2016; Lim et al., 2020). 

Unresolved chronic inflammation involves persistent activation of the innate immune 

response, over a period of weeks, months, or years, as well as involvement of the adaptive immune 

response (Levy and Serhan, 2014; Robb et al., 2016; Chiurchiù, Leuti and Maccarrone, 2018). 

While the innate immune system initiates the acute inflammatory response toward a foreign agent, 

the adaptive immune system is a more complicated system involving the recognition of a specific 

antigen, the polarization and clonal expansion of specific lymphocyte populations, and the 

production of antibodies toward the specific antigen (Murdoch and Lloyd, 2010; Jain and Pasare, 

2017). The adaptive immune system is not an immediate response but provides long-lasting 

‘memory’ to the foreign agent (Murdoch and Lloyd, 2010; Jain and Pasare, 2017). Both the innate 

and adaptive immune systems are closely connected to each other and both components are 

involved in unresolved chronic inflammation that culminates in a variety of disease states, 

including allergies, asthma, fibrosis, and cancer  (Barnes, 2009; Pesic and Greten, 2016; Koyama 

and Brenner, 2017; Nasef, Mehta and Ferguson, 2017). Unresolved chronic lung inflammation 

would sustain higher numbers of inflammatory cells and mediators to reside around the 

inflammatory site, worsening tissue injury and prolonging the cascade of pro-inflammatory 

signaling.  
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Unresolved chronic inflammation involves persistent activation of the innate immune 

response, over a period of weeks, months, or years, as well as involvement of the adaptive immune 

response (Levy and Serhan, 2014; Robb et al., 2016; Chiurchiù, Leuti and Maccarrone, 2018). 

While the innate immune system initiates the acute inflammatory response toward a foreign agent, 

the adaptive immune system is a more complicated system involving the recognition of a specific 

antigen, the polarization and clonal expansion of specific lymphocyte populations, and the 

production of antibodies toward the specific antigen (Murdoch and Lloyd, 2010; Jain and Pasare, 

2017). The adaptive immune system is not an immediate response but provides long-lasting 

‘memory’ to the foreign agent (Murdoch and Lloyd, 2010; Jain and Pasare, 2017). Both the innate 

and adaptive immune systems are closely connected to each other and both components are 

involved in unresolved chronic inflammation that culminates in a variety of disease states, 

including allergies, asthma, fibrosis, and cancer  (Barnes, 2009; Pesic and Greten, 2016; Koyama 

and Brenner, 2017; Nasef, Mehta and Ferguson, 2017). Unresolved chronic lung inflammation 

would sustain higher numbers of inflammatory cells and mediators to reside around the 

inflammatory site, worsening tissue injury and prolonging the cascade of pro-inflammatory 

signaling.  

Lung Inflammation  

 

One of the most well-known lung diseases that results from chronic inflammation in the 

lung is asthma (Murdoch and Lloyd, 2010; Nasef, Mehta and Ferguson, 2017). Asthma is a 

chronic inflammatory disorder that is characterized by airway hyperresponsiveness (AHR) and 

airway remodeling, both of which reduce lung function (Murdoch and Lloyd, 2010; Chapman 

and Irvin, 2015). Asthma affects approximately 300 million people worldwide and 26 million in 

the United States (Global Network, 2018; CDC, 2020). Importantly, asthma is exacerbated by a 



   

7 

 

variety of agents, including ultrafine air pollution particles (i.e., ambient nanoparticles). Thus, 

there is a critical need to elucidate the mechanisms of unresolved chronic inflammation in 

chronic lung diseases such as asthma that are exacerbated by inhaled nanoparticles. 

ENM-Induced Lung Inflammation 

 

There is growing evidence from in vitro cell and in vivo rodent models that different ENMs 

can interact with the immune system (Poulsen, Saber, Williams, et al., 2015; Poulsen et al., 2016; 

Sukwong et al., 2016; Chatterjee et al., 2017; Glass et al., 2017; Zhou et al., 2017; Bierkandt et 

al., 2018; Poh et al., 2018; Knudsen et al., 2019). For example, it has been found that macrophage 

activation can be dysregulated by silica nanoparticles (Kodali et al., 2013). In another study it was 

suggested that silver nanoparticles (AgNPs) influenced gut homeostasis by compromising barrier 

integrity in intestinal epithelial cells co-cultured with macrophages (Kämpfer et al., 2020). That 

work also showed that an inflamed condition, simulated by the addition of LPS and IFN-γ in vitro, 

caused greater AgNP-induced epithelial necrosis and apoptosis. Other reports have demonstrated 

that different types of ENMs such as CNTs or fullerenes disrupt the function of immune cells 

including B cells, NK cells, mast cells, and macrophages (Boraschi, Costantino and Italiani, 2012; 

Pietroiusti, 2012). The greatest exposure route for ENMs is through inhalation, leading to concern 

that ENMs will cause respiratory diseases. Many previous studies have shown that ENMs cause 

chronic lung inflammation, pulmonary fibrosis, lung cancer or exacerbation of allergic lung 

disease in experimental animals (Byrne and Baugh, 2008; Ryman-Rasmussen et al., 2009; Bonner, 

2011; Hussain et al., 2011; Lanone and Boczkowski, 2011; Mizutani, Nabe and Yoshino, 2012; 

Dong et al., 2015; Elizabeth A Thompson et al., 2015; Poulsen, Saber, Williams, et al., 2015; 

Fatkhutdinova et al., 2016; Rahman et al., 2017; Wang et al., 2019; Chortarea et al., 2019). Other 

studies using cultured human or rodent lung cells demonstrate that ENMs increase the production 
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of pro-inflammatory or pro-fibrotic mediators (He et al., 2011; Bhattacharya et al., 2017). There 

is some limited evidence that occupational ENM exposure (i.e., MWCNTs) is associated with 

increased pro-fibrotic mediators in serum and induced sputum of workers (Fatkhutdinova et al., 

2016). Therefore, repeated pulmonary exposures to ENMs may possess a new risk for chronic 

unresolved lung inflammation in humans.  

 

Susceptibility Factors in ENM-Induced Lung Inflammation 

 

There is large gap of knowledge in terms of which susceptibility factors are most important 

in determining the severity of ENM-induced chronic respiratory diseases in humans, such as 

asthma, fibrosis, and cancer. Therefore, in this review, we will summarize some of the 

susceptibility factors that appear to be important in determining the severity of lung inflammatory 

responses in experimental animals exposed to ENMs. These susceptibility factors include 

deficiency or dysregulation of specific genes, sex differences, pre-existing diseases, and co-

exposures to other chemicals that may increase the severity of chronic unresolved inflammatory 

responses of the lung to ENMs (Figure 1.1). In addition, we will identify some gaps in our 

understanding of susceptibility to ENM-induced lung inflammation that should help to better 

predict the risks to human health.  
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Figure 1.1. Susceptibility factors in the chronic lung inflammatory response to engineered 

nanomaterials (ENMs). 
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Deficiency of Cell Signaling Molecules 

Transcription Factors 

STAT1: The signal transducers and activators of transcription (STATs) are a family of seven 

transcription factors that remain inactivated in the cytoplasm until activation by extracellular 

signaling proteins like cytokines or growth factors binding to their cognate receptors on the cell 

surface (Aaronson and Horvath, 2002). Among them, STAT1 is known as a regulator of apoptosis, 

growth arrest, and development and maintenance of T helper 1 (TH1) cells (Aaronson and Horvath, 

2002; Simon et al., 2002). Therefore, the actions of STAT1 are critical to oppose the development 

of T helper 2 (TH2) cells. It has been previously shown that Stat1 Knockout (KO) mice are 

susceptible to mortality caused by viral and bacterial infection, primarily due to the fact that the 

STAT1 pathway is a major signaling pathway through which interferons (IFNs) mediate anti-viral 

activity (Boisson-Dupuis et al., 2012). Stat1 KO mice are also susceptible to bleomycin-induced 

lung fibrosis with heightened proliferative responses to growth factors such as platelet-derived 

growth factor (PDGF) and epidermal growth factor (EGF) (Walters et al., 2005). As summarized 

in Table 1.1, Stat1 KO mice exhibit increased fibrosis induced by rigid MWCNTs with higher 

levels of TGF-β1 in the bronchoalveolar lavage fluid (BALF) and increased Smad2/3 

phosphorylation in lung tissue (Duke et al., 2017). Furthermore, STAT1 plays a critical role to 

protect against allergen-induced airway remodeling and exacerbation by tangled MWCNTs 

(Elizabeth A. Thompson et al., 2015). From a clinical perspective, patients with idiopathic 

pulmonary fibrosis have lower levels of STAT1 protein than normal individuals (Lindahl et al., 

2013). Therefore, STAT1 deficiency likely plays an important role in lung inflammation that 

results in chronic lung diseases and can be a risk factor to increase the susceptibility toward ENMs. 
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T-bet: T-box transcription factor TBX21 (T-bet) is a transcription factor that plays a critical role 

in the development and differentiation of TH1 cells in the lung (Lazarevic, Glimcher and Lord, 

2013). T-bet regulates IFN-γ production and inhibits TH2 cell development (Lazarevic, Glimcher 

and Lord, 2013). It has been reported that mice with targeted deletion of T-bet have decreased 

production of IFN-γ and increased production of TH2 cytokines, such as IL-4 and IL-13, leading 

to the spontaneous development of allergic airway remodeling (eosinophilic infiltration, airway 

mucous cell metaplasia and subepithelial fibrosis) similar to pathological changes observed in the 

lungs of asthma patients (Finotto et al., 2002). Homozygous T-bet KO mice exhibit enhanced 

mucous cell metaplasia three weeks after exposure to nickel nanoparticles (NiNPs) compared to 

the wildtype mice (Glista-Baker et al., 2014). The enhanced mucous cell metaplasia in T-bet KO 

mice induced by NiNPs was accompanied by an increase in MUC5AC and MUC5B mRNAs in 

the lung (Glista-Baker et al., 2014). Furthermore, numbers of inflammatory cells, including 

eosinophils and lymphocytes, persisted in the BALF of T-bet KO mice for at least three weeks 

after the final NiNP exposure (Glista-Baker et al., 2014). Moreover, T-bet KO mice developed 

more interstitial lung fibrosis after NiNP exposure compared to wildtype mice (Glista-Baker et al., 

2014). MWCNT exposure via oropharyngeal aspiration also increased mucous cell metaplasia in 

T-bet KO compared to the wildtype mice, but to a lesser extent compared to NiNPs (Glista-Baker 

et al., 2014). Therefore, T-bet appears to play an important role in the polarization of T cells 

towards a TH1 phenotype and suppression of allergic TH2 lung inflammation. Since T-bet KO mice 

are susceptible to chronic allergic lung inflammation caused by NiNPs and MWCNTs, this 

suggests that individuals with T-bet deficiency would be more susceptible to certain types of 

ENMs.  
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Nrf2: Nuclear factor erythroid 2-related factor (Nrf2) is a transcription factor that controls the 

expression of antioxidant proteins (Ma, 2013). Nrf2 is activated to increase the production of 

antioxidants such as drug-metabolizing enzymes including glutathione S-transferase and 

NAD(P)H: quinone oxidoreductase 1 upon exposure to oxidative stress in cells (Ma, 2013). 

Activation of Nrf2 has been implicated as a protective factor that counteracts the pathogenesis of 

lung disease in mice and humans upon inhaled oxidants including ozone, cigarette smoke, and air 

pollution particles (Liu, Gao and Ci, 2019). It has been reported that lack of Nrf2 results in severe 

outcome of patients with respiratory infections, chronic obstructive pulmonary disease (COPD), 

asthma, idiopathic pulmonary fibrosis, and lung cancer (Liu, Gao and Ci, 2019). As summarized 

in Table 1.1, exposure of Nrf2 KO mice to MWCNTs by pharyngeal aspiration showed a higher 

level of inflammation and fibrosis with increased inflammatory cell infiltrates in the lungs 7 days 

after the initial exposure compared to the wildtype mice (Dong and Ma, 2016). Moreover, 

increased ROS generation, oxidative damage, and lung inflammation in Nrf2 KO mice exposed to 

MWCNTs suggests that Nrf2 is critical towards suppressing the lung inflammatory response 

(Dong and Ma, 2016). Another study, summarized in Table 1.1, showed Nrf2 KO mice exposed 

to silica nanoparticles via intranasal instillation displayed increased generation of reactive oxygen 

species (ROS) and decreased total antioxidant capacity compared to the wildtype mice (W. Liu et 

al., 2017). This study also suggested that Nrf2 protects against the oxidative stress induced by 

silica nanoparticles (W. Liu et al., 2017). Therefore, the role of Nrf2 in controlling antioxidant 

protein expression may be critical to resolve the inflammatory responses through suppression of 

ROS generated by ENMs. The source of these ROS could be directly generated from ENMs via 

surface chemistry, or indirectly by inflammatory cells (e.g., macrophages) undergoing a 

respiratory burst in response to ENM exposure.  
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P53: P53 is a transcription factor and tumor suppressor that is pivotal in the progression of lung 

cancer and also appears to play a role in pulmonary fibrosis (Hollstein et al., 1991). For example, 

idiopathic pulmonary fibrosis patients had a higher incidence of mutated p53 genes and 

overexpression of mutated p53 (Takahashi et al., 2002; Vancheri et al., 2010). Human lung 

epithelial (BEAS-2B) cells exposed to 12-24 weeks of SWCNTs showed increased resistance to 

apoptosis and a decrease in p53 activation in vitro (Wang et al., 2011). Furthermore, mesothelioma 

formation in the pleural lining of the abdominal cavity in p53 heterozygous mice (p53+/-) has been 

reported following intraperitoneal injection of MWCNTs (Takagi et al., 2008). However, that 

study lacked a comparison to wildtype p53+/+ mice. We previously reported an increased incidence 

of larger granulomas, lymphoid aggregates and epithelial cell hyperplasia in the lungs of p53+/- 

mice, compared to wild type mice, eleven months after oropharyngeal exposure to rigid (Mitsui-

7) MWCNTs (Duke et al., 2018). Therefore, p53 could play a role in suppressing chronic lung 

inflammation and granuloma formation upon pulmonary exposures to different ENMs, including 

SWCNTs and MWCNTs. Deficiency of p53 in experimental animals and humans is a 

susceptibility factor in pulmonary diseases, including cancer and pulmonary fibrosis. 

BMAL1: Brain and muscle ARNT-like protein (BMAL1) is a transcription factor that controls 

circadian rhythm and regulates ROS generation (Luyts et al., 2014). Bmal1 KO mice showed 

higher platelet aggregation and adhesion indicating a higher risk for cardiovascular disease 

compared to the wildtype mice (Somanath et al., 2011). Moreover, most of Bmal1 KO mice die at 

an age between 26 to 52 weeks, mainly due to excessive ROS production and a chronic oxidative 

stress state in various tissues, resembling an early aging phenotype (Kondratov et al., 2006). As 

summarized in Table 1.1, both wildtype and Bmal1 KO mice have been evaluated for 

proinflammatory responses after exposure to zinc oxide nanoparticles (ZnONPs) or MWCNTs 
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delivered to the lungs via oropharyngeal aspiration over 5 weeks (Luyts et al., 2014). MWCNT 

exposure caused an increase in inflammatory responses, cell counts in BALF, oxidative stress, and 

procoagulant effects in serum of Bmal1 KO mice compared to wildtype mice (Luyts et al., 2014). 

On the other hand, ZnONP exposure showed a decrease of inflammatory and oxidative responses 

but increased the procoagulant effect in Bmal1 KO mice compared to the wildtype mice (Luyts et 

al., 2014). Although MWCNTs and ZnONPs produced opposite inflammatory responses in Bmal1 

KO mice, the dysregulation of coagulation induced by both of these ENMs in Bmal1 KO mice 

indicates that BMAL1 plays an important role in preventing adverse cardiovascular effects of 

ENMs (Luyts et al., 2014). However, different mechanisms appear to be involved in the chronic 

inflammatory responses to MWCNTs and ZnONPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

15 

 

Table 1.1. Summarized list of transcription factors that may be involved in the 

susceptibility to ENM-induced chronic lung inflammation. 

Transcription 

Factor 

Type of 

ENM 

Dosing and 

Exposure 

Method 

Duration 

of 

Exposure 

Findings in KO 

mice 
References 

STAT1 

Multi-Walled 

Carbon 

Nanotubes 

(MWCNTs) 

(tangled or 

rod-like) 

4 mg/kg via 

oropharyngeal 

aspiration 

Single 

Exposure 

Increased lung 

fibrosis with 

higher TGF-β1 

in 

bronchoalveolar 

lavage fluid 

(BALF). 

Increased 

Smad2/3 

phosphorylation 

in lung tissue. 

(Duke et 

al., 2017) 

T-bet 

Nickel 

Nanoparticles 

(NiNPs 

or 

MWCNTs 

4 mg/kg via 

oropharyngeal 

aspiration 

Single 

exposure 

Enhanced 

mucous cell 

metaplasia. 

Increased 

MUC5AC and 

MUC5B 

mRNAs. 

Persistent 

eosinophils and 

lymphocytes in 

BALF. 

Greater 

interstitial lung 

fibrosis. 

(Glista-

Baker et 

al., 2014) 

Nrf2 
MWCNTs 

 

5, 20, and 

40 μg via 

pharyngeal 

aspiration 

Single 

exposure 

Higher level of 

inflammation 

and fibrosis. 

Increased 

inflammatory 

cell infiltrates. 

Increased ROS 

generation and 

oxidative 

damage. 

(Dong and 

Ma, 2016) 

 Silica NPs 

10 mg/kg via 

intranasal 

instillation 

Once a 

day for 2 

weeks 

Increased 

reactive oxygen 

species. 

Decreased total 

antioxidant 

capacity. 

(W. Liu et 

al., 2017) 
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Table 1.1. (continued). 

P53 

MWCNTs 

(tangled or 

rod-like) 

1 mg/kg via 

oropharyngeal 

aspiration 

Once a 

week for 4 

weeks 

Increased 

incidence of 

larger granuloma 

formation, 

lymphoid 

aggregates, and 

epithelial cell 

hyperplasia in 

the lungs of 

heterozygous 

p53(+/-). 

(Duke et 

al., 2018) 

BMAL1 MWCNTs 

6.4 or 25.6 μg 

via 

oropharyngeal 

aspiration 

Once a 

week, for 

5 

consecutiv

e weeks 

Increased 

inflammatory 

cytokines, 

oxidative stress, 

and procoagulant 

effect in serum. 

(Luyts et 

al., 2014) 

 ZnONPs 

6.4 or 12.8 μg 

via 

oropharyngeal 

aspiration 

Once a 

week, for 

5 

consecutiv

e weeks 

Decreased 

inflammatory 

cytokines, 

decreased 

oxidative stress, 

and increased 

procoagulant 

effect. 

(Luyts et 

al., 2014) 
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Enzymes/Proteins 

NADPH Oxidase: NADPH oxidases are enzymes that are responsible for producing superoxide 

radicals (O2•-) (Panday et al., 2015). Neutrophils kill invading pathogens by generating reactive 

oxygen species (ROS) such as O2•- (Panday et al., 2015). ROS have recently been shown to be a 

critical factor in controlling the resolution of inflammation by regulating neutrophils and 

macrophages by sending “eat-me” signals (Panday et al., 2015). NADPH oxidase deficient mice 

or gp91phox−/− that specifically lacks the gp91phox subunit of the enzyme have been used to 

evaluate lung inflammation after exposure to SWCNTs (Shvedova et al., 2008). This study showed 

that gp91phox−/− KO mice had augmented lung inflammation with higher numbers of neutrophils, 

apoptotic cells, pro-inflammatory cytokines (TNF-α, CCL2, and IL-6) and reduced TGF-β1 at 1, 

7, and 28 days after pharyngeal exposure to SWCNTs (Shvedova et al., 2008). The results also 

suggest that the impaired resolution of the inflammatory response may develop into a chronic 

unresolved inflammatory state, due to prolonged increase of neutrophils and pro-inflammatory 

cytokines, in NADPH oxidase deficient mice (Shvedova et al., 2008). Thus, NADPH oxidase 

could play a protective role in the resolution of SWCNT-induced lung inflammation by releasing 

ROS to regulate neutrophils and macrophages. 

COX-2: Cyclooxygenase-2 (COX-2), also known as prostaglandin-endoperoxide synthase-2 

(PTGS2), is an enzyme that has been implicated in asthma and fibrosis (Sayers et al., 2013). Along 

with TH2 cytokines including IL-13 and IL-5, COX-2 has been implicated in asthma pathogenesis 

(Arima et al., 2002; Kuperman et al., 2002). However, unlike IL-13 and IL-5, which are increased 

in individuals with asthma, COX-2 deficiency has been linked to increased severity of asthma 

progression (Arima et al., 2002; Kuperman et al., 2002). Particularly, individuals with asthma have 

a reduced level of mRNA encoding COX-2 in airway epithelial cells (Pierzchalska et al., 2007). 
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Furthermore, a study using airway epithelial cells collected from endobronchial brushings from 

healthy individuals, when treated with IL-13 to mimic the asthmatic microenvironment, had 

reduced COX-2 mRNA expression level (Trudeau et al., 2006). Lower levels of COX-2 in airway 

epithelial cells from the healthy individuals treated with IL-13 resulted in lower prostaglandin E2 

(PGE2) (Trudeau et al., 2006). Therefore, these data indicate that COX-2 plays a protective role 

in the asthmatic lung and loss of COX-2 and PGE2 results in susceptibility to allergic airway 

inflammation. Ptgs2 KO mice sensitized to ovalbumin allergen through repeated intranasal 

aspiration followed by a single oropharyngeal aspiration of MWCNTs were found to be more 

susceptible to eosinophilic lung inflammation, airway mucous cell metaplasia and airway fibrosis 

compared to wild type mice (Sayers et al., 2013). Compared to wild type mice, the Ptgs2 KO mice 

also had significantly higher Th2 cytokines including IL-13, Th1 cytokines such as CXCL10, and 

the Th17 cytokine IL-17A (Sayers et al., 2013). Overall, this study showed that Ptgs2 KO mice 

were susceptible to the exacerbation of allergen-induced airway disease by MWCNTs (Sayers et 

al., 2013). Deficiency in COX-2 could therefore be a possible mechanism involved in chronic lung 

inflammation induced by certain types of ENMs such as MWCNTs. Thus, COX-2 appears to be 

an enzyme that is needed for the resolution of chronic airway inflammation and loss of COX-2 

could lead to susceptibility to ENM-induced lung inflammation. 

TIMP1: Tissue inhibitor of metalloproteinase 1 (TIMP1) is a glycoprotein that acts as an 

extracellular signaling molecule to control cell growth, apoptosis, differentiation, angiogenesis, 

and oncogenesis (Lu et al., 2011). TIMP1 also plays a role to control extracellular matrix by 

mediating the activity of matrix metalloproteinases (MMPs) (Lu et al., 2011). Furthermore, it has 

been reported that high expression of TIMP1 is associated with liver and pulmonary fibrosis in 

animal models (Hayashi et al., 1996; Manoury et al., 2006; Dong et al., 2016). It has been 
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demonstrated that MWCNT-induced lung fibrosis in mice corresponded with highly upregulated 

TIMP1 at both the mRNA and protein level in lung tissue (Dong and Ma, 2017b). Moreover, Timp1 

KO mice exposed to MWCNTs as summarized in Table 1.2 had reduced lung fibrosis, suppressed 

myofibroblast differentiation, and lower activation of extracellular signal-regulated kinase (ERK) 

signaling, indicating that TIMP1 plays a pro-fibrotic role in the progression of MWCNT-induced 

lung fibrosis through activation of the intracellular ERK pathway (Dong and Ma, 2017b). Thus, 

TIMP1 may aggravate MWCNT-induced lung inflammation and may contribute to susceptibility 

to chronic lung disease. 

MPO: Myeloperoxidase (MPO) is an abundant enzyme in inflammatory cells especially produced 

by neutrophils and plays a vital defense role in the innate immune system (Kotchey et al., 2013). 

Intratracheal instillation of MWCNTs and SWCNTs in rats has been shown to consistently 

increased the concentration of MPO in BALF (Tomonaga et al., 2018). Increased MPO was also 

associated with increased number of total cells and neutrophils in the BALF, suggesting that it 

could be a potential biomarker for pulmonary toxicity induced by ENMs (Tomonaga et al., 2018). 

However, MPO has been reported to effectively mediate the oxidative biodegradation of CNTs 

(SWCNTs or MWCNTs), leading to resolution of inflammation (Kotchey et al., 2013). To support 

this, MPO KO mice exposed to SWCNTs (summarized in Table 1.2) showed less efficient 

clearance of the nanomaterials (Shvedova et al., 2012). This same study showed that MPO KO 

mice had slightly weaker acute neutrophilic inflammatory response at 1 day but significantly 

greater lung fibrosis at day 28. Thus, these findings suggest that increased MPO from pulmonary 

injury induced by ENMs could be playing a vital role in both initiating and resolving inflammation. 

As such, MPO has been suggested to be a double-edged sword where it can both be responsible 
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for the initiation of inflammation and the resolution of inflammation caused by pulmonary 

exposure to ENMs. 

ApoE: Apolipoprotein E (ApoE) is a protein that is responsible for fat metabolism in the body 

(Gao et al., 2007). It has been reported that ApoE KO mice have increased vascular dysfunction to 

particulates like diesel exhaust and fullerene C60 (C60) nanoparticles (Hansen et al., 2007; 

Vesterdal et al., 2009). As summarized in Table 1.2, intratracheal instillation of different ENMs, 

including carbon black nanoparticles (CBNPs), gold nanoparticles (AuNPs), C60 nanoparticles, 

and SWCNTs, increased DNA damage in BALF inflammatory cells, increased neutrophils in 

BALF, and higher BALF protein level in ApoE KO mice compared to wild type mice (Jacobsen 

et al., 2009). ApoE KO mice with repeated exposure to MWCNTs via intratracheal instillation 

were also more susceptible to oxidative DNA damage in lung tissue compared to the wildtype 

mice (Christophersen et al., 2016). Suzuki et al. also found that pharyngeal aspiration to single or 

double-walled CNTs caused endothelial progenitor cell (EPC) dysfunction and reduced migration 

function of EPC in ApoE KO mice (Suzuki et al., 2016). Dysregulation of EPC in ApoE KO mice 

could contribute to the development of atherosclerosis (Suzuki et al., 2016). Another study using 

ApoE KO mice treated with MWCNTs via intratracheal instillation showed a positive association 

between pulmonary inflammation and oxidative stress, along with the expression of genes 

involved in vascular activation (Cao et al., 2014). Increased vascular activation from MWCNTs 

also could play a role in exacerbating the progression of atherosclerosis (Cao et al., 2014). Overall, 

these studies suggest that lack of ApoE is a susceptibility factor in ENM-induced lung 

inflammation and cardiovascular disease.  
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Table 1.2. Summarized list of enzymes/proteins that may be involved in the 

susceptibility to ENM-induced chronic lung inflammation. 

Enzymes/ 

Proteins 

Type of 

ENMs 

Dosing and 

Exposure 

Method 

Duration of 

Exposure 

Findings in KO 

Mice 
References 

NADPH 

Oxidase 

Single-

Walled 

Carbon 

Nanotubes 

(SWCNTs) 

40 μg/mouse 

via pharyngeal 

aspiration 

Single 

exposure 

Augmented lung 

inflammation by 

producing higher 

numbers of 

neutrophils, 

apoptotic cells, 

pro-inflammatory 

cytokines 

including TNF-α, 

MCP-1 (CCL2), 

and IL-6, and 

reduced anti-

inflammatory 

cytokine, TGF-

β1. 

Prolonged 

increase in 

neutrophils and 

pro-inflammatory 

cytokines. 

Shvedova et 

al., 2008) 

COX-2 MWCNTs 

4mg/kg via 

oropharyngeal 

aspiration 

Single 

MWCNTs 

exposure 

after 

ovalbumin 

(OVA) 

sensitization 

and 

challenges 

More susceptible 

to eosinophilic 

lung 

inflammation, 

airway mucous 

cell metaplasia, 

and airway 

fibrosis with 

ovalbumin 

allergen 

sensitization.  

Significantly 

higher Th2 

cytokines 

including IL-13, 

Th1 cytokines 

such as CXCL10, 

and the Th17 

cytokine IL-17A 

detected.  

 

 

 

 

 

 

 

(Sayers et 

al., 2013) 
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Table 1.2. (continued) 

 

TIMP1 MWCNTs 

40 µg/mouse 

via pharyngeal 

aspiration 

Single 

exposure 

Induced lung 

fibrosis through 

activation of 

intracellular ERK 

pathway 

 

(Dong and 

Ma, 

2017b) 

MPO 
SWCNTs 

 

40 µg/mouse 

via pharyngeal 

aspiration 

Single 

exposure 

Less efficient 

clearance of CNTs 

causing a profound 

inflammatory 

response. 

However, wildtype 

mice also showed 

that increased MPO 

was also associated 

with number of 

total cells and 

neutrophils. 

 

 

 

 

 

(Shvedova 

et al., 

2012)  

ApoE 

AuNPs 

C60 

SWCNTs 

Carbon 

Black NPs 

(CBNPs) 

0.54 µg 

AuNPs,  

54 µg C60,  
54 µg 

SWCNTs,  

18 or 54 µg 

CBNPs via 

instillation or 

inhalation 

Single 

exposure 

Increased the DNA 

damage of 

inflammatory cells, 

neutrophil 

percentage, and 

higher protein level 

in BALF. 

 

 

 

 

 

 

 

(Jacobsen 

et al., 

2009) 

MWCNTs 

 

4 or 40 

μg/mouse via 

intratracheal 

instillation 

Once a 

week for 4 

weeks 

Increased 

pulmonary 

inflammation and 

oxidative 

stress/damage to 

DNA in lung tissue.  

 

 

(Christoph

ersen et 

al., 2016) 
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Table 1.2. (continued) 

 

ApoE 

SWCNTs 

or 

Double-

Walled 

CNTs 

10 or 40 

μg/mouse via 

pharyngeal 

aspiration 

Once every 

other week 

for 10 

weeks 

Dysregulation of 

endothelial 

progenitor cell 

(EPC) function 

contributing to 

developing 

atherosclerosis, 

buildup of  

 

 

 

 

(Suzuki et 

al., 2016) 

cholesterol plaques 

in the walls of 

arteries. 

 MWCNTs 

6.4 or 25.6 

μg/mouse via 

intratracheal 

instillation 

 

Once a 

week for 5 

weeks 

 

More susceptible to 

oxidative damage to 

DNA in lung tissue. 

Accelerated 

progression of 

atherosclerosis. 

 

 

 

(Cao et al., 

2014) 
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Receptors 

AhR: Aryl hydrocarbon receptor (AhR) is a transcription factor that was originally shown to bind 

and become activated by environmental toxicants such as dioxins and polycyclic aromatic 

hydrocarbons (Rothhammer and Quintana, 2019). Once activated, AhR transactivates phase I and 

phase II metabolizing enzymes such as cytochrome P450 1A1 (Rothhammer and Quintana, 2019). 

Recent studies have shown that AhR is not only involved in metabolizing toxicants but may also 

be involved in the pulmonary immune and proinflammatory responses (Beamer and Shepherd, 

2013). For example, a study using AhR KO mice exposed to ZnONPs via oropharyngeal aspiration 

(Table 1.3) showed that these mice had reduced cell number, total protein, LDH activity, and 

proinflammatory cytokine production in BALF compared to the wildtype mice (Ho et al., 2017). 

No increase of CYP1A1, downstream target of AhR, was detected in AhR KO mice (Ho et al., 

2017). Also, AhR KO mice did not display an increase of kynurnine (KYN), which is an 

endogenous AhR agonist (Ho et al., 2017). Therefore, the article suggests that AhR is involved in 

mediating ZnONP-induced pulmonary inflammation. Furthermore, impaired/imbalanced AhR 

expression could be a potential factor in determining susceptibility to ENM-induced chronic lung 

inflammation. 

CCR5: CCR5 is a chemokine receptor that is known to mediate the TH1 response and binds 

several chemokines including RANTES/CCL5, MIP-1α, and MIP-1β (Trinh et al., 2008; de-

Oliveira-Pint et al., 2012). A study by Park and colleagues compared the inflammatory response 

from Ccr5 KO and wildtype mice after exposure to SWCNTs via intratracheal instillation (Park et 

al., 2013). A single intratracheal instillation of SWCNTs significantly reduced the number of 

neutrophils in Ccr5 KO mice, yet KO mice had more frequent histopathological lesions compared 

to the wildtype mice (Park et al., 2013). The lung inflammatory response of Ccr5 KO mice was 
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dominated by B cells and CD8+ T cells while the wildtype mice were mostly dominated by T cells 

and CD4+ T cells in the lungs (Park et al., 2013). Moreover, SWCNTs also increased IL-6, IL-13, 

and IL-17 in BALF of Ccr5 KO mice compared to the wildtype mice (Park et al., 2013). These 

data suggested that the delay in the resolution of inflammation could be due to impaired cell 

migration to the inflammation site, which was supported by reduced numbers of neutrophils (Park 

et al., 2013). The authors of this work suggested that a delay in the resolution of inflammation 

resulted from shifting from a Th1 type response to a Th2 type response in Ccr5 KO model (Park 

et al., 2013). Overall, these findings suggest that Ccr5 KO mice appear to be more susceptible to 

SWCNT-induced chronic lung inflammation due to the delay in the resolution of inflammation 

(Park et al., 2013). Therefore, CCR5 may play an important role in the resolution of inflammation 

induced by ENMs. 

Cytokines/Chemokines 

IL-1/Inflammasome: IL-1 is a family of cytokines that play a critical role in innate immunity 

(Dinarello, 2018). There are 11 members in the family, and IL-1β, IL-1α, and IL-33 are the main 

IL-1 family members (Liew, Pitman and McInnes, 2010; Dinarello, 2018). IL-1 family members 

provide non-specific immune responses toward foreign pathogens (Dinarello, 2018). However, IL-

1 also can mediate an adaptive immune response (Dinarello, 2018). Therefore, IL-1 family 

members are pivotal cytokines that are involved in both acute and chronic inflammation 

(Dinarello, 2018). Among the IL-1 family, the role of IL-1β has been studied the most extensively 

in ENM-induced lung inflammation. IL-1β secretion from inflammatory cells is regulated by 

inflammasomes, intracellular scaffolds that cleave pro-IL-1β to mature IL-1β when they detect 

extracellular signals (Dinarello, 2018). The inflammasome is a critical complex to orchestrate IL-

1 function (Dinarello, 2018). For example, IL-1β is first produced as a precursor form, termed pro-
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IL-1β, that is lacking in biological activity (Dinarello, 2018). In order to increase IL-1β production 

and secretion, the multiprotein complex inflammasome is assembled and serves as a docking 

scaffold for caspase-1 to cleave the inactive pro-IL-1β to active IL-1β.  

It has been shown that MWCNTs and other nanoparticles can activate the inflammasome assembly 

through lysosomal disruption (Yazdi et al., 2010; Dinarello, 2018). For example, mice exposed 

with MWCNTs through oropharyngeal aspiration increased IL-1β secretion in BALF (Shipkowski 

et al., 2015). Different studies have shown that IL-1α and IL-1β play roles in ENM-induced lung 

inflammation (Yazdi et al., 2010; Shipkowski et al., 2015). However, the role of IL-1β remains 

controversial, since some work has shown that reduced inflammasome activation results in greater 

pulmonary fibrosis induced by ENMs. For example, mice sensitized to house dust mite and 

challenged with MWCNTs showed reduced IL-1β in BALF but had more severe airway fibrosis 

after 21 days with increased pro-fibrogenic cytokines, including PDGF-A and PDGF-B mRNAs, 

compared to HDM or MWCNT treatment alone (Shipkowski et al., 2015). Another study showed 

that a 24hr acute exposure to MWCNTs through oropharyngeal aspiration (see Table 1.3) in IL-

1R KO mice had reduced acute inflammation and airway resistance, but increased IL-6 protein 

production compared to the wildtype mice (Girtsman et al., 2014). However, this study also 

showed that the exposure to MWCNTs induced a significantly higher number of pulmonary 

granulomas and significant inflammation in IL-1R KO after 28 days compared to wildtype mice 

(Girtsman et al., 2014). The results of this study also showed that total inflammatory cells were 

reduced at both 24hr and 28 days post exposure in IL-1R KO mice (Girtsman et al., 2014). It was 

suggested that the resolution of inflammation was inefficient in IL-1R KO mice resulting in 

increased granuloma and inflammation after 28 days (Girtsman et al., 2014). Similarly, another 

study also showed that acute inflammation induced by intratracheal instillation of MWCNTs was 
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suppressed 24hr after the exposure in IL-1R KO mice, but fibrotic lesions still developed in KO 

mice after 28 days (Nikota et al., 2017). Other work using IL-1R KO mice exposed to rod-like 

MWCNTs by pharyngeal aspiration showed significantly reduced neutrophils in the BALF and 

lower levels of mRNA encoding CXCL5 (a neutrophil chemokine) at 4 hrs compared to the 

wildtype mice (Rydman et al., 2015). After the 28-day exposure to the rod-like MWCNTs, 

neutrophils were still reduced in the BALF and TNF-α mRNA expression levels were suppressed 

compared to the wildtype mice (Rydman et al., 2015). However, no changes were observed in 

TH2 related signals including mRNAs encoding IL-13 and TGF-β1, compared to the wildtype 

mice (Rydman et al., 2015). Overall, the available evidence suggests that impaired IL-1 signaling 

caused by MWCNTs dysregulates immune system resulting in reduced acute inflammation or 

inefficient resolution of inflammation resulting in pulmonary fibrosis and granuloma formation. 

OPN: Osteopontin (OPN; secreted phosphoprotein 1 or SPP1) is a cytokine that is involved in 

various physiological and pathological processes including inflammation, fibrosis, and bone 

remodeling (Dong and Ma, 2017a). Elevated OPN is expressed in tissues undergoing an intense 

wound healing process or during fibrogenesis (Dong and Ma, 2017a). It has been shown that both 

acute and chronic exposures to MWCNTs can induce higher OPN production levels (Dong and 

Ma, 2017a). A study using Opn KO mice showed that inhalation exposure to MWCNTs via 

pharyngeal aspiration (see Table 1.3) induced inflammation that was dependent on OPN (Dong 

and Ma, 2017a). The study also showed that KO mice had reduced fibrotic formation and 

myofibroblast accumulation in the lungs compared to the wildtype mice (Dong and Ma, 2017a). 

They suggested that OPN production and secretion in turn could activate TGF-β1 to promote 

fibrosis in the lungs (Dong and Ma, 2017a). Rats exposed to different doses of titanium dioxide 

(TiO2) particles via inhalation showed a significant increase in lung OPN mRNA and OPN protein 
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in BALF in a dose response manner (Mangum et al., 2004). Therefore, OPN appears to play a 

critical role in tissue remodeling. Individuals with excessive production of OPN might be more 

susceptible to unresolved chronic lung inflammation due to exposure to ENMs, resulting in 

excessive tissue remodeling and fibrosis in the lungs. 

IL-6: Interleukin 6 (IL-6) is major pro-inflammatory cytokine and vital regulator for both the 

innate and adaptive immune system (Kaplanski et al., 2003). Studies have shown that IL-6 is 

increased systemically upon inhalation exposure to ENMs in mice and humans (Khan et al., 2013; 

Thompson et al., 2016; Kurjane et al., 2017). Specifically, pulmonary instillation of MWCNT 

induced level of systemic IL-6 in heart, and carbon nanotubes coated with Zn also induced IL-6 

mRNA levels in heart and liver (Dandley et al., 2016; Thompson et al., 2016). IL-6 can mediate 

both pro-inflammatory and anti-inflammatory functions (Kaplanski et al., 2003). An acute increase 

in IL-6 facilitates neutrophil recruitment to sites of tissue injury in order to induce acute 

inflammation (J. Liu et al., 2017). However, IL-6 also activates STAT3 signaling which facilitates 

the reduction of neutrophils in acute inflammation (Fielding et al., 2008). Sustained IL-6 

production also induces prolonged STAT3 activation and neutrophil recruitment to promote 

unresolved chronic inflammation (Wang et al., 2013). Prolonged STAT3 activation has been 

implicated in many chronic inflammatory diseases including asthma, fibrosis, cancer, and hepatitis 

(Wang et al., 2013). Therefore, adequate regulation of IL-6 is required for the initiation and 

resolution of inflammation. For example, a study showed that IL-6 can prevent the initiation but 

at the same time promote the progression of lung cancer (Qu et al., 2015). We recently reported 

that IL-6 is highly induced in the lungs of mice following acute exposure to NiNPs by 

oropharyngeal aspiration (You et al., 2020). Il6 KO mice have not yet been evaluated after 
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inhalation exposure to ENMs. However, it is likely that IL-6 plays a major role in determining 

susceptibility to chronic inflammation. 

Table 1.3. Summarized list of receptors and cytokines/chemokines that may be 

involved in the susceptibility to ENM-induced chronic lung inflammation. 

Cytokines/ 

Chemokines 

Type 

of 

ENM

s 

Dosing and 

Exposure 

Method 

Durat

ion of 

expos

ure 

Findings in KO 

mice 

Referenc

es 

IL1/Inflammasome 
MW

CNTs 

50 µg LN- or 

HN-MWCNT 

via 

oropharyngeal 

aspiration 

Single 

expos

ure 

 

Reduced acute 

inflammation and 

airway resistance 

but increased IL-6 

protein production 

within 1 day. 

(Girtsman 

et al., 

2014) 

  

  

Induced 

significantly 

higher number of 

pulmonary 

granulomas 

formation and 

significant 

inflammation post 

28 days. 

 

162 μg/mouse 

Mitsui-7 

MWCNTs via 

intratracheal 

instillation  

 

Single 

expos

ure 

 

Acute 

inflammation at 1 

day was 

suppressed. 

Fibrotic lesions 

still developed in 

KO mice 28 days 

post-exposure. 

(Nikota et 

al., 2017) 

10 µg rod-like 

MWCNTs for 

4hr via 

pharyngeal 

aspiration 

 

Single 

expos

ure 

Reduced 

neutrophils in 

BALF and 

neutrophil 

chemoattractant 

CXCL5 mRNA  

(Rydman 

et al., 

2015) 
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Table 1.3. (continued). 

  

10 and 40 µg 

rod-like 

MWCNTs for 28 

days via 

pharyngeal 

aspiration 

 levels 4hr after 

the exposure. 

Neutrophils were 

still reduced in 

BAL and TNF-α 

mRNA level was 

suppressed after 

28 days. 

No changes were 

observed in Th2 

related signals 

including IL-13 

and TGF- β1 

mRNA levels. 

 

OPN 
MW

CNTs 

40 μg via 

pharyngeal 

aspiration 

Single 

expos

ure 

Reduced fibrotic 

formation and 

myofibroblast 

accumulation in 

the lungs.  

(Dong 

and Ma, 

2017a) 

AhR 
ZnO

NPs 

5, 20 and 80 

μg/mice via 

oropharyngeal 

aspiration 

Single 

expos

ure 

Reduced 

pulmonary 

inflammation, 

cytokine 

secretion, 

CYP1A1, and 

KYN production. 

Reduced cell 

number, total 

protein, and LDH 

activity in BALF. 

(Ho et al., 

2017) 

CCR5 
SWC

NTs 

100 μg/kg via 

intratracheal 

instillation 

Single 

expos

ure 

Dominated by B 

cells and CD8+ T 

cells instead of T 

cells and CD4+ T 

cells in the lungs. 

Increased IL-6, 

IL-13, and IL-17 

in BALF. 

More frequent 

histopathological 

lesions were 

detected. 

(Park et 

al., 2013) 
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Sex 

Sex can be a key determinant of susceptibility to ENM-induced chronic lung inflammation 

(Serpooshan et al., 2018; Ray and Holian, 2019; Ray et al., 2019). In this review, we will discuss 

this topic in the context of biological sex differences, including chromosome, sex organs, and 

endogenous hormonal profiles between males and females as defined by the Office of Research 

on Women’s Health at the National Institute of Health (NIH Office of Research on Women’s 

Health (ORWH)). Sex is recognized as a critical factor in determining the susceptibility of 

individuals to respiratory disease (Falagas, Mourtzoukou and Vardakas, 2007; Voltz et al., 2008; 

Gleeson et al., 2011; Kadioglu et al., 2011; Lee et al., 2014; Barnes, 2016; Klein and Flanagan, 

2016; Khalifa et al., 2017; Shah and Newcomb, 2018; Yung, Fuseini and Newcomb, 2018; Joseph 

et al., 2018; Lomauro and Aliverti, 2018; Ray and Holian, 2019). Furthermore, according to 

epidemiology studies, there are significant differences in susceptibility between acute to chronic 

respiratory disorders (Falagas, Mourtzoukou and Vardakas, 2007; Voltz et al., 2008; Gleeson et 

al., 2011; Kadioglu et al., 2011; Casimir et al., 2013; Lee et al., 2014; Ray and Holian, 2019). 

Epidemiology studies show that men are more susceptible to acute lung inflammation from viral 

or bacterial infections, and they have worse a prognosis compared to females (Kadioglu et al., 

2011; Casimir et al., 2013; vom Steeg et al., 2016). As seen with the novel coronavirus SARS-

CoV-2, epidemiology studies have found that a greater number of men are infected compared to 

the women (Chen et al., 2020). This trend was also seen in the MERS-CoV and SARS-CoV-1 

viruses (Chen et al., 2020). In contrast to men, women are more susceptible to developing chronic 

lung inflammation such as asthma (Almqvist et al., 2007; Casimir et al., 2013). Thus, clear 

susceptibility differences exist between men and women with regards to respiratory diseases, 

suggesting differences in pulmonary immune responses.  
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To date, there is a lack of data depicting sex as a key determinant of susceptibility to ENM-

induced chronic lung inflammation. However, there is some evidence showing susceptibility of 

either males or female rodents to ENM-induced lung inflammation. For example, Ray et al. found 

that a single dose of MWCNTs delivered via oropharyngeal aspiration caused a greater acute and 

chronic inflammatory response in female mice compared to male mice (Ray and Holian, 2019). 

Kasai et al. also found that female rats were more susceptible to lung inflammation induced by 

rigid-MWCNTs via whole-body inhalation compared to male rats (Kasai et al., 2016). On the other 

hand, Ray and colleagues also showed that male mice were more susceptible to lung inflammation 

induced by repeated chronic exposure to crystalline silica (cSiO2) compared to female mice (Ray 

and Holian, 2019). Others have shown that cSiO2, delivered to the lungs of mice by intratracheal 

instillation, caused less severe lung inflammation in female mice than male mice (Brass et al., 

2010; Latoche et al., 2016). Furthermore, it was demonstrated in the same study that male mice 

treated with estradiol administered through subcutaneous injection also had reduced cSiO2-

induced lung inflammation compared to male mice that received no exogenous estradiol (Brass et 

al., 2010; Latoche et al., 2016). In addition, lung fibrosis was more severe in male mice compared 

to female mice or male mice with supplementary estradiol (Brass et al., 2010; Latoche et al., 2016). 

We recently reported that male mice were susceptible to lung inflammation with both acute and 

sub-chronic exposure to NiNPs with or without LPS (You et al., 2020). Epidemiological and 

animal studies suggest that sex is a critical factor in determining the susceptibility and resolution 

of lung inflammation. Moreover, the available literature using rodents suggests that susceptibility 

to acute and chronic lung disease induced by ENMs is determined in part by sex. Furthermore, 

epidemiology data related to ENMs is lacking due to the fact that nanotechnology is an emerging 

industry and human exposures are relatively new. Thus, more extensive studies should be 
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conducted to carefully analyze the risk of ENMs to unresolved chronic lung inflammation and how 

the risk may differ between sexes. 

Susceptible Organ Systems and Pre-Existing Disease States 

Lung 

Pre-existing lung diseases, including asthma, chronic bronchitis, COPD, or inflammation 

induced by microbial infection (e.g., bacterial, fungal, or viral), would likely render individuals 

susceptible to inhaled ENMs. As mentioned earlier, asthma affects approximately 300 million 

people worldwide and 26 million in the United States (Global Network, 2018; CDC, 2020). 

Individuals with asthma or other pre-existing lung disorders may be at a higher risk of developing 

more severe pulmonary disease, i.e., exacerbation, with exposure to ENMs. Our group previously 

reviewed the toxicology of ENMs in asthma in more detail (Ihrie and Bonner, 2018). Ovalbumin 

(OVA) is a commonly used allergen to induce an asthmatic phenotype in rodents, including AHR 

and TH2-mediated airway inflammation (Nakae et al., 2007). It has been shown that silica 

nanoparticles (SNPs) caused respiratory toxicity and exacerbated OVA-induced inflammation 

with higher TH2 cytokine levels, including IL-13 (Han et al., 2016). Titanium dioxide 

nanoparticles (TiO2 NPs), carbon black nanoparticles (CBNPs), MWCNTs, or zinc oxide 

nanoparticles (ZnONPs) have been reported to exacerbate allergic inflammatory responses in mice 

with increases in both TH1 and TH2 cytokines (Huang et al., 2015; Shipkowski et al., 2015; Kim 

et al., 2017; Ihrie et al., 2019). Collectively, these studies suggest that individuals suffering from 

asthma or other pre-existing respiratory disorders maybe at a higher risk for developing severe 

chronic lung inflammation upon exposure to ENMs. 

Cardiovascular 
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Inhalation exposure to particulate matter can lead to more severe cardiovascular conditions 

in individuals with preexisting cardiovascular disorders (Lee, Kim and Lee, 2014). Also, 

researchers have established a relationship between occupational exposure to dust and ischemic 

heart diseases (Sjögren, 1997). While there is a lack of information on cardiovascular disease and 

ENMs in humans, studies using rodents suggest that pulmonary exposure to ENMs could 

exacerbate pre-existing cardiovascular conditions in humans (Minarchick et al., 2013; Holland et 

al., 2016; Abukabda et al., 2017). Also, several specific mediators discussed below, play important 

roles in determining susceptibility to cardiovascular disease after ENM exposure. 

Thrombospondin (TSP-1) is a protein involved in would healing and regulating blood 

pressure (Kaur et al., 2013; Bazzazi, Isenberg and Popel, 2017; Mandler et al., 2017, 2018). TSP-

1 binding to the cell surface receptor CD47 in vascular smooth muscles has been reported to inhibit 

endothelial nitric oxide synthase (eNOS) (Bauer et al., 2010; Kaur et al., 2013). In addition, 

acetylcholine (ACh)-stimulated activation of eNOS leads to a decrease in blood pressure, but TSP-

1 has been reported to block the Ach-stimulated decrease in blood pressure (Bauer et al., 2010). 

TSP-1 also has another receptor, CD36, that may also play a role in suppressing eNOS activity 

(Bazzazi, Isenberg and Popel, 2017). Thus, impaired signaling axis of TSP-1/CD47/CD36 has 

been implicated in different cardiovascular diseases, including cardiac hypertrophy, impaired 

angiogenesis and pulmonary hypertension (Mandler et al., 2017, 2018; Rogers et al., 2017; Bitar, 

2019; Zhang et al., 2020). Studies with Tsp1 KO mice and CD47 KO mice suggest that TSP-1 is 

critical to regulate endothelial function when exposed to ENMs (Mandler et al., 2017, 2018). Two 

studies by Mandler et al. showed that Tsp1 KO mice exposed to MWCNTs through oropharyngeal 

aspiration resulted in microvascular dysregulation that could play a critical role in developing 

cardiovascular diseases (Mandler et al., 2017, 2018). This finding suggested that impairment of 
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TSP-1 is critical to cardiovascular function and lead to greater susceptibility to severe 

cardiovascular disorders upon exposure to MWCNTs.  

Another study using C57BL/6 mice treated with a high dose of small, tangled MWCNTs 

or large, thick MWCNTs by intratracheal instillation showed a significantly higher level of serum 

amyloid A 3 (SAA3), haptoglobin, total cholesterol, and low-density lipoprotein in plasma 

(Poulsen, Saber, Mortensen, et al., 2015). Accumulation of SAA3 lipoprotein is induced by 

atherosclerotic plaque formation and is associated with chronic vascular inflammation (Dong et 

al., 2011; MacRae et al., 2019). An increase in plasma proteins, along with an increased transcript 

level of SAA3, in mice after pulmonary exposure to MWCNTs, suggests that the risk of developing 

or exacerbating cardiovascular diseases could be high (Poulsen et al., 2015).  

The low-density lipoprotein (LDL) receptor (LDLR) binds both LDL and haptoglobin (Lee 

et al., 2020). A recent study used Ldlr KO mice to examine systemic inflammation caused by 

indium dioxide (In2O3) nanoparticles. After a single pharyngeal aspiration dose of In2O3 

nanoparticles, Ldlr KO mice developed significantly severe atherosclerotic lesions compared to 

the wildtype mice (Lee et al., 2020). The Ldlr KO mice also showed that the aorta had a much 

higher transcript level of IL-6 and MCP-1 (CCL2), suggesting ongoing inflammation in the heart 

(Lee et al., 2020). Ldlr KO mice also showed an increase of total cholesterol and low-density 

lipoprotein in the plasma compared to wildtype mice after the treatment (Lee et al., 2020). 

Therefore, this study emphasized the protective role of the LDLR in limiting cardiovascular 

disease after pulmonary exposure to an ENM. Moreover, these findings suggest that the pulmonary 

exposure to In2O3 nanoparticles can induce systemic inflammation that may exacerbate the 

progression of pre-existing cardiovascular diseases.  
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As mentioned earlier, ApoE is a protein responsible for fat metabolism and ApoE KO mice 

represent a model for atherosclerosis in humans (Crauwels et al., 2003; Gao et al., 2007). Thus, 

deficiency in ApoE not only results in increased susceptibility to chronic lung inflammation, but 

also could lead to increased susceptibility to cardiovascular diseases. A study showed that 

intratracheal instillation of TiO2 NPs significantly increased total cholesterol, nitric oxide, and 

eNOS in ApoE KO mice compared to the wildtype mice (Chen et al., 2013). Another study also 

showed long term exposure to nickel nanoparticles (NiNPs) via whole-body inhalation system 

exacerbated atherosclerosis in ApoE KO mice (Kang et al., 2011). Furthermore, the study also 

showed that different vascular effects, including significant mitochondrial damage in the aorta and 

severe progression of atherosclerosis, were seen after pulmonary exposure via intratracheal 

instillation to carbon black nanoparticles (CBNPs) in ApoE KO mice (Kang et al., 2011). 

Collectively, these mouse studies suggest that ApoE is likely important for suppressing 

cardiovascular inflammation in humans after pulmonary exposure to ENMs and that reduced ApoE 

would render individuals susceptible to the adverse effects of ENMs on the cardiovascular system. 

Liver 

Although few studies have investigated the systemic effects of inhalation exposure to 

ENMs, some work has focused on the liver to determine metabolic changes after inhalation 

exposure to ENMs. A recent study showed that intratracheal instillation of MWCNTs in female 

mice could affect liver lipid metabolism of their offspring (Zhang et al., 2018). The data showed 

that the weight of offspring was slightly reduced, and histopathological changes were observed in 

the liver tissue (Zhang et al., 2018). Intratracheal instillation of nickel oxide NPs to the lungs of 

rats caused pathological changes in the liver, including cellular edema and inflammatory cell 

infiltration, increased total nitric oxide synthase (NOS), and increased in liver-related enzymes 
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including alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline 

phosphatase (ALP) (Yu et al., 2018). Another study showed that sub-chronic inhalation of lead 

oxide nanoparticles in mice via whole-body inhalation resulted in the translocation of 

nanoparticles to systemic organs including kidney, liver, and spleen (Dumková et al., 2017). They 

found that lead oxide nanoparticles caused hepatic necrosis, remodeling, and degeneration of 

hepatocytes (Dumková et al., 2017). Furthermore, other studies have also demonstrated that 

inhalation exposure to silver nanoparticles, iron oxide nanoparticles, and MWCNTs results in 

translocation to the liver (Sung et al., 2009; Sadeghi, Yousefi Babadi and Espanani, 2015). 

Repeated intratracheal instillation of TiO2 NPs to the lungs of rats also showed significant 

hepatocyte necrosis and fibrosis (Suker and Jasim, 2018). Furthermore, the increased presence of 

inflammatory cells in the liver and formation of liver fibrosis was seen in the liver through 

pulmonary exposure via intratracheal instillation to CBNPs in ApoE KO mice (Suker and Jasim, 

2018). Therefore, these studies suggest that inhalation exposure to different ENMs has the 

potential to elicit systemic inflammation in the liver and could exacerbate pre-existing liver 

conditions such as hepatic steatosis, hepatitis, and cirrhosis. However, to our knowledge, there are 

no published reports on the effects of ENMs in mouse models of pre-existing liver disease. 

Spleen 

The spleen has been shown to be an important target of systemic immune responses to 

inhaled ENMs, specifically to MWCNTs (Mitchell et al., 2007, 2009; Kido et al., 2014). Whole-

body inhalation of MWCNTs in mice has been shown to cause systemic splenic 

immunosuppression (Mitchell et al., 2007). Immune function was measured on spleen-derived 

cells and showed suppressed T-cell–dependent antigen responses and reduced proliferative ability 

of T-cells following mitogen stimulation after 14 days of MWCNTs inhalation exposure (Mitchell 
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et al., 2007). Also, an increase in IL-10 and NAD(P)H oxidoreductase 1 mRNA level was detected 

only in the spleens and not in the lungs (Mitchell et al., 2007). Following this study, the same 

group investigated the mechanism for immune suppression caused my MWCNT inhalation 

exposure and found that secreted transforming growth factor-beta (TGF-β) from the lungs had an 

effect on suppressing immune function of splenocytes (Mitchell et al., 2009). They demonstrated 

that activation of this signal in the lung from inhalation exposure to MWCNTs activated the 

cyclooxygenase pathways in the spleen, resulting in suppressed immune function and T-cell 

dysfunction (Mitchell et al., 2009). Another study showed that inhalation exposure to MWCNTs 

in rats caused immune dysfunction in the spleen (Kido et al., 2014). After 13 weeks of exposure, 

rats developed systemic inflammation with increased production of inflammatory cytokines from 

splenic macrophages (Kido et al., 2014). They also found a decrease in IL-2 mRNA expression in 

T-lymphocytes (Kido et al., 2014). Thus, inhalation exposure to MWCNTs can affect the normal 

immune response generated by spleen and could result in immunosuppression from T-cell 

dysfunction. 

Brain 

The blood-brain barrier (BBB) consists of capillary tight junctions that selectively allow 

movement of specific molecules, ions, and cells between the blood and central nervous system 

(Abbott et al., 2010). Under healthy conditions, the BBB has capillary tight junctions that prevent 

particles entering the central nervous system (CNS) (Abbott et al., 2010). However, during 

cerebrovascular inflammation caused by inhalation of pollutants or toxicants, the tight junction of 

the BBB becomes destabilized with increased permeability, thereby enabling unwanted molecules 

or particles like ENMs to enter the CNS (Block et al., 2012; Oppenheim et al., 2013). Furthermore, 

some studies have found that inhalation exposure to nanoparticles or ultrafine particles can reach 
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the brain in mammals (Elder et al., 2006; Wu et al., 2011; Petitot et al., 2013; Ge et al., 2019). 

While such exposures that result in ENM translocation across the BBB could have deleterious 

effects on the CNS, some studies have shown potential benefits of using ENMs in nanomedicine 

to potentially treat brain diseases (Agemy et al., 2011; Wei et al., 2016; Rajora et al., 2017). The 

toxicity of ENMs to the brain still remains unclear. While some ENMs may not have a toxic effect 

on the brain, there is evidence that some ENMs elicit neuroinflammation. For example, mice 

exposed to MWCNTs via oropharyngeal aspiration induced BBB disruption after 4hr which led to 

recruitment of phagocytic microglia causing neuroinflammatory responses (Aragon et al., 2017). 

Another study also showed aerosolized exposure of MWCNTs to rats increased mitochondrial 

ROS formation in different parts of the brain (Samiei et al., 2020). Intranasal instillation of 

aluminum NPs in rats induced ERK and p38 MAPK activation in the brain, suggesting penetration 

through the BBB (Kwon et al., 2013). Lastly, two weeks after an intranasal instillation of AgNPs 

in mice, RNAseq analysis showed that 73 genes were affected in the cerebrum and 144 genes were 

changed in the cerebellum (Lee et al., 2010). Therefore, these studies suggest that pulmonary 

exposure to different ENMs results in translocation across the BBB, causing neuroinflammation. 

However, the use of ENMs that are able to penetrate the BBB could also be beneficial to treat 

neurological disorders. More rigorous studies should be conducted in order to analyze the risk 

related to ENM exposure in the brain. 

Co-Exposures 

Co-exposures to a variety of toxic agents (e.g., metals, chemicals, microbial-derived 

products) could render individuals susceptible to the pro-inflammatory, pro-fibrotic, or 

carcinogenic effects of ENMs. For example, lipopolysaccharide (LPS) derived from Gram-

negative bacteria can induce acute lung injury through neutrophilic inflammation (Cesta et al., 
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2010; Miller, Ernst and Bader, 2005; Kumari, Dash and Singh, 2015). LPS is ubiquitous in the 

environment and therefore co-exposure to LPS and ENMs in occupational settings is likely 

(Sandstrom, Bjermer and Rylander, 1992; Bonner et al., 1998; Thorn, 2001; Gorbet and Sefton, 

2005). Studies have shown that ENMs, including MWCNTs and NiNPs, can exacerbate LPS-

induced lung inflammation in mice or rats (Cesta et al., 2010; You et al., 2020). A single co-

exposure to LPS and NiNPs in mice via oropharyngeal aspiration caused significantly higher acute 

neutrophilic lung inflammation and greater IL-6 secretion in the BALF compared to LPS or NiNPs 

alone (You et al., 2020). Greater acute lung inflammation induced by the co-exposure 

corresponded to heightened phosphorylation of STAT3 in lung tissue. Repeated co-exposure of 

mice to LPS and NiNPs in a sub-chronic exposure study produced greater monocytic lung 

inflammation and greater CCL2 in BALF compared to LPS or NiNPs alone (You et al., 2020). 

Greater sub-chronic lung inflammation induced by LPS and NiNP co-exposure was associated 

with reduced STAT1 in lung tissue. MWCNT exposure has been reported to exacerbate PDGF 

signaling and pulmonary fibrosis in rats that were pre-exposed to LPS and had pre-existing 

neutrophilic lung inflammation (Cesta et al., 2010). Moreover, CBNPs also enhanced LPS-induced 

lung inflammation by increasing IL-1β and macrophage chemoattractant protein (MIP-1) (Inoue 

et al., 2006). Smaller CBNPs elicited a more profound effect by exacerbating severe LPS-induced 

lung inflammation (Inoue et al., 2006). Moreover, circulating fibrinogen levels were much higher 

in the serum of mice co-exposed to LPS and CBNPs, compared to LPS or CBNP exposure alone 

(Inoue et al., 2006). 

Proteolytic allergens from the house dust mite (HDM) Dermatophagoides pteronyssinus 

are common indoor allergens (Agache et al., 2019; Ihrie et al., 2019; Waldron et al., 2019). Early 

life exposure to HDM allergens, including Der p1 and Der p2, has been linked to the development 
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of the asthma in humans (Sears et al., 1989; Arshad et al., 2001; Wilson and Platts-Mills, 2018). 

Pre-exposure of mice to HDM extract by repeated intranasal aspiration exacerbated lung 

inflammation and airway fibrosis caused by a single dose of MWCNTs delivered by oropharyngeal 

aspiration (Shipkowski et al., 2015). HDM-induced serum IgE levels were amplified by MWCNTs 

in this study (Shipkowski et al., 2015). In contrast, pre-exposure of mice to MWCNTs by 30 day 

of inhalation prior to repeated intranasal aspiration of HDM extract also exacerbated lung 

inflammatory lesions, but reduced HDM-induced serum IgE levels (Ihrie et al., 2019). Therefore, 

while these two studies showed that either pre-exposure or post-exposure to MWCNTs exacerbates 

HDM-induced chronic lung inflammation, the mechanisms involved are likely different. Overall, 

co-exposure to ENMs and ubiquitous allergens or LPS can exacerbate lung inflammation in 

rodents, suggesting that such co-exposures would increase lung disease severity in humans. 

Challenges and Alternative Approaches 

Some challenges remain that must be overcome to improve risk assessment of ENMs. As 

the lungs are constantly exposed to a variety of inhaled toxicants and microbial agents, single 

ENM exposures studied in the lab using rodent models or in vitro cell culture models might not 

reflect a real-world exposure scenario. However, studies on co-exposures to ENMs and other 

inhaled toxicants or microbial agents are lacking. Therefore, more studies should be performed, 

using a tiered approach involving both in vitro and in vivo models to address how co-exposure to 

toxicants or microbial pathogens affects the immune response to inhaled ENMs. Another 

challenge is the knowledge gap between predicting the immunotoxicity of ENMs in rodents or 

humans in vivo using cell culture models in vitro. This is due, at least in part, to the complexity 

of the innate and acquired immune system that involves numerous cell types (e.g., macrophages, 

neutrophils, T cells, B cells) and subpopulations of each of these cell types. Some of these 
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limitations could be overcome by co-culture models or ‘organ-on-a-chip’ technologies, coupled 

with in silico approaches. Furthermore, to our knowledge, no studies using mice have been 

performed to differentiate the immune response generated by inhalation exposure to ENMs 

between different age groups. As age and sex can be critical susceptibility factors in chronic lung 

inflammation, more studies should be done to carefully assess the toxicity of ENMs, comparing 

male and female mice of varying ages. This is also a challenge, as research on the 

immunotoxicity of ENMs is increasingly moving towards in vitro and in silico approaches, based 

on the growing number of ENMs to be evaluated and ethical concerns of using animals in 

research. Nevertheless, complex issues of sex and age are difficult to recapitulate using only in 

vitro or in silico approaches. 

General Conclusions 

Herein, we have summarized different susceptibility factors, including sex, pre-existing 

disease state, deficiency of specific genes, susceptible organ systems, and co-exposures to other 

agents that might influence the pulmonary and/or systemic immune response generated by 

exposures to different types of ENMs. The available literature discussed in this introduction 

illustrates that multiple factors play critical roles in determining host susceptibility to the adverse 

effects of ENMs on the immune system. Future research should continue to emphasize 

susceptibility factors and susceptible populations in risk assessments to avoid underestimating 

adverse outcomes in humans caused by occupational or environmental exposure to ENMs. 

General Research Hypothesis 

Susceptibility factors to ENM induced lung inflammation is vital to determine the 

severity of the inflammation. My work has focused on exploring different susceptibility factors 

including duration of the exposure, co-exposure, and sex to determine how immune responses 
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might be regulated differently to the same toxicant or NiNPs. From epidemiology data 

suggesting that men are more susceptible to acute lung inflammation whereas women are more 

susceptible to chronic lung inflammation, I have hypothesized that males are more susceptible to 

acute lung inflammation induced by NiNPs while females are more susceptible to chronic lung 

inflammation induced by NiNPs.  
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ABSTRACT 

Nickel nanoparticles (NiNPs) are increasingly used in nanotechnology applications, yet 

information on sex differences in NiNP-induced lung disease is lacking. The goal of this study was 

to explore mechanisms of susceptibility between male and female mice after acute or subchronic 

pulmonary exposure to NiNPs. For acute exposure, male and female mice received a single dose 

of NiNPs with or without LPS by oropharyngeal aspiration and necropsied 24 hours later. For 

subchronic exposure, mice received NiNPs with or without LPS six times over 3 weeks prior to 

necropsy. After acute exposure to NiNPs and LPS, male mice had elevated cytokines (CXCL1 and 

IL-6) and more neutrophils in bronchoalveolar lavage fluid (BALF), along with greater STAT3 

phosphorylation in lung tissue. After subchronic exposure to NiNPs and LPS, male mice exhibited 

increased monocytes in BALF. Moreover, subchronic exposure of male mice to NiNP only 

induced higher CXCL1 and CCL2 in BALF along with increased alveolar infiltrates and CCL2 in 

lung tissue. STAT1 in lung tissue was induced by subchronic exposure to NiNPs in females but 

not males. Males had a greater induction of IL-6 mRNA in liver after acute exposure to NiNPs and 

LPS, and greater CCL2 mRNA in liver after subchronic NiNP exposure. These data indicate that 

susceptibility of males to acute lung inflammation involves enhanced neutrophilia with increased 

CXCL1 and IL-6/STAT3 signaling, whereas susceptibility to subchronic lung inflammation 

involves enhanced monocytic infiltration with increased CXCL1 and CCL2. STAT transcription 

factors appear to play a role in these sex differences. This study demonstrates sex differences in 

the lung inflammatory response of mice to NiNPs that has implications for human disease.  
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INTRODUCTION 

With rapid development of nanotechnology, inhalation exposure to metal nanoparticles is 

inevitable, resulting in adverse health effects in the respiratory system (Bonner, 2010a; Lu et al., 

2015). Exposure to metals in the workplace and in the environment is frequently accompanied by 

co-exposure to lipopolysaccharide (LPS), a ubiquitous agent derived from gram-negative bacteria 

that stimulates neutrophilic lung inflammation (Bonner et al., 1998; Duquenne and Marchand., 

2013). Nickel nanoparticles (NiNPs) are used in various technological applications such as 

catalysis, battery manufacturing and textile applications due to their characteristics of high 

catalytic activity, high magnetism, low melting point and high burning point (Pumera, 2007; Zhao 

et al., 2008; Mai et al., 2012; He et al., 2013; Ishizaki, Yatsugi and Akedo, 2016; Sharma et al., 

2018; Su et al., 2018). Moreover, NiNPs are gaining more attention as they have the potential to 

be used in biomedical devices or chemotherapeutic applications (Guo et al., 2009). Chronic 

inhalation exposure to nickel fumes in occupational settings has been linked to pulmonary diseases 

including fibrosis, asthma, and cancer (Nemery, 1990). Therefore, there is a concern that 

occupational exposure to NiNPs, either in the absence or presence of LPS, could further increase 

the incidence of these lung diseases. In particular, the nano-sized dimensions and high surface area 

of NiNPs make them uniquely toxic when inhaled since they have greater potential to be deposited 

in the lower respiratory tract and generate reactive oxygen species (ROS) (Unfried et al., 2007; 

Bonner, 2010a; Glista-Baker et al., 2014; Osman, Sexton and Saleem, 2019;). The generation of 

ROS induced by NiNPs in mesothelial cells and macrophages in vitro or in the lungs of mice in 

vivo leads to activation of hypoxia inducible factor- 1α (HIF-1α) transcription factor (Wan et al., 

2011; Glista-Baker et al., 2012, Glista-Baker et al., 2014). HIF-1α activation is accompanied by 
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the production of chemokines such as CCL2 and CXCL10 that mediate monocyte migration 

(Glista-Baker et al., 2012).  

Previous studies have addressed mechanisms of nickel or NiNPs toxicity in vivo and in 

vitro, but no studies have investigated sex-specific pulmonary immune and inflammatory 

responses to nickel or NiNPs in experimental animal models. In epidemiology studies of human 

pulmonary diseases, sex has been a critical factor in determining the susceptibility towards a 

variety of agents that cause acute or chronic respiratory inflammation (Falagas et al., 2007; 

Gleeson et al., 2011; Casimir et al., 2013; Pinkerton et al., 2015; Klein and Flanagan, 2016). For 

example, males are more susceptible to acute lung inflammation caused by viral or bacterial 

infections and have a more severe prognosis with increased risk of respiratory tract infections, 

pulmonary fibrosis, and pneumonia (Jensen-Fangel et al., 2004; Gleeson et al., 2011; Kadioglu et 

al., 2011; Klein and Flanagan, 2016; Sathish and Prakash, 2016). On the other hand, females are 

more susceptible to chronic lung inflammation including asthma, chronic obstructive pulmonary 

disease, and autoimmune lung diseases (Postma, 2007; Pinkerton et al., 2015; Klein and Flanagan, 

2016; Sathish and Prakash, 2016). Lung cancer, also known to be caused by nickel exposures, has 

been reported to be influenced by sex (Grimsrud et al., 2002; Egleston et al., 2009; Gasperino, 

2011; Sathish and Prakash, 2016). One study suggested that estrogen signaling in women can 

affect the development of lung cancer regardless of smoking status (Baik and Eaton, 2012). 

Furthermore, a higher incidence was recorded globally in women developing lung cancer without 

any prior smoking experience compared to men (Thun et al., 2008). Yoshizaki et al. (2017) showed 

that male mice exposed to particulate matter less than 2.5 microns (PM2.5) had higher acute 

inflammatory makers such as IL-1β, IL-8Rα and COX-2 while female mice exposed to PM2.5 had 

higher chronic inflammatory maker such as IL-17. Since susceptibility to lung diseases is 
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determined in part by sex, it is critical to better understand the basic mechanisms of susceptibility 

between male and female mice exposed to emerging nanomaterials in order to better predict the 

risk for human respiratory disease.  

The generation of ROS by nickel is thought to be a major factor that initiates cytokine 

production, pulmonary inflammation and disease pathogenesis (Fu et al., 2014; Neubauer et al., 

2015; Latvala et al., 2016; Cao et al., 2016; Mo et al., 2019). ROS activates NF-ĸB within human 

innate immune cells such as macrophages or human cancer cells to induce the expression of pro-

inflammatory cytokines such as IL-8, which serves to recruit neutrophils, and IL-6, which mediates 

several biological functions including cell proliferation, differentiation and immune cell function 

(Morgan and Liu, 2011; Yoon et al., 2010). In experimental animal models, IL-6 has been reported 

to either induce or suppress CXCL1 (a murine homologue of IL-8) depending on the inflammatory 

stimulus and context of the exposure (Jones et al., 2006; Fielding et al., 2008). The biological 

effects of IL-6 are mediated in part through STAT3, which plays homeostatic roles in cell growth 

and differentiation. However, dysregulation of IL-6/STAT3 has been implicated in the 

pathogenesis of cancer, hepatic and pulmonary fibrosis, acute lung injury and allergic asthma (Gao 

et al., 2004; Wang et al., 2013; O’Donoghue et al., 2012; Zhao et al., 2016; Silva et al., 2017). In 

disease states, IL-6-induced STAT3 initiates a feed-back loop mechanism to amplify more IL-6 

secretion to sustain cell proliferation through prolonging STAT3 activation (Hodge, Hurt and 

Farrar, 2005; Wang et al., 2013). Therefore, targeting STAT3 has been proposed for therapeutic 

intervention of multiple diseases. The biological effects of STAT3 in promoting cell proliferation 

are counteracted by the growth arrest activity of STAT1 (Thompson et al., 2015). We previously 

reported that STAT1 plays a protective role in lung fibrosis or exacerbation of allergic lung disease 

induced by multi-walled carbon nanotubes (MWCNTs) (Duke et al., 2017). Moreover, IL-
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6/STAT3 signaling serves to shift acute inflammation to chronic inflammation by promoting 

chronic monocytic inflammation through CCL2 production (Kaplanski et al., 2003; Gabay, 2006). 

Thus, IL-6/STAT3 signaling acts as a double-edged sword to antagonize STAT1 and intensify 

neutrophilic inflammation, but also facilitates the subsequent resolution of neutrophilic 

inflammation (Jones et al., 2006; Fielding et al., 2008). Differences in IL-6 production between 

males and females have been implicated in disease pathogenesis in both human and rodent models. 

Significantly higher hepatic IL-6 mRNA and serum IL-6 protein levels were reported in male mice 

compared to female mice during liver carcinogenesis induced by the chemical carcinogen 

diethylnitrosamine (DEN) (Naugler et al., 2007). Furthermore, higher serum IL-6 in men has been 

associated with a worse prognosis for non-small cell lung cancer (Silva et al., 2017). This 

phenomenon of differential IL-6 production between sexes could be partly due to the differences 

in levels of 17β-estradiol. Thus, differential IL-6 production and STAT3 signaling between sexes 

could play a role in susceptibility to lung diseases.  

The goal of this study was to explore mechanisms of susceptibility to pulmonary 

inflammation between male and female mice after a single acute exposure or repeated subchronic 

exposures to NiNPs with or without LPS (endotoxin). Occupational and environmental exposure 

to NiNPs does not occur under pristine conditions, but rather is combined with low levels of LPS. 

Moreover, LPS can modify the biological impact of nanoparticles. For example, we previously 

reported that LPS enhances the pro-inflammatory and pro-fibrotic effects of MWCNTs in the lungs 

of male Sprague-Dawley rats (Cesta et al., 2010). Therefore, the LPS-nanoparticle co-exposure 

model is valuable towards determining susceptibility of individuals to real-world co-exposures. 

Based on epidemiology studies of respiratory diseases in human cohorts, we hypothesized that 

male mice would be more susceptible to NiNP-induced acute lung inflammation with or without 
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LPS, while female mice would be more susceptible to NiNP-induced subchronic lung 

inflammation in the absence or presence of LPS. However, we discovered that male mice were 

more susceptible than female mice to both acute neutrophilic lung inflammation and subchronic 

monocytic lung inflammation in response to NiNPs and LPS. Moreover, the susceptibility of male 

mice to acute neutrophilic inflammation was correlated with changes with the induction of IL-6 

and CXCL1 along with increased activation of STAT3, while susceptibility of the male mice to 

subchronic monocytic inflammation was hallmarked by increased CXCL1 and CCL2, with 

reduced STAT1 protein, in lung tissue.  
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MATERIALS AND METHODS 

Nickel Nanoparticles: NiNPs were purchased from Sun Innovations (Fremont, CA) and were 

characterized by the manufacturer as a sphere-shaped nanoparticle with a diameter of ~20 nm, 

metal purity of 99.9% and surface area of 40 to 60 m2/g. Moreover, these NiNPs have been 

previously described as insoluble in water and possess an oxidation state of zero (Glista-Baker et 

al., 2014). A more detailed independent characterization of NiNP size carried out in our laboratory 

using TEM showed an average mean (+SEM) particle diameter of 25.43 +11.62 nm with 

agglomerates ranging from 250 - 600 nm when suspended in 0.1% pluronic F-68 (Sigma, St. Louis, 

MO) diluted in Gibco’s phosphate-buffered saline (DPBS) (Glista-Baker et al., 2012). For 

pulmonary exposure of mice, NiNPs suspended in 0.1% pluronic/DPBS were sonicated in a 

cuphorn sonicator (Qsonica, Newton, CT) for 2 minutes and vortexed immediately before dosing 

as described below. A representative TEM image of the NiNPs is shown in Fig. 2.1A. 

Lipopolysaccharide (LPS): LPS from Escherichia coli (Serotype 026: B6) was purchased from 

Sigma-Aldrich (St. Louis, MO) and suspended in DPBS for the stock solution. LPS was diluted in 

DPBS solution to the desired concentration and vortexed before use.  

Animal care: Six to eight-week old male and female C57BL/6J mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME). Mice were dosed between 12-16 weeks as described below 

under ‘Experimental design’ after 2 weeks of acclimation. Mice were housed in pathogen-free, 

humidity, and temperature-controlled AAALAC (Association for Assessment and Accreditation 

of Laboratory Animal Care) accredited animal facility in the Toxicology Building. Mice were 

housed maximum of 3 per cage in a temperature and humidity-controlled facility and supplied 

with food and water ad libitum. All animal procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) at North Carolina State University. 
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Experimental design: Both female and male wild type mice were randomly divided into 4 

treatment groups (vehicle, LPS, NiNPs, or both LPS and NiNPs). 0.1% Pluronic solution in PBS 

will be used as a vehicle for the experiment. Each treatment group contained 6 mice per group per 

sex. For the acute exposure protocol, mice were exposed at 12 to 14 weeks of age by oropharyngeal 

aspiration (OPA) to 5 μg/kg of LPS, 4 mg/kg of NiNPs, both 5 μg/kg of LPS and 4 mg/kg of 

NiNPs, or equal volume of vehicle solution (100 µL) via oropharyngeal aspiration (OPA) under 

isoflurane anesthesia and euthanized 24 hrs post-exposure. We have previously shown that a single 

NiNP dose of 4 mg/kg delivered by OPA produces mild lung inflammation and fibrosis in mice 

without overt symptoms or mortality (Glista-Baker et al., 2014). The relatively low dose of LPS 

(5 mg/kg) was chosen since it induced only mild neutrophilic inflammation, but not lung injury, 

and was intended to model low dose occupational exposures rather than acute lung injury. For the 

subchronic exposure protocol, mice were exposed at 16 weeks of age by OPA on days 1, 3, 5, 15, 

17, and 19 to 0.83 μg/kg of LPS, 0.67 mg/kg of NiNPs, both 0.83 μg/kg of LPS and 0.67 mg/kg 

NiNPs, or equal volume of vehicle solution and euthanized on day 24. The cumulative doses of 

NiNPs and LPS delivered over 6 repeated exposures in the subchronic study were chosen to be 

equivalent to the single delivered doses of NiNPs and LPS in the acute study, respectively. Acute 

study results were a combination of two separate experiments (n=3) whereas subchronic study was 

conducted all at once (n=6). All mice were 12-16 weeks old at the time when acute or subchronic 

exposures were initiated.  

Necropsy and collection of samples: Mice were euthanized via pentobarbital i.p. injection. At 

necropsy, the trachea was cannulated and two 0.5 mL aliquots of DPBS were instilled to collect 

BALF for analysis of cytokines, lactate dehydrogenase (LDH), total protein and inflammatory cell 

counts. A Thermo Scientific Cytospin 4 centrifuge (Thermo Fisher Scientific, Waltham, MA) was 
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immediately used to spin cells from 100 μl of BALF onto glass slides. These cells were then fixed 

and stained with the Diff-Quik Stain Set (DadeBehring Inc., Newark, DE, USA) for cellular 

content analysis of BALF. The left lobe of the lung was inflated with neutral buffered formalin 

(Azer Scientific, Morgantown, PA) and fixed for 24 hrs, dehydrated in 70% ethanol for 3 days, 

and then embedded in paraffin for histology. Right lobes were divided equally into RNAlater 

(FisherScientific, Waltham, MA) or snap frozen in a cryo-tube for mRNA and protein analysis, 

respectively. Portions of spleen, kidney, heart, and liver were collected for histopathology, mRNA 

for RT-PCR, or protein for Western blot analysis. Whole blood was collected from the jugular 

veins and allowed to coagulate for 30 min in Serum Separator Tubes (BD Microtainer, Franklin 

Lakes, NJ), then centrifuged to obtain the serum.  

Total protein and LDH analysis of BALF:  Lactate dehydrogenase (LDH) in BALF was assayed 

as an index of pulmonary cytotoxicity and was measured by the Pierce LDH Cytotoxicity Assay 

Kit (ThermoFisher, Waltham, MA) according to the manufacturer’s instructions. Absorbance 

values were measured at 450nm using the Multiskan EX microplate spectrophotometer 

(ThermoFisher, Waltham, MA). Total protein concentration in BALF was measured according to 

the manufacturer’s protocol with the Pierce BCA Protein Assay Kit (ThermoFisher, Waltham, 

MA). Absorbance was read at 450nm with a correction at 540nm using the Multiskan EX 

microplate spectrophotometer (ThermoFisher, Waltham, MA).   

Cell counting and histopathology: Average total cell counts per three microscopic fields were 

obtained from Diff-Quik stained Cytospin slides by counting cells in three frames per slide at 100x 

magnification and divided by three for the average of cell numbers as described previously 

(Shipkowski et al., 2015). Images were taken Olympus light microscope BX41 (Center Valley, 

PA) at 100x and every cell type including neutrophils, eosinophils, monocytes and macrophages 
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were counted using ImageJ software with the Fiji expansion (Eliceiri/LOCI group, University of 

Wisconsin-Madison, Madison, WI) in a similar way by counting cells in three frames per slide and 

divided by three for the average of cell numbers. Monocytes were identified by a unilobular 

dumbbell-shaped nucleus and non-granulated cytoplasm whereas macrophages were identified by 

a rounded nucleus with granular cytoplasm. Paraffin embedded tissues were cut into three sections 

and stained with hematoxylin and eosin (H&E) for both acute and subchronic exposure protocol, 

or with Alcian blue/periodic acid- Schiff (AB/PAS) and/or Gomori’s trichrome stain for 

subchronic exposure protocol only. Semi-quantitative evaluation of the degree of inflammation 

was assessed on histopathology slides using an unbiased scoring protocol (See Appendix A.1 for 

detailed protocol). 

Cytokine quantification: Cytokines (IL-6, CXCL1, TNF-α, IL-1β and CCL2) from BALF were 

measured by DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Inc., 

Minneapolis, MN). Lung lysates were isolated with lysis buffer from snap-frozen mouse right lung 

lobes. The lung lysate protein concentration was determined using the Pierce BCA Protein Assay 

Kit (ThermoFisher Scientific, Waltham, MA). CCL2 in lung lysate was measured by DuoSet 

enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Inc., Minneapolis, MN). 

Cytokine concentrations in BALF or lung lysates were derived from the absorbance values and 

converted to concentration values based on the standards provided from the kit. 

RT-PCR: Applied Biosystems high capacity cDNA reverse transcription kit (ThermoFisher 

Scientific, Waltham, MA) was used to create cDNA from the mRNA isolated from the right lung 

lobes, spleen, liver, and heart using Quick-RNA™ MiniPrep (Zymo Research, Irvine, CA) 

according to the manufacturer’s instructions. The FastStart Universal Probe Master (Rox) (Roche, 

Basel, Switzerland) was then used to run Taqman qPCR on the Applied Biosystems QuantStudio3 
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Real-Time PCR System Thermal Cycling Block (ABI, Foster City, CA) to determine the 

comparative CT (ΔΔCT) fold change expression of IL-6, CXCL1, and CCL2 normalized to β-actin 

as the endogenous control. 

Immunoblotting: Whole lung protein lysates were isolated from snap-frozen mouse right lung 

lobes. The protein concentration was determined using the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Waltham, MA). Samples were loaded onto a Novex™ 4–12% SDS-

PAGE gel (Invitrogen, Carlsbad, CA), and separated by electrophoresis with Pierce Pre-stained 

Protein MW Marker (ThermoFisher Scientific, Waltham, MA). Proteins were transferred to PVDF 

membranes, blocked with blocking buffer (1X TBS, 0.1% Tween-20 with 5% nonfat dry milk in 

water) for an hour, and incubated in primary antibody (1:1000 dilution) overnight at 4ºC. pSTAT3 

(Tyr 705), total STAT3, STAT1, and β-actin primary antibodies as well as anti-rabbit or anti-

mouse secondary antibody (1:2000) were purchased from Cell Signaling Technology (Beverly, 

MA). Following primary antibody incubation, the membranes were washed with TBST (1X TBS 

and 0.1% Tween-20 in water) and then incubated with horseradish peroxidase-conjugated 

secondary antibody (1:2500 dilution) for an hour at the room temperature. The membrane was then 

washed in TBST once again for 30 minutes. Enhanced chemiluminescence (ECL) (ThermoFisher 

Scientific, Waltham, MA) was used to visualize immunoblot signals by using Amersham Imager 

680 (GE Life Sciences, Marlborough, MA). Semi-quantitative densitometry was performed on 

Western blot protein bands using ImageQuant TL (GE LifeSciences). Volume intensity of each 

protein band was quantified from ImageQuantTL program according to the manufacturer’s 

protocol; phosphorylation protein bands were normalized to corresponding total protein bands, 

and total protein bands were normalized to the corresponding β-actin bands. 
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Statistical Analysis: All statistical analyses were performed using Prism Software (GraphPad Inc., 

La Jolla, CA). Differences between treatment groups within the same sex were evaluated by one-

way ANOVA with a Dunnett’s post-hoc test. A two-way ANOVA with a Bonferroni’s post- hoc 

test was used to test for significance between sexes among the treatment groups. Student’s T-test 

was also used to determine significant differences between males and females. Differences was 

determined to be significant at a P value < 0.05 or less. Specific information for each analysis 

performed is detailed in the figure legends.  
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RESULTS 

Male mice are more susceptible than female mice to neutrophilic inflammation after a single 

acute exposure to NiNPs and LPS. To determine whether there were sex differences in the acute 

lung inflammatory response to NiNPs with or without LPS, male and female C57BL/6J mice were 

treated with vehicle solution, 5 μg/kg LPS, 4 mg/kg NiNPs, or both 5 μg/kg LPS and 4 mg/kg 

NiNPs via OPA as illustrated in Figure 2.1B. Exposure to NiNPs and LPS caused a significant 

increase of total protein in the BALF of both male and female mice, indicating acute lung injury 

in both sexes (Fig. 2.1C). NiNPs or NiNPs and LPS caused a significant increase in cytotoxicity 

in male mice, but not in female mice, with a significant difference in LDH between sexes in the 

NiNP exposure group. (Fig. 2.1D). Representative images of BALF cell density on Diff-Quick 

stained Cytospin slides from male and female mice are shown in Fig. 2.2A. These data show that 

the average total cell density, counted on 3 microscopic fields per animal, is much higher in males 

and mostly composed of neutrophils along with macrophages containing cytoplasmic NiNP 

inclusions. Quantitative evaluation of inflammatory cells (neutrophils, macrophages, eosinophils, 

and lymphocytes) from the BALF Cytospin slides showed that male and female mice had a modest 

increase in numbers of total cells and neutrophils 24 hrs after exposure to LPS or NiNPs with no 

significant differences between sexes (Fig. 2.2A, 2.2B). However, co-exposure to NiNPs and LPS 

synergistically increased both the average total cell counts and the average number of neutrophils, 

with males having significantly higher numbers of cells compared to female mice. (Fig. 2.2A, 

2.2B). No significant changes were detected in the number of macrophages after NiNPs or LPS 

and NiNPs (Fig. 2.2B). These results indicate that acute co-exposure to NiNPs and LPS induced 

significantly more neutrophilic inflammation in male mice compared to female mice. Qualitative 
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evaluation of hematoxylin and eosin-stained lung sections showed that mice co-exposed to NiNPs 

and LPS had neutrophilic infiltration within the distal bronchoalveolar regions (Data not shown). 

 

Figure 2.1. Acute lung exposure of male and female mice by oropharyngeal aspiration (OPA) to 

LPS, NiNPs, or LPS and NiNPs. A) Transmission electron microscopy (TEM) of nickel 

nanoparticles used in this study (bar equals 100 nm). B) Illustration of experimental design. 

C57BL/6J mice were exposed to vehicle (0.1% Pluronic in DPBS), LPS (5 μg/kg), NiNPs (4 

mg/kg), or LPS (5 μg/kg) and NiNPs (4 mg/kg) co-exposure via OPA delivery. Mice were 

euthanized and necropsy performed 24 hrs after the exposure. C) Protein concentration in BALF 

determined by Pierce BCA Protein Assay. D) Lactate dehydrogenase (LDH) activity in BALF 

measured using Pierce LDH Cytotoxicity Assay. (n=6 mice per group, ***P<0.001, ** P<0.01 

or *P<0.05 compared to vehicle determined by one-way ANOVA, #P<0.05 between sexes as 

determined by two-way ANOVA). 
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Figure 2.2. Inflammatory cells in the BALF from male and female mice 24 hrs after exposure to 

LPS, NiNPs, or LPS and NiNPs using the protocol illustrated in Fig. 1. A) Representative 

microscopic images of BALF cells from male and female mice on Diff-Quick stained Cytospin 

slides from each exposure group (Magnification 200X; inset 1000X oil immersion). B) Average 

number of total cells, neutrophils or macrophage per three microscopic fields on BALF Cytospin 

slides after acute (24 hr) exposure to NiNPs with or without LPS (Average number of cells were 

counted as described in the methods). (n=5-6 mice per group, ***P<0.001 or **P< 0.01 or 

*P<0.05 compared to vehicle determined by one-way ANOVA, ###P<0.001 or #P<0.05 between 

sexes determined by two-way ANOVA). 
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Male mice produce a significantly higher amount of pro-inflammatory cytokines after a 

single acute exposure to NiNPs and LPS. We next evaluated pro-inflammatory cytokines or 

chemokines that play a role in acute neutrophilic inflammation (IL-6, CXCL1, TNF-α, IL-1β). 

Mouse CXCL1 mediates neutrophil migration via CXCR2, which is a receptor for human IL-8 

(CXCL8), which also possesses neutrophil chemotactic properties (Fan et al., 2007). Both IL-6 

and CXCL1 are known to play vital roles in neutrophilic lung inflammation as part of the innate 

immune response to pathogens or inhaled particles (Kaplanski et al., 2003; Gabay, 2006). We 

observed the increase in both IL-6 protein and mRNA levels after exposure to NiNPs or NiNPs 

and LPS, with males having significantly higher IL-6 levels than females (Fig. 2.3A,B). On the 

other hand, LPS alone did not induce a significant increase in IL-6 protein or mRNA in either male 

or female mice (Figure 2.3A,B). NiNPs, LPS or NiNPs and LPS caused a significant increase in 

CXCL1 protein levels in BALF in male mice, whereas only LPS treatment caused a significant 

increase in CXCL1 in BALF in female mice (Fig. 2.3C). Furthermore, CXCL1 protein levels in 

BALF induced by NiNPs or LPS and NiNPs treatments were significantly higher in male mice 

compared to the female mice (Fig. 2.3C). However, only NiNPs and LPS co-exposure caused a 

significant in CXCL1 mRNA levels in lung tissue, with no differences between males and females 

(Fig. 2.3D). No significant changes were observed in protein levels of TNF-α or IL-1β measured 

by ELISA (Data not shown).  
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Figure 2.3. Levels of pro-inflammatory cytokines in BALF and lung tissue. A) IL-6 protein in 

BALF measured by ELISA. B) IL-6 mRNA in lung tissue measured by qRT-PCR. C) CXCL1 

protein in BALF measured by ELISA. D) CXCL1 mRNA in lung tissue measured by qRT-PCR. 

(n=5-6 mice per group, ***P<0.001 or **P< 0.01 or *P<0.05 compared to vehicle determined by 

one-way ANOVA, ###P<0.001 or ##P<0.01 between sexes determined by two-way ANOVA). 
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STAT3 activation is greater in male mice after a single acute exposure to NiNPs. As 

mentioned previously, STAT3 is pivotal transcription factor that plays a critical role in multiple 

pulmonary diseases including asthma, fibrosis and cancer (Wang et al., 2013). Moreover, IL-6 

stimulates STAT3 activation resulting in amplification of IL-6 production (Hodge, Hurt and 

Farrar, 2005; Wang et al., 2013). Furthermore, STAT3 tyrosine 705 phosphorylation is necessary 

for IL-6 production (Wang et al., 2013). Densitometry of western blots showed that NiNP-treated 

male mice had a significantly higher STAT3 phosphorylation level (p-STAT3/STAT3 ratio) in 

lung tissue compared to vehicle and compared to NiNP treated female mice (Fig. 2.4A,B). LPS 

and NiNPs co-exposure also caused a significant increase in STAT3 phosphorylation in male mice, 

but no significant difference was detected between sexes (Fig. 2.4A,B). Total STAT3 levels were 

similar between male and female mice in all treatment groups. STAT1 phosphorylation was not 

detected by western blotting in lung tissue from male or female mice in the acute exposure. Lung 

protein levels of total STAT1 were increased by NiNPs, and LPS and NiNPS in male mice whereas 

only LPS increased total STAT1 in female mice in the acute exposure (Fig. 2.4C,D). However, no 

significant sex difference in total STAT1 level was found in different treatments (Fig. 2.4C,D).  
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Figure 2.4. Western blot analysis of STAT proteins from the lung tissue of male or female mice 

after acute exposure to NiNPs in the absence or presence of LPS A) Representative western blots 

of phosphorylated STAT3 (p-STAT3), total STAT3, and β-actin in lung tissue from each 

treatment group in male and female mice. B) Quantitative densitometry of the average 

expression of pSTAT3 normalized for total STAT3. C) Representative western blots of total 

STAT1 and β-actin in lung tissue from each treatment group in male and female mice. D) 

Quantitative densitometry of the average expression of total STAT1 normalized for β-actin. 

(n=4-6, **P< 0.01 or *P<0.05 compared to vehicle determined by one-way ANOVA, ^^P<0.01 

compared to vehicle by paired Student’s t-test, #P<0.05 between sexes using Student’s t-test). 
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Repeated subchronic exposure to NiNPs or NiNPs and LPS produces monocytic lung 

inflammation and the formation of crystals in BALF. In order to model a subchronic, repeated 

exposure scenario, male and female C57BL/6J mice were treated via OPA with vehicle solution, 

LPS (0.83 μg/kg), NiNPs (0.67 mg/kg), or LPS and NiNPs six times over a period of 3 weeks as 

illustrated in Figure 2.5A. The total accumulated dose for the subchronic model was the same as 

that used for the acute experiment. Male mice had a significant increase in BALF total protein 

after NiNPs or NiNPs and LPS treatment, but there was no significant difference in total protein 

between sexes (Fig. 2.5B). Both male and female mice had a significant increase in LDH levels in 

BALF after exposure to NiNPs or NiNPs and LPS, with no significant differences between sexes 

(Fig. 2.5C). Evaluation of inflammatory cells in BALF after repeated subchronic exposure to 

NiNPs, LPS or NiNPs and LPS showed that most of the cells were monocytes, macrophages and 

lymphocytes. Monocytes were identified by a unilobular dumbbell-shaped nucleus and non-

granulated cytoplasm whereas macrophages were identified by a rounded nucleus with granular 

cytoplasm, and often contained phagocytic inclusions in the NiNP treatment group. Example 

images of macrophages, monocytes, neutrophils and lymphocytes are shown in Fig. 2.6A. 

Representative images of BALF cell density on Diff-Quick stained Cytospin slides showed that 

male mice had a greater density of average total cell counts in the NiNPs and LPS co-exposure 

group (Fig. 2.6B). Differential cell counting showed that the increased cellularity in the BALF 

from male mice exposed to the combination of NiNPs and LPS was mainly due to monocytes and 

macrophages (Fig. 2.6C). LPS and NiNPs treatment significantly induced a greater number of 

average total cell counts and monocytes in male mice compared to the female mice (Fig. 2.6C). 

Relatively low numbers of neutrophils were detected in BALF after subchronic exposure to NiNPs 

or the combination of LPS and NiNPs, but numbers of neutrophils were greater in males compared 
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to females (Fig. 2.6C). No difference in lymphocytes were detected between sexes (Fig. 2.6C). 

These results indicate that repeated subchronic exposure to NiNPs or NiNPs and LPS produced 

monocytic lung inflammation that contrasted to the neutrophilic inflammation observed in the 

single acute exposure to NiNPs or NiNPs and LPS. Interestingly, repeated subchronic exposure to 

NiNPs caused a significant increase in the number of hexagonal crystals that were apparent in the 

BALF of both male and female mice and also seen in the lungs of male and female mice in situ 

(Fig. 2.7A,B,C). The number of NiNP-induced crystals were reduced in both sexes upon co-

exposure with LPS.  
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Figure 2.5. Subchronic exposure of male and female mice by repeated oropharyngeal aspiration 

(OPA) to LPS, NiNP, or LPS and NiNP over a period of three weeks. A) Illustration of 

experimental design. C57BL/6J mice were exposed to vehicle (0.1% Pluronic in DPBS), LPS 

(0.83 μg/kg), NiNPs (0.67 mg/kg), or combination of (0.83 μg/kg) LPS and (0.67 mg/kg) NiNPs 

on days 1, 3 and 5, then allowed to rest for week and exposed again on days 15, 17 and 19. Mice 

were euthanized, and necropsy performed 24 days after the first exposure. B) Total protein 

concentration in BALF was determined by Pierce BCA Protein Assay. C) Lactate 

dehydrogenase (LDH) activity in BALF was measured using Pierce LDH Cytotoxicity Assay. 

(n=5-6 mice per group, ***P<0.001 or **P<0.01 or *P<0.05 compared to vehicle determined by 

one-way ANOVA). 
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Figure 2.6. Inflammatory cells in the BALF of male and female mice 24 days after repeated 

subchronic exposure to LPS, NiNPs, or LPS and NiNPs. A) Microscopic images of 

representative cell types on BALF Cytospin slides used for identification (Magnification, 1000X 

oil immersion, taken from a male mouse exposed to NiNPs and LPS). B) Representative 

microscopic images of BALF cells from male and female mice on Diff-Quick stained Cytospin 

slides from each exposure group (Magnification 200X; inset 1000X oil immersion). C) Average 

number of total cells, monocytes, macrophages, neutrophils or lymphocytes per three 

microscopic fields on BALF Cytospin slides after repeated subchronic exposure to NiNPs with 

or without LPS. Average number of cells were counted as described in the methods. (n=5-6 mice 

per group, ***P<0.001 or **P< 0.01 or *P<0.05 compared to vehicle determined by one-way 

ANOVA, ###P<0.001, ##P<0.01 or #P<0.05 between sexes determined by two-way ANOVA). 
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Figure 2.7. Hexagonal crystals in the lungs of male and female mice after repeated subchronic 

exposure to NiNPs. A) Representative microscopic image of Diff-Quick stained Cytospin slide 

from a male mouse 24 days after repeated exposure to NiNPs showing a crystal with BALF cells 

(Magnification 200X; inset 1000X oil immersion with arrowheads indicating NiNPs). B) 

Hematoxylin and eosin stained lung section from a male mouse after repeated subchronic 

exposure to NiNPs showing side view of a crystal (arrow) in the bronchoalveolar region 

associated with a macrophage containing NiNPs (arrowheads). C) Average number of crystals in 

the BALF of male and female mice after exposure to NiNPs in the absence or presence of LPS. 

The data represent the total numbers of crystals in Cytospin slides from each animal. (n=5-6 

mice per group, *P<0.05 compared to vehicle determined by one-way ANOVA). 

 

Male mice have greater alveolar inflammatory cell infiltration after repeated subchronic 

exposure to NiNPs and LPS. Repeated subchronic exposure to NiNPs, LPS or NiNPs and LPS, 
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using the protocol illustrated in Fig. 5, produced interstitial inflammatory lesions in the lungs of 

male and female mice (Fig. 2.8A). Three different inflammatory patterns were scored in a 

randomized and blinded fashion by a board-certified veterinary pathologist; 1) cellular infiltrates 

in alveolar lumina, 2) perivascular and peribronchiolar lymphocyte aggregates, and 3) dense 

epithelioid macrophages aggregates. The scoring system was: 0 = no inflammation, 1 = mild 

inflammation, 2 = moderate inflammation, and 3 = marked inflammation (See Appendix A.1 for 

detailed protocol). NiNP-treated male mice had significantly higher scoring on alveolar lumen 

infiltrates compared to female NiNP-treated mice (Fig. 2.8B). Exposure to NiNPs or LPS and 

NiNPs significantly increased lymphocytic perivascular and peribronchiolar aggregates but there 

was no difference between sexes (Fig. 2.8B). Similarly, the score for lesions containing epithelioid 

macrophage aggregates was significantly increased in males and females by NiNPs or LPS and 

NiNPs, but there were no significant differences between males and females (Fig. 2.8B). NiNPs 

were still detectable in the lungs after 24 days, mainly within macrophages.  
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Figure 2.8. Lung pathology of male and female mice after repeated subchronic exposure to 

NiNPs in the absence or presence of LPS. A) Representative hematoxylin and eosin stained lung 

sections from mice treated with NiNPs or LPS and NiNPs. Inflammatory lesions are indicated by 

arrows. ‘A’ and ‘V’ indicate airways and vessels, respectively. B) Results of pathology scoring 

of inflammatory patterns showing relative scores for cellular infiltrates in alveolar lumina, 

perivascular and peribronchiolar lymphocyte aggregates and dense epithelioid macrophage 

aggregates. See methods and Appendix A.1 for scoring system. (n=5-6 mice per group, 

***P<0.001 or **P< 0.01 compared to vehicle determined by one-way ANOVA, ##P<0.01 

between sexes determined by two-way ANOVA). 
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CXCL1 and CCL2 protein levels are increased in the BALF and lung tissue of male mice 

after repeated subchronic exposure to NiNPs. CXCL1 protein in BALF was significantly 

increased by NiNPs in both male and female mice, and significantly increased by co-exposure to 

LPS and NiNP in male mice (Fig. 2.9A). Moreover, male mice had significantly higher levels of 

CXCL1 protein levels in BALF compared to female mice after repeated subchronic exposure to 

NiNPs or LPS and NiNPs (Fig. 2.9A). In contrast to the acute exposure protocol, where IL-6 levels 

in BALF were increased and greater in male mice (Fig. 2.3A), there were no changes detected in 

IL-6 protein in BALF using the subchronic exposure protocol except for a significant decrease in 

IL-6 in males exposed to LPS and NiNPs (Fig. 2.9B). CCL2 (MCP-1) is a major chemokine that 

regulates monocyte/macrophage migration and infiltration (Yang et al., 2020). Interestingly, 

CCL2 protein in BALF or lung tissue from male mice was significantly increased by NiNPs and 

higher than CCL2 levels in the BALF or lung tissue of female mice (Fig. 9C). CCL2 and CXCL1 

mRNA induced by LPS and NiNPs did not correlate with cytokine protein levels measured by 

ELISA (Appendix A.2). Moreover, lung mRNAs for CXCL1, IL-6, and CCL2 showed different 

expression patterns compared to BALF protein levels, with females having significantly higher 

cytokine mRNAs induced by NiNPs (Appendix A.2). CXCL-10 also serves as a mononuclear cell 

chemokine (Zhao et al., 2017). No changes were detected in CXCL10 in BALF as measured by 

ELISA in any of the treatment groups in either male or female mice (Data not shown).  
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Figure 2.9. Protein levels of cytokines measured by ELISA in the lungs of mice after repeated 

subchronic exposure to NiNPs in the absence or presence of LPS. A) CXCL1 protein in BALF. 

B) IL-6 protein in BALF. C) CCL2 protein in BALF and lung lysates. (n=5-6 mice per group, 

***P<0.001 or **P< 0.01 or *P<0.05 compared to vehicle determined by one-way ANOVA, 

##P<0.01 or ###P<0.001 between sexes determined by two-way ANOVA). 
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Female mice have significantly elevated protein levels of STAT1 after repeated exposure to 

NiNPs. Unlike the acute exposure protocol that induced a high level of STAT3 phosphorylation 

in male mice exposed to NiNPs and LPS, subchronic exposure to NiNPs, in the absence or presence 

of LPS, did not induce STAT3 phosphorylation in the lungs of male mice (Fig. 2.10A,B). 

Subchronic exposure to NiNPs induced an increase in STAT3 phosphorylation in female mice 

only. There was a significantly lower level of basal phospho-STAT3 protein in lungs of female 

mice in the LPS treatment group. No differences in STAT3 phosphorylation and total STAT3 were 

observed between sexes. STAT1 is a protective transcription factor that suppresses allergen-

induced lung inflammation in mice that is exacerbated nickel-containing multi-walled carbon 

nanotubes (Duke et al., 2017, Thompson et al., 2015). Interestingly, Western blotting of total lung 

protein for STAT1 showed that female mice had higher levels of total STAT1 compared to male 

mice after repeated, subchronic exposure to NiNPs (Fig. 2.10C,D). However, quantitative 

densitometry of STAT1 bands from Western blots of lung tissue showed a significant increase 

only in NiNP-exposed female mice, but not after repeated exposure to LPS and NiNPs.  
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Figure 2.10. Western blot analysis of STAT proteins from the lung tissue of mice after repeated 

subchronic exposure to NiNPs in the absence or presence of LPS. A) Representative western 

blots of p-STAT3, total STAT3, and β-actin in lung tissue from each treatment group in male 

and female mice. B) Quantitative densitometry of the average expression of p-STAT3 

normalized for total STAT3. C) Representative western blot of total STAT1 and β-actin in lung 

tissue from each treatment group in male and female mice. D) Quantitative densitometry of the 

average expression of total STAT1 normalized for β-actin. (n=4-6 mice per group, **P< 0.01 or 

*P<0.05 compared to vehicle determined by one-way ANOVA, ##P<0.01 or #P<0.05 between 

sexes determined by using Student’s t-test). 
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Male mice have higher IL-6 mRNA in liver after acute NiNP exposure, but higher CCL2 

mRNA in liver after repeated subchronic exposure to NiNPs. In addition to lung, IL-6 and 

CCL2 mRNAs were also measured in liver, spleen, and heart, after acute or repeated, subchronic 

exposure to NiNPs in the absence or presence of LPS. In the acute exposure, IL-6 mRNA was 

significantly induced by LPS and NiNPs in the liver of male mice but not in female mice 

(Appendix A.3). IL-6 mRNA levels were also higher in the heart from male mice compared to 

female mice after LPS or NiNP and LPS co-exposure (Appendix A.3). LPS with or without NiNPs 

reduced IL-6 mRNA in heart tissue of female mice after 24 hrs (Appendix A.3). IL-6 mRNA levels 

in spleen from female mice was statistically lower compared to the male mice in the treatments 

including vehicle (Appendix A.3). After repeated subchronic exposure, no significant changes in 

IL-6 mRNA in the lung or other organs were observed (data not shown). However, CCL2 mRNA 

was significantly induced in the liver and heart from male mice compared to the female mice after 

repeated subchronic exposure to NiNPs (Appendix A.4). 
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DISCUSSION 

The goal of this study was to explore sex differences in the lung inflammatory responses 

of mice after acute or repeated, subchronic exposure to NiNPs in the absence or presence of LPS 

and to investigate mechanisms of differential susceptibility between sexes. The LPS-nanoparticle 

co-exposure model is relevant to real-world occupational and environmental exposures to particles 

that are often contaminated with LPS (Bonner et al., 1998; Duquenne and Marchand., 2013; Cesta 

et al., 2010). To our knowledge, this is the first study to investigate sex differences in the lung 

inflammatory response to nickel or NiNPs in an animal model. Based on epidemiology studies of 

human cohorts showing that males are more susceptible to acute pulmonary diseases, whereas 

females are generally more susceptible to chronic pulmonary diseases, we hypothesized that male 

mice would be more susceptible to acute lung inflammation after a single acute exposure, while 

female mice would be more susceptible to lung inflammation caused by repeated, subchronic 

exposures. The acute exposure to NiNPs, in the absence or presence of LPS, showed that male 

mice had greater numbers of neutrophils in their BALF and produced higher levels of acute 

proinflammatory cytokines including IL-6 and CXCL1, demonstrating that in mice, males are 

more susceptible than females to acute inflammation. For the subchronic experiment, we observed 

higher numbers of monocytes in the BALF of male mice compared to female mice. Unbiased 

pathology scoring of subchronic lung lesions showed an increase in cellular infiltrates in alveolar 

lumina in male mice that were composed primarily of monocytes. The increase in cellular 

infiltrates in alveolar lumina and BALF monocytes in male mice after repeated subchronic 

exposure corresponded to higher CCL2 protein in lung tissue. Therefore, our data clearly 

demonstrate the susceptibility of male mice to acute neutrophilic inflammation after a single 

exposure to NiNPs, as well as susceptibility to chronic monocytic inflammation after repeated 
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exposures to NiNPs. A hypothetical mechanism of sex-dependent susceptibility to acute and 

subchronic NiNP exposure is illustrated in Fig. 2.11. 

 

Figure 2.11. Hypothetical illustration of mechanisms underlying the susceptibility of male mice 

to a single acute or repeated subchronic exposure to NiNPs in the absence or presence of LPS. 

Red and green arrows indicate an increase or decrease in males compared to females. 
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We observed that a single acute exposure to NiNPs and LPS resulted in more severe 

inflammation in male mice within 24 hrs that involved increased neutrophilic infiltration with 

higher lung IL-6 mRNA and protein. IL-6 is a major inducer of STAT3 activation (Wang et al., 

2013). The mechanism of male susceptibility to acute NiNP-induced inflammation could involve 

IL-6 acting through STAT3, since our data demonstrated that males had higher levels of STAT3 

phosphorylation in lung tissue compared to females when exposed to NiNPs with or without LPS. 

STAT3 is an important transcription factor that is critical in generating inflammatory responses in 

many different pulmonary diseases including fibrosis and asthma as well as in other organ systems 

(Wang et al., 2013). IL-6 binding to its cognate cell-surface receptor (IL-6R) stimulates the 

phosphorylation of STAT3 and activated STAT3 works in a feedback loop mechanism to stimulate 

more IL-6 production (Tanaka et al, 2014). We suggest that higher CXCL1 and IL-6 production, 

with greater STAT3 phosphorylation, contributed to higher neutrophil counts and greater severity 

of acute lung inflammation, in male mice exposed to a single dose of NiNPs with or without LPS 

exposure. Moreover, numerically higher levels of IL-6 mRNA in male mice were also observed in 

other organs, including the liver, heart and spleen. It has previously been reported that the 

circulating IL-6 produced from acute kidney injury can induce CXCL1 production from 

endothelial cells and neutrophils to mediate lung inflammation in mice (Ahuja et al., 2012). This 

observation also suggests that the susceptibility of males to NiNP-induced inflammation is not 

limited to the lungs and could extend to increased susceptibility to inflammatory reactions in other 

organ systems. The higher level of NiNP-inducible IL-6 in lung and other organs of male mice in 

the present study could be due to differences in sex hormones. For example, a study by Kassem et 

al. (2010) showed that 17β-estradiol had no effect on the constitutive production of IL-6 by 

osteoblasts but had a profound inhibitory effect on inducible IL-6 production. Naugler et al. (2007) 
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found that hepatocellular carcinoma (a classic inflammation-linked cancer) is more common in 

male mice due to sex specific IL-6 production. They found that injecting chemical carcinogen 

DEN significantly increased IL-6 serum level only in male mice. They also reported that, upon 

injection of DEN, ovariectomized female mice had a higher level of IL-6 mRNA, and estradiol 

supplement to the ovariectomized female mice significantly reduced IL-6 mRNA levels (Naugler 

et al., 2007). Furthermore, Sperry et al. (2008) found that persistent excessive IL-6 expression in 

men compared to women following traumatic injury and hemorrhagic shock is associated with 

higher number of multiple organ failure cases in men. Paimela et al. (2007) found that inhibitory 

effect of 17β-estradiol on IL-6 production is linked to decreased NF-ĸB DNA binding activity. 

Similarly, Galien and Garcia et al. (1997) found estrogen receptor signaling impairs IL-6 

production by preventing c-rel and RelA proteins to bind to the NF-ĸB site of the IL-6 promoter. 

Therefore, we suggest that estradiol signaling in female mice exposed to NiNP, in the absence or 

presence of LPS, could reduce both IL-6 production and STAT3 activation resulting in less severe 

acute inflammation compared to male mice.  

Based on evidence from published epidemiology studies showing that women are generally 

more susceptible to chronic lung inflammation (Jensen-Fangel et al., 2004; Postma, 2007; Gleeson 

et al., 2011; Kadioglu et al., 2011; Casimir et al., 2013; Pinkerton et al., 2015; Klein and Flanagan, 

2016), we initially postulated that female mice would be more susceptible to repeated subchronic 

exposures to NiNPs with or without LPS. However, we observed that male mice were more 

susceptible to subchronic lung inflammation after repeated exposures to NiNPs and LPS with 

greater numbers of infiltrating monocytes, whereas NiNPs or LPS alone did not produce a 

significant increase in monocytes isolated from BALF. This finding is, in part, consistent with a 

study by Yoshizaki and colleagues (2017) wherein greater numbers of infiltrating monocytes and 
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macrophages were found in the lungs of male mice after repeated subchronic exposure to PM2.5. 

Furthermore, a retrospective cohort study demonstrated that an increase in monocyte counts in 

serum was found in patients that developed idiopathic pulmonary fibrosis and other fibrotic 

disorders (Scott et al., 2019). Several studies have shown that infiltrating monocytes require 

chemokine receptor CCR2 in order to migrate to inflammatory sites containing high levels of the 

chemokine ligand CCL2, and that the CCL2/CCR2 signaling pathway is involved in the 

pathogenesis of bleomycin-induced pulmonary fibrosis (Kurihara and Bravo, 1996; Okuma et al., 

2004; O’Connor, Borsig and Heikenwalder, 2015). Furthermore, one of these reports suggested 

that the loss of CCR2 could improve the disease through regulating macrophage infiltration 

(Okuma et al., 2004). A study conducted by Groves et al. (2018) also showed that CCR2 knockout 

chimeric mouse exposed to radiation had reduced number of infiltrating monocytes and reduced 

pulmonary fibrosis compared to the wild type mice. Gillespie et al. (2010) found that both short 

term and long-term exposures to nickel hydroxide nanoparticles induced CCL2 in male mice and 

Morimoto et al. (2010) also reported that intratracheal instillation of nickel oxide nanoparticles 

induced CCL2/MCP-1 production in the male rats. Our findings show that NiNP-treated male mice 

had more CCL2 protein in BALF and whole lung lysates compared to females (Fig. 2.9). This 

suggests that the increase in lung monocytic inflammation in male mice after subchronic exposure 

to NiNPs in the present study could be mediated by CCL2/CCR2 signaling. However, a caveat is 

that we observed the greatest increase in CCL2 induced by NiNPs alone, whereas the greatest 

increase in monocytes occurred in the NiNP and LPS co-exposure group (Fig. 2.6). It is possible 

that CCL2 could have been increased earlier to signal monocyte influx and subsequently declined 

or other chemokines/mediators were contributory to monocyte influx. Also, lung mRNAs 

encoding CXCL1, IL-6, and CCL2 showed entirely different expression patterns compared to 
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protein levels of these cytokines in BALF, with females having significant induction of all three 

cytokines after repeated, subchronic NiNP exposure (Appendix A.2). These data reveal that 

mRNAs are not necessarily predictive of cytokine protein levels after repeated nanoparticle 

exposure.  

Another interesting finding using the subchronic exposure protocol in the present study 

was that female mice showed higher total STAT1 protein in lung tissue, compared to the males, 

after repeated exposure to NiNPs. STAT1 mediates growth arrest and antagonizes the pro-

inflammatory and proliferative actions of STAT3 (Ramana et al., 2001; Bonner, 2010b). Our 

laboratory previously reported that homozygous Stat1 knockout mice exposed multi-walled carbon 

nanotubes displayed increased mucous cell metaplasia and airway fibrosis compared to wild type 

mice, demonstrating that STAT1 plays a protective role in development of pulmonary fibrosis by 

inhibiting TGF-β1 production and collagen synthesis (Thompson et al., 2015; Duke et al., 2017). 

Although we did not detect phosphorylated STAT1 after the repeated subchronic exposure to 

NiNPs in the present study, we observed that female mice had a significantly higher total STAT1 

levels when exposed to NiNPs compared to male mice. This observation suggests that the 

susceptibility of male mice to subchronic NiNP exposure may involve reduced levels of STAT1. 

STAT1 is phosphorylated on serine or tyrosine residues upon activation of cells with interferons 

(IFN-α,-β,-γ), growth factors (e.g., PDGF, EGF), or oxidative stress (Simon et al., 2002; Aaronson 

and Horvath, 2002; Citores et al., 2007; Meissl et al., 2017; Zibara et al., 2017). However, the 

activation of STAT1 or STAT3 leads to increased expression of unphosphorylated (U)-STAT1 or 

U-STAT3, respectively, that have important roles in constitutive transcription (Cheon et al., 2011). 

Therefore, increased total STAT1 (i.e., U-STAT1) in female mice treated with NiNPs (Fig. 10) 

represents a plausible mechanism for reduced lung inflammation that was observed in the 
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subchronic exposure experiment. From a clinical perspective, men are more susceptible to diseases 

such as idiopathic pulmonary fibrosis and systemic sclerosis, and patients with both diseases have 

reduced levels of total STAT1 (Lindahl et al., 2013).  

In contrast to the high numbers of neutrophils in the BALF of mice after an acute 24 hr 

exposure, very few neutrophils or IL-6 were observed in the BALF from male or female mice in 

the subchronic experiment suggesting that IL-6/STAT3 does not play a critical role in subchronic 

inflammation. However, as mentioned earlier in the introduction, work from others has shown that 

IL-6 is a key player for transitioning from acute neutrophilic inflammation to chronic monocytic 

inflammation. In acute inflammation, human endothelial cells produce IL-6 and IL-8 to recruit 

acute phase proteins and neutrophils to the inflammatory sites, respectively (Kaplanski et al., 2003; 

Gabay, 2006). As inflammation prolongs, recruited neutrophils induce IL-6Rα to shed soluble IL-

6Rα (sIL-6Rα). sIL-6Rα then binds to IL-6 and gp-130 on endothelial cells to selectively produce 

CCL2, but not IL-8, for monocyte recruitment (Kaplanski et al., 2003; Gabay, 2006). The resulting 

increase in the production of CCL2 now favors monocytic inflammation over neutrophilic 

inflammation (Kaplanski et al., 2003; Gabay, 2006). Our findings follow this transition concept 

from acute to chronic inflammation, except that CXCL1 was still high in our subchronic 

experiment. However, since no increase in neutrophils was detected after repeated exposures to 

NiNPs, CXCL1 could play an alternative role, other than recruiting neutrophils, in subchronic 

inflammation. CXCL1-CXCR2 signaling has been shown to be critical for monocyte infiltration 

in the cardiac remodeling process in mice (Wang et al., 2018). Thus, IL-6 could play a role in the 

transitioning from acute to subchronic inflammation by promoting CCL2 production, which could 

act in coordination with CXCL1 to promote monocytic inflammation. Further study to elucidate 
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the roles of IL-6 or CXCL1 in NiNP-induced lung inflammation should utilize transgenic mice 

that are deficient in these cytokines or their receptors.  

We also observed crystal formations in the BALF of mice exposed to NiNPs in the 

subchronic exposure experiment. These crystals have been previously described as eosinophilic 

crystals in mice and resemble Charcot-Leyden crystals found in humans (Guo, Johnson and Schuh, 

2000). The colorless crystals were termed ‘eosinophilic crystals’, because the positive charge of 

the crystalline surface attracts eosin from the hematoxylin and eosin staining protocol (Guo, 

Johnson and Schuh, 2000). It has been reported that eosinophilic crystals are formed in the BALF 

of mice with severe pulmonary injury (Guo, Johnson and Schuh, 2000). We have previously 

observed similar crystals in the lungs of p53 heterozygous mice after chronic exposure multi-

walled carbon nanotubes (Duke et al., 2018). However, a much more frequent number of crystals 

were found in the present study and only observed in male or female mice exposed to NiNPs. 

Another study reported that eosinophilic crystals in the lungs of aged 129S4/SvJae mice were a 

cause of mortality (Hoenerhoff et al., 2006). Therefore, it is possible that repeated chronic 

exposures to NiNPs in humans could cause lung injury through crystal formation.  

We have found that males are more susceptible to a single acute exposure to NiNPs or 

repeated subchronic exposure to NiNPs in the absence or presence of LPS. Susceptibility to acute 

NiNP exposure in male mice corresponded to enhanced IL-6/STAT-3 signaling, while 

susceptibility of male mice to subchronic NiNP exposure was associated with increased CCL2 and 

reduced levels of STAT-1. 17β-estradiol could play a role in regulating IL-6/STAT3 in acute 

inflammation or STAT-1 in subchronic inflammation induced by NiNPs with or without LPS. 

Future experiments should be undertaken using ovariectomized mice to confirm that this sex 

difference is regulated by a hormonal difference. Also, since hormone levels change throughout 
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lifespan, age should be evaluated as a factor in the susceptibility to nanoparticles. In addition to 

biological factors, sex-dependent susceptibility could be dependent on the specific type of particle. 

For example, Ray and Holian et al. (2019) found that female mice were more susceptible than 

male mice to both acute and chronic MWCNT-induced inflammation, but male mice had worse 

alveolitis to chronic lung injury induced by repeated exposure to crystalline silica. Therefore, 

susceptibility to lung injury appears, at least in part, to depend on specific type of particle stimulus 

inciting the inflammatory response.  

Our findings have important implications for susceptibility in occupational or 

environmental exposures to NiNPs in humans. NiNPs are widely used metal nanoparticles with 

many industrial applications, and have gained more attention in diverse fields including chemistry, 

physics, material science, and biology (Chen and Wu, 2000; Guo et al., 2009; Heuer-Jungemann 

et al., 2019). Therefore, investigating sex differences in acute and subchronic lung inflammatory 

responses of mice to NiNPs is an important advance towards assessing the toxicity and 

susceptibility in human populations. Chronic lung inflammation caused by repeated exposure to 

metals, including nickel, can cause pulmonary fibrosis (Nemery, 1990). Berge et al. (2003) found 

that soluble and sulfidic nickel are risk factors for pulmonary fibrosis in nickel refinery workers 

exposed occupationally. Siegesmund et al. (1974) reported that IPF patients had different types of 

metals in their lungs including nickel, cobalt, iron and chromium. Moreover, rodent studies show 

that nickel oxide nanoparticles can activate TGF-β1 to induce pulmonary fibrosis (Taskar and 

Coultas, 2006). With increasing evidence of nickel in promoting pulmonary fibrosis in humans, 

there is an urgent need to fully understand the risks associated with NiNPs that are increasingly 

used in industrial applications, and how susceptibility factors, including sex, play a role. 

Furthermore, with a higher incidence of men developing pulmonary fibrosis, the mechanisms of 
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susceptibility to NiNPs in causing respiratory disease should be more carefully evaluated and 

compared with soluble nickel to determine the specificity of NiNP in causing greater lung 

inflammatory responses in male mice. In conclusion, we have found that the male mice are more 

susceptible than female mice to both acute neutrophilic lung inflammation and subchronic 

monocytic lung inflammation in response to exposure from NiNPs, in the absence or presence of 

LPS. Moreover, as illustrated in Fig. 2.11, susceptibility of male mice to acute NiNP-induced lung 

inflammation was correlated with elevated IL-6 and CXCL1 along with increased activation of 

STAT3, while susceptibility to chronic lung inflammation was correlated with increased CXCL1, 

CCL2 and suppressed STAT1. Our findings emphasize the importance of sex in risk assessment, 

therapeutic intervention, and treatment of nanoparticle-induced pulmonary inflammation.  
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LIST OF ABBREVIATIONS  

 

BALF – bronchoalveolar lavage fluid 

CCL2 – chemokine (C-C motif) ligand 2 

CXCL1 – C-X-C motif ligand chemokine 1  

DPBS – Dulbecco’s phosphate-buffered saline 

ELISA – enzyme linked immunosorbent assay 

IHC – immunohistochemistry 

IL – interleukin 

LPS – lipopolysaccharide 

MCP-1 – monocyte chemoattractant protein-1 (CCL2) 

MWCNT – multi-walled carbon nanotube 

NF-κB – nuclear factor kappa-light-chain-enhancer of activated B cells 

NiNPs – nickel nanoparticles 

OPA – oropharyngeal aspiration 

ROS – reactive oxygen species 

STAT – signal transducer and activator of transcription 

TGF-β1 – transforming growth factor β1 

TEM – transmission electron microscope 
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Introduction 

Nickel nanoparticles (NiNPs) have been widely used in modern industries for broad 

applications in electronics, textiles, battery manufacturing and incorporation into a variety of 

advanced materials. The superior utility of NiNPs is due to their characteristics of high surface 

area, high catalytic activity, high magnetism, low melting point, and low burning point (Wu and 

Chen, 2003; Ito et al., 2005; Sivulka, 2005; Morozov, Belousova and Kuznetsov, 2011; Tiquia-

Arashiro et al., 2016; Fu et al., 2018; Cheng et al., 2019; Jiao et al., 2019). The increasing usage 

of NiNPs is accompanied by a potential risk for respiratory diseases following inhalation, 

especially in occupational settings (Morgan and Usher, 1994; Glista-Baker et al., 2012; Ajdari and 

Ghahnavieh, 2014; Buxton et al., 2019). Exposure to nanoparticles in the workplace can also be 

accompanied by co-exposure to lipopolysaccharide (LPS), a ubiquitous agent derived from gram-

negative bacteria that can cause lung inflammation in humans (Liebers, Brüning and Raulf-

Heimsoth, 2006; Duquenne and Marchand, 2013; Jacobs, 2016; Liebers, Brüning and Raulf, 

2020). Epidemiological studies have shown that occupational inhalation exposure to nickel is 

associated with allergic lung inflammation, pulmonary fibrosis and lung cancer (Nemery, 1990; 

Morgan and Usher, 1994; Shen and Zhang, 1994; Grimsrud et al., 2002; Glista-Baker et al., 2012, 

2014; Ajdari and Ghahnavieh, 2014; Buxton et al., 2019; Nour Assad, Akshay Sood, Matthew J. 

Campen and Zychowski, 2019).  

Studies with rodents also show that nickel or NiNPs cause lung inflammation and 

pulmonary fibrosis. We previously reported that oropharyngeal aspiration of NiNPs was 

synergistically enhanced by LPS and corresponded to elevated IL-6 in BALF along with increased 

phosphorylation of STAT3 in lung tissue (You et al., 2020). IL-6 is a systemic proinflammatory 

cytokine that regulates immune cell function and mediates both acute and chronic inflammatory 
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responses (Gabay, 2006; Fielding et al., 2008; Tanaka, Narazaki and Kishimoto, 2014; Choy and 

Rose-John, 2017; Su, Lei and Zhang, 2017). IL-6 is known to activate STAT3, and both classic- 

and trans-signaling of IL-6 has been reported to phosphorylate STAT3Tyr705 in vitro and in vivo 

(Wang et al., 2013; Johnson, O’Keefe and Grandis, 2018a; Zegeye et al., 2018). STAT3 is key 

regulator of homeostatic cellular functions including cell growth and differentiation (Yu, Pardoll 

and Jove, 2009; Wang et al., 2013). Phosphorylation of STAT3Tyr705 is also critical for normal 

inflammatory response toward pathogens (Wang et al., 2013). Activated STAT3 is essential to 

amplify IL-6 production and secretion, thereby sustaining cell proliferation that could result in 

prolonged STAT3 activation. (Chang et al., 2013; Wang et al., 2013; Babon, Varghese and Nicola, 

2014; Johnson, O’Keefe and Grandis, 2018b; Sreenivasan et al., 2020). Abnormal prolonged 

activation of the IL-6/STAT3 pathway has been proposed to contribute to the pathogenesis of 

cancer, hepatic and pulmonary fibrosis, chronic inflammatory diseases such as rheumatoid 

arthritis, and allergic asthma (Simeone-Penney et al., 2007; Sikka et al., 2014; Kitamura et al., 

2017; Oike et al., 2017; Johnson, O’Keefe and Grandis, 2018b; Huynh et al., 2019; Lee, Jeong 

and Ye, 2019; Gharibi et al., 2020). In addition to STAT3, IL-6 production in response to 

inflammatory stimuli such as LPS is also regulated by NF-B and C/EBPβ. There is abundant 

literature showing that the NF-ĸB (Nuclear Factor-ĸB) transcription factor that regulates LPS-

induced cytokine expression, including IL-6, and is negatively regulated by IB (Brasier, 2010; T. 

Liu et al., 2017). C/EBPs (CCAAT/Enhancer Binding Proteins) are a family of basic region leucin 

zipper (bZIP) transcription factors that include six members and are expressed in various cell types 

and modulate cell growth, differentiation, metabolism, inflammation, and death (Oh and Smart, 

1998; Won et al., 2007). Both C/EBPα and C/EBPβ have been found to be critical to airway 

epithelial cell differentiation and lung development (Abraham B. Roos et al., 2012). Particularly, 
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lung epithelial C/EBPβ contributes to LPS-induced inflammation (Abraham B Roos et al., 2012). 

Collectively, IL-6 production in response to an inflammatory stimulus is likely regulated by the 

co-activation of all three transcription factors. 

Susceptibility factors also play an important role in the lung inflammatory response to 

NiNPs and LPS. Our previous study also showed that male mice were more susceptible than female 

mice to acute pulmonary exposure to NiNPs with or without LPS (You et al., 2020). Moreover, 

IL-6 protein levels in BALF, as well as STAT3 phosphorylation in lung tissue, were greater in male 

mice compared to female mice (You et al., 2020). We suggested that this could be due to 

differences in sex hormones (e.g., 17β-estradiol, progesterone, testosterone) between male and 

female mice. In particular, 17β-estradiol has been shown to have an inhibitory effect on IL-6 

production in vitro and in vivo (Kassem et al., 1996; Galien and Garcia, 1997; Naugler et al., 2007; 

Paimela et al., 2007). Furthermore, studies have shown that higher IL-6 levels have been 

associated with worse prognosis of diseases including COVID-19 (Silva et al., 2017; Mikó et al., 

2018; Liu et al., 2020). Therefore, this suggests that amplification of the IL-6/STAT3 signaling 

pathway in males could be critical to determine the inflammatory responses elicited by NiNP and 

LPS co-exposure.  

The molecular mechanisms through which NiNPs and LPS synergistically enhance IL-6 

production and STAT3 activation in the lung are not clearly understood, nor is it known how sex 

hormones influence the proinflammatory response. In vitro approaches are valuable towards 

elucidating molecular mechanisms, and yet no in vitro studies have explored how NiNPs and LPS 

might affect IL-6/STAT3 signaling pathway in human lung cells or whether sex hormones might 

influence the magnitude of the cellular proinflammatory response. The goal of this study was to 

investigate the mechanism of NiNP exacerbation of LPS-induced IL-6 production in vitro using 



   

122 

 

human lung epithelial cells (BEAS-2B) and to determine whether sex hormones (17β-Estradiol, 

progesterone, testosterone) modulate the IL-6/STAT3 signaling axis. Based on our previous study 

with LPS and NiNP in mice, we hypothesized that NiNPs would exacerbate LPS-induced IL-6 

production in BEAS-2B cells through activated STAT3, which in turn would result in elevated IL-

6 production (You et al., 2020). Moreover, we postulated that the addition of sex hormones would 

alter IL-6 production in BEAS-2B cells induced by LPS and NiNPs. Using pharmacologic 

inhibitors, we found that NiNPs exacerbated LPS-induced IL-6 cytokine production in BEAS-2B 

after 24hr in a STAT3 and C/EBPβ dependent manner. However, no changes in LPS and NiNP-

induced IL-6 levels were seen with sex hormone treatment.  
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MATERIALS AND METHODS 

Cell Culture: BEAS-2B human lung epithelial cells were purchased from the American Type 

Culture Collection (Rockville, MD, USA). BEAS-2B are an immortalized but non-tumorigenic 

epithelial cell line obtained from healthy male human bronchial epithelium. BEAS-2B cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin at 37°C in a humidified incubator with 5% carbon dioxide.  

Nickel Nanoparticles: NiNPs purchased from Sun Innovations (Fremont, CA) were characterized 

previously as a sphere-shaped nanoparticle with ~20 nm diameter, metal purity of 99.9%, surface 

area of 4060 m2/g, insoluble in water, and zero oxidation state (Glista-Baker et al., 2012). Pluronic 

F-68 Solution (Sigma, Saint Louis, MO) was used to dilute with phosphate buffer solution (DPBS) 

to 0.1% and used to suspend the NiNPs. Suspended NiNPs were sonicated in a cup horn sonicator 

(Qsonica, Newton, CT) for 2 minutes at room temperature immediately before the treatment.  

Lipopolysaccharide (LPS): LPS from Escherichia coli (Serotype 026: B6) was purchased from 

Sigma-Aldrich (St. Louis, MO) and suspended in DPBS for the stock solution.  

Experimental Design: Cells were cultured till confluence and then serum starved for 24 hours 

before the treatment. Cells were treated with LPS (25ng/mL), NiNPs (3 µg/cm2), or combination 

of both LPS (25ng/mL) and NiNPs (3 µg/cm2) for 24 hours. At the end of the exposure period, 

cells were lysed to collect mRNA for real time RT-PCR analyses or proteins for western blot and 

cell supernatants were collected for ELISA and LDH assay.  

Pharmacologic inhibitors: 2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-

thiophenecarboxamide (TPCA-1) was purchased from Abcam (Cambridge, MA) and diluted in 

Dimethyl sulfoxide (DMSO) to stock concentration. Stock concentration of TPCA-1 was diluted 
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in PBS to working concentration containing 0.1% DMSO prior to treatment. TPCA-1 treatment 

(5µM) was done 30 minutes prior to LPS and NiNPs treatments. 2-(7-Fluoropyrrolo[1,2-

a]quinoxalin-4-yl) 2-pyrazinecarboxylic acid hydrazide hydrochloride (SC144) was purchased 

from Tocris (Minneapolis, MN) and diluted in Dimethyl sulfoxide (DMSO) to stock 

concentration. Stock concentration of SC144 was diluted in PBS to working concentration 

containing 0.1% DMSO prior to the treatment. SC144 treatment (2µM) was done along with 

LPS and NiNPs treatments. 

Sex hormones and agonists: All were kindly gifted from Dr. John Meitzen. Water soluble 17β-

estradiol was purchased from Sigma (Saint Louis, MO) and diluted in water to stock concentration. 

17β-estradiol treatment added along with other LPS and NiNPs treatments. Testosterone and 

progesterone were both purchased from Sigma (Saint Louis, MO) and diluted in ethanol to stock 

concentration. The ERα agonist propyl pyrazole triol (PPT) and ERβ agonist diarylpropionitrile 

(DPN) were purchased from Tocris (Minneapolis, MN) and diluted in DMSO to stock 

concentration.  

Cytotoxicity assay: Cells were cultured and treated as described above and 50 µL of cultured 

medium were collected after 24 hrs. Cells treated with lysis buffer from Pierce LDH Cytotoxicity 

Assay Kit (ThermoFisher, Waltham, MA) at 37°C for 30 min served as maximum LDH activity 

controls. Collected cultured medium including maximum LDH activity controls were mixed with 

50 µL reaction mixture provided in the kit and left at the room temperature for 30 min in a dark 

place. After 30 minutes, 50 µL stop solution provided in the kit was added. Absorbance values 

were measured at 450nm using the Multiskan EX microplate spectrophotometer (ThermoFisher, 

Waltham, MA).  
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Cytokine quantification: Cytokines (IL-6, IL-8, OPN, IL-β, and TNF-α) from cell supernatants 

were measured by DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, 

Inc., Minneapolis, MN). Cytokine concentrations were derived from the absorbance values 

measured at 450nm with a correction at 540nm using the Multiskan EX microplate 

spectrophotometer (ThermoFisher, Waltham, MA) and converted to concentration values based on 

the standards provided from the kit. 

RT-PCR: Applied Biosystems high-capacity cDNA reverse transcription kit (ThermoFisher 

Scientific, Waltham, MA) was used to create cDNA from the mRNA isolated from the treated cells 

according to the manufacturer’s instructions. The FastStart Universal Probe Master (Rox) (Roche, 

Basel, Switzerland) was then used to run Taqman qPCR on the Applied Biosystems QuantStudio3 

Real-Time PCR System Thermal Cycling Block (ABI, Foster City, CA) to determine the 

comparative CT (ΔΔCT) fold change expression of IL-6 normalized to β-actin as the endogenous 

control. 

Immunoblotting: Protein lysates were isolated from the treated cells using lysis buffer. The 

protein concentration was determined using the Pierce BCA Protein Assay Kit (ThermoFisher 

Scientific, Waltham, MA). Absorbance was read at 450nm with a correction at 540nm using the 

Multiskan EX microplate spectrophotometer (ThermoFisher,Waltham, MA). Samples were loaded 

onto a Novex™ 4–12% SDS-PAGE gel (Invitrogen, Carlsbad, CA), and separated by 

electrophoresis. Proteins were transferred to PVDF membranes, blocked, and incubated in primary 

antibody (1:1000 dilution). pSTAT3 (Tyr 705), total STAT3, pERK, total ERK, CEBP/β, IĸB, and 

β-actin primary antibodies as well as anti-rabbit or anti-mouse secondary antibody were purchased 

from Cell Signaling Technology (Beverly, MA) and Santa Cruz Biotechnology (Dallas, TX) for 

CEBP/β only. Following primary antibody incubation, the membranes were washed and then 
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incubated with horseradish peroxidase-conjugated secondary antibody (1:2500 dilution). 

Enhanced chemiluminescence (ECL) (ThermoFisher Scientific, Waltham, MA) was used to 

visualize immunoblot signals by using Amersham Imager 680 (GE Life Sciences, Marlborough, 

MA). Semi-quantitative densitometry was performed on Western blot protein bands using 

ImageQuant TL (GE LifeSciences). 

Statistical Analysis: Differences between treatment groups were evaluated by One-way ANOVA 

or two-way ANOVA (GraphPad Software, Inc., La Jolla, CA). 
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RESULTS 

Synergistic induction of IL-6 mRNA and protein in BEAS-2B cells by LPS and NiNPs. 

Cytotoxicity of each treatment was measured by LDH cytotoxicity assay as described above in 

the method. Cytotoxicity of each treatments were all less than 10% compared to maximum LDH 

activity controls based on the LDH assay (Fig. 3.1A). LPS and NiNP combination treatment 

synergistically increased IL-6 mRNA and protein levels in BEAS-2B after 24hrs (Fig. 3.1B, C). 

Secreted IL-6 protein levels from combination treatment were significantly increased compared 

to control, LPS, or NiNPs after 24hrs (Fig. 3.1B). IL-6 mRNA levels were significantly 

increased in combination treatment compared to control after 24hrs (Fig. 3.1C). However, no 

changes in the protein levels of several other proinflammatory cytokines were seen, including IL-

8, IL-1β, and TNF-α (Not Detectable) (Appendix B.1). The synergistic increase of IL-6 secreted 

protein with LPS and NiNPs was also seen in other cell lines including A549 (human lung 

adenocarcinoma cell line) and THP-1 (human monocytic cell line) (Appendix B.2).  
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Figure 3.1. BEAS-2B cells treated with LPS, NiNP, or LPS and NiNP for 24 hrs. A) LDH 

activity measured from cell supernatant. B) IL-6 protein level was measured from cell 

supernatant by ELISA. C) IL-6 mRNA level was measured from cell lysates measured by qRT-

PCR. (n=4-6, ^^^p<0.001 compared to the treatments (control, LPS, and NiNP) using One-Way 

ANOVA with post-tukey’s test). 
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Suppression of LPS and NiNP-induced IL-6 and C/EBP by TPCA-1, a pharmacological 

inhibitor of STAT3 activation. TPCA-1 has been reported as an inhibitor of IκB kinases (IKK) 

and STAT3 (Podolin et al., 2005; Nan et al., 2014). TPCA-1 co-exposure treatment significantly 

reduced IL-6 secreted protein levels and mRNA levels in BEAS-2B that were induced by LPS 

and NiNPs (Fig. 3.2A,B). Densitometry of western blots showed that cells co-exposed to LPS 

and NiNPs had a significantly higher STAT3 phosphorylation level (p-STAT3/STAT3 ratio) 

compared to cells exposed to LPS or NiNPs alone after 24 hrs (Fig. 3.3B). Similar trend was also 

observed in total C/EBPβ level (C/EBPβ/β-Actin ratio) in cells co-exposed to LPS and NiNPs 

after 24 hrs (Fig. 3.3C). Both STAT3 and C/EBPβ, like STAT3, are known to regulate the 

production of IL-6. TPCA-1 treatment completely knocked down STAT3 activation in BEAS-2B 

cells after 24hrs, reflecting the reduction observed with IL-6 protein levels (Fig. 3.3A). 

Furthermore, TPCA-1 treatment reduced the total C/EBPβ and IkB protein levels after 24 hrs 

(Fig. 3.3A). The findings suggest that induction of IL-6 is dependent on STAT3 and C/EBPβ. 
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Figure 3.2. Effect of TPCA-1 in LPS, NiNP, or LPS and NiNP treatments in BEAS-2B cells for 

24 hrs. A) LDH activity measured from cell supernatant. B) IL-6 protein level was measured 

from cell supernatant by ELISA. C) IL-6 mRNA level was measured from cell lysates measured 

by qRT-PCR. (n=3-6, ^^^p<0.001 compared to the treatments (control, LPS, NiNP) or #<0.05 

compared to the control using One-Way ANOVA with post-tukey’s test, or ***p<0.001 or 

*p<0.05 between the treatments using Two-Way ANOVA with post-tukey’s test). 
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Figure 3.3. Western blot analysis of cell lysates collected after 24 hrs in BEAS-2B. A) 

Representative western blot from each treatment in BEAS-2B with or without TPCA-1 

treatments. B) Densitometric comparison of the average expression of pSTAT over STAT3 

without TPCA-1 treatments. C) Densitometric comparison of the average expression of C/EBPβ 

over β-Actin with or without TPCA-1 treatments. (n=4-6, ##p<0.05 compared to LPS or 

^^^p<0.001 compared to treatments (control, LPS, NiNP) using One-Way ANOVA with post-

tukey’s test, or ***p<0.001 or *p< 0.05 between the treatments using Two-Way ANOVA with 

post-tukey’s test). 
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Enhancement of LPS and NiNP-induced IL-6 by SC144, an inhibitor of gp130. SC144 is a 

gp130 inhibitor that induces phosphorylation and deglycosylation of the receptor to inhibit 

activation of STAT3 (Xu et al., 2013). Treatment of BEAS-2B cells with 2µM of SC144 induced 

approximately 10% cytotoxicity (Fig. 3.4A).  SC144 significantly enhanced IL-6 secreted protein 

production and mRNA that was induced by LPS alone or co-exposure to LPS and NiNPs in 

BEAS-2B cells (Fig. 3.4B, C).  

 

Figure 3.4. Effect of SC144 in LPS, NiNP, or LPS and NiNP treatments in BEAS-2B cells for 

24 hrs. A) LDH activity measured from cell supernatant. B) IL-6 protein level was measured 

from cell supernatant by ELISA. C) IL-6 mRNA level was measured from cell lysates measured 

by qRT-PCR.  (n=3-6, ^^^p<0.001 or ^^p<0.05 compared to treatments (control, LPS, NiNP) 

using One-Way ANOVA with post-tukey’s test, or ***p<0.001 or *p<0.05 between the 

treatments using Two-Way ANOVA with post-tukey’s test). 
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Effect of sex steroid hormones on LPS and NiNP-induced IL-6 production. As previously 

described in the introduction, 17β-estradiol has been known to inhibit IL-6 production. Thus, we 

treated BEAS-2B cells with 17β-estradiol (10nM) to determine if there were any changes with 

IL-6 production as we have seen in our previous in vivo study comparing with male mice and 

female mice to LPS and NiNPs treatment. However, no changes were reported in IL-6 protein 

levels with 17β-estradiol estradiol treatment in BEAS-2B cells (Appendix B.3). Furthermore, the 

dose-response experiment with a range of 17β-estradiol (1nM – 100µM) on BEAS-2B cells did 

not have any effect on LPS (1µg/mL) induced IL-6 production (data not shown). We also tested 

two estrogen receptors agonists including PPT, an estrogen receptor alpha agonist, and DPN, an 

estrogen receptor beta agonist. However, both PPT (10nM) and DPN (10nM) had no effect on 

IL-6 levels induced by LPS and NiNPs (no data shown). Dose response experiments with 

testosterone (0.01µM – 10µM) and progesterone (0.01µM – 10µM) had no significant effect on 

IL-6 protein production in BEAS-2B cells stimulated with LPS (1µg/mL) (data not shown).  
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DISCUSSION 

 

The goal of this study was to investigate the mechanism through which NiNPs exacerbate 

LPS-induced IL-6 production in a relevant human lung epithelial cell line (BEAS-2B cells) and 

also to determine how sex steroid hormones can affect IL-6 production in BEAS-2B cells. From 

this study, we learned that co-exposure to LPS and NiNPs synergistically induced IL-6 

production in BEAS-2B cells above that observed with either LPS or NiNPs alone. Moreover, 

experiments with pharmacological inhibitors, including TPCA-1 and SC144, suggested that 

induction of IL-6 production was mediated via STAT3 and C/EBPβ signaling. The synergistic 

induction of IL-6 and STAT3 phosphorylation observed in BEAS-2B cells in vitro is similar to 

the induction of IL-6/STAT3 by LPS and NiNPs that we previously reported in the lungs of mice 

24 hrs after exposure (You et al., 2020). Thus, we were able to translate our previous in vivo data 

in mice to in vitro data in BEAS-2B cells, demonstrating that these cells are a relevant model to 

study mechanisms of IL-6/STAT3 signaling induced by LPS and NiNP co-exposure. A 

hypothetical mechanism of IL-6 induction in BEAS-2B cells by LPS and NiNPs is illustrated in 

Figure 3.5. However, we found that different sex steroid hormones do not affect IL-6 production, 

at least in BEAS-2B cells, suggesting that these cells might not be a suitable model to explore the 

sex-specific inflammatory responses due to LPS and NiNPs.  
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Figure 3.5.  

Hypothetical mechanism of elevated IL-6 production by LPS and NiNPs in BEAS-2B. 

 

IL-6 is a critical cytokine that regulates immune responses and is a systemic 

inflammatory mediator regulated by STAT3, NF-ĸB, and C/EBPβ (Alonzi et al., 1997; 

Hungness et al., 2002; Gabay, 2006; Fielding et al., 2008; Chang et al., 2013; Wang et al., 2013; 

Tanaka, Narazaki and Kishimoto, 2014; Luo and Zheng, 2016; Choy and Rose-John, 2017; Su, 

Lei and Zhang, 2017; Sreenivasan et al., 2020). Dysregulation in IL-6/STAT3 signaling has been 

implicated in different inflammatory diseases and has been a major target for the treatment of 

various inflammatory disorders (Grivennikov and Karin, 2010; Hirano, 2010; Murakami et al., 

2013; Atsumi et al., 2014; Mäki-Nevala et al., 2016; Hirano and Murakami, 2020). Our previous 
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study showed that male mice were more susceptible than female mice to acute lung inflammation 

due to exposure (24 hr) to NiNPs with or without LPS (You et al., 2020). We found that IL-6 

protein levels in BALF, as well as STAT3 phosphorylation in lung tissue, was greater in male 

mice compared to female mice (You et al., 2020). Moreover, co-exposure to LPS and NiNPs 

synergistically increased IL-6 mRNA and protein in the lungs of mice compared to LPS or NiNP 

exposure alone. The current study focused on BEAS-2B cells as an in vitro model to elucidate 

the molecular mechanisms and found that co-exposure to LPS and NiNPs induced a synergistic 

increase in IL-6 cytokine production and STAT3 activation above that seen with either LPS or 

NiNPs alone. Thus, elevated IL-6 production and STAT3 phosphorylation induced by co-

exposure to LPS and NiNPs were observed both in vitro and in vivo.  

Induction of the IL-6/STAT3 pathway appears to be a mechanism that can exacerbate 

lung inflammation. TPCA-1 has been reported as a dual inhibitor of STAT3 and IB  (Nan et al., 

2014). We observed that treatment of BEAS-2B cells with TPCA-1 suppressed IL-6 production 

with complete inhibition of STAT3 activation. We found that C/EBPβ protein levels that 

synergistically induced by LPS and NiNPs in BEAS-2B cells were significantly reduced by 

TPCA treatment, suggesting that this transcription factor may also be involved in the synergistic 

production of IL-6 by LPS and NiNPs. C/EBPβ has been shown to act as a transcription activator 

of the IL-6 gene (Kuilman et al., 2008). A previous study showed that lung epithelial C/EBPβ 

contributes to LPS-induced inflammation with increased number of neutrophils and IL-6 mRNA 

levels (Roos et al., 2012). To our knowledge, no studies have shown the relationship between 

nickel or NiNPs and C/EBPβ signaling. Therefore, further work should investigate mechanisms 

of NiNP-induced regulation of C/EBPβ signaling. We did not observe changes in IkB with 

TPCA-1 treatment in our study, and similar findings were also observed in the study by Nan et 
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al. 2014. Collectively, our data indicate that TPCA targets STAT3 and C/EBPβ, both of which 

could regulate IL-6 production by LPS and NiNPs. 

Treatment with a different pharmacological inhibitor, SC144, significantly enhanced IL-6 

production induced by LPS alone or LPS and NiNP co-exposure. SC144 is small molecule 

inhibitor that binds to gp130 to induce phosphorylation and promote deglycosylation, thereby 

inhibiting IL-6-induced STAT3 activation (Xu et al., 2013). In addition, SC144 has been 

reported to inhibit IL-6-induced PI3K/AKT/mTOR signaling but enhances IL-6-induced Raf/ 

MEK/ERK signaling (Li et al., 2019). Since ERK is an upstream regulator of C/EBPβ, our data 

with SC144 suggests that the synergistic induction of IL-6 by LPS and NiNPs could be more 

dependent on C/EBPβ rather than STAT3. As mentioned above, TPCA-1 also inhibits both 

STAT3 activation and reduces C/EBPβ protein levels, the latter which could be more relevant to 

the synergistic induction of IL-6 by LPS and NiNPs.  

A caveat of our study is that nearly all pharmacological inhibitors have overlapping 

molecular targets. For example, TPCA-1 has been reported to inhibit both IKK and STAT3 

(Podolin et al., 2005; Nan et al., 2014). However, we showed that STAT3 rather than IĸB, a 

downstream target of IKK, was the principal target of TPCA-1 in our in vitro system. SC144 

also targets gp130 to inhibit downstream STAT3 signaling (Xu et al., 2013). Thus, both 

inhibitors target STAT3 signaling. Therefore, while it should be emphasized that lack of 

specificity is a potential limitation in the use of pharmacologic inhibitors, some uncertainty can 

be mitigated by carefully characterizing the inhibitory effects of inhibitors on the intracellular 

signaling targets of interest when using a particular in vitro model system. 

While our data suggest that C/EBPβ and STAT3 are involved in increased IL-6 

producion induced by LPS and NiNP co-exposure, the proximal events through which NiNPs 
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enhance LPS-induced signaling remain to be elucidated. The hypothetical illustration shown in 

Fig. 5 depicts NiNPs as internalized intracellularly and causing the generation of ROS, which 

could then lead to amplified signaling of pathways such as NF-ĸB, C/EBPβ and STAT3. We did 

not measure ROS generation in the current study. However, in a previous study we showed that 

the same NiNPs used in the current study are internalized by rat pleural mesothelial cells and 

cause increased levels of intracellular HIF-1α, an indicator of oxidative stress (Glista-Baker et 

al., 2012). Furthermore, induction of HIF-1α by NiNPs in mesothelial cells was reduced by the 

antioxidant N-acetyl-L-cysteine (NAC)(Glista-Baker et al., 2012). Others have shown that 

relatively insoluble crystalline nickel subsulfide induced increased ROS in Chinese hamster 

ovary cells as detected by increased formation of the fluorescent oxidized compound, 

dichlorofluorescein (DCF) (Huang et al., 1993). Importantly, a previous study using BEAS-2B 

cells demonstrated that induction of plasminogen activator inhibitor (PAI) by nickel subsulfide 

requires HIF-1α and the extracellular signal-regulated kinase (ERK) (Andrew, Klei and 

Barchowsky, 2001). Since ROS contribute to the stabilization of HIF-1α protein, leading to 

increased expression, it is possible that NiNPs amplify LPS-induced IL-6 production in BEAS-

2B cells through a mechanism involving ROS generation and induction of HIF-1α. 

Our previous study showed that the IL-6/STAT3 signaling pathway was greater in male 

mice compared to female mice and thus could be critical to determine the magnitude and 

susceptibility of the inflammatory response in male mice elicited by acute co-exposure to NiNPs 

and LPS (You et al., 2020). Other studies have suggested that 17β-estradiol can inhibit IL-6 

production in vivo and in vitro (Kassem et al., 1996; Galien and Garcia, 1997; Naugler et al., 

2007; Paimela et al., 2007). Thus, the concept of sex steroid hormones in our BEAS-2B model 

was explored to determine whether the addition of 17β-estradiol can mimic a female-like 
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environment in BEAS-2B cells. We found that addition of different doses of 17β-estradiol did 

not induce any significant changes to IL-6 production induced by NiNPs with or without LPS. 

We further investigated the effect of 17β-estradiol in a dose response manner on LPS (1µg/ml) 

induced IL-6 production in BEAS-2B cells and found no effect with concentrations of 17β-

estradiol as high as 100 M. Interestingly, there are contradicting data in the published literature 

with regards to the role of 17β-estradiol in regulating IL-6 production both in vitro and in vivo. 

Some studies have found that 17β-estradiol suppressed IL-6 production while others found 

treatments with 17β-estradiol increased IL-6 production (Kassem et al., 1996; Deb et al., 1999; 

Bengtsson et al., 2004; Paimela et al., 2007; Calippe et al., 2010; Giannoni et al., 2011; Wang et 

al., 2012; Huang et al., 2018). Furthermore, there were studies both in vivo and in vitro that 

showed no effect on IL-6 production with 17β-estradiol as we have found in our model system 

(Angele et al., 1999; Suzuki et al., 2007; J. Liu et al., 2017). We also have tested estrogen 

receptor agonists including PPT and DPN as BEAS-2B have shown to have both ERα and ERβ, 

but found no effect on IL-6 production induced by NiNPs with or without LPS (Ivanova MM, 

Mazhawidza W, Dougherty SM, Minna JD, 2009; Smith et al., 2018). 

 Testosterone and progesterone have also been tested in a dose response manner on LPS 

(1µg/ml) induced IL-6 production in BEAS-2B cells and we also found no changes in LPS-

induced IL-6 production. This suggests that the use of sex steroid hormones in in vitro systems 

could significantly depend on the context of the experimental design, including the specific cell 

line and the treatments employed. A study showed that 17β-estradiol itself was not able to 

elevate cyclooxygenase 2 (COX-2) expression and prostaglandin E2 (PGE2) secretion, but 17β-

estradiol combined with its metabolite hydroxyestradiols induced COX-2 and PGE2 expression 

through NF-ĸB pathway in BEAS-2B cells (Ho et al., 2008). Another study also showed no 
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increase of COX-2 expression by 17β-estradiol treatment alone in BEAS-2B cells (Chang et al., 

2007). To our knowledge, no studies have shown the relationship between 17β-estradiol and IL-6 

production in BEAS-2B cells, and we should take into account that BEAS-2B cells are derived 

from a male donor. Thus, the treatments with different sex steroid hormones may not actually 

depict the actual female or male environment in mice or humans. Further studies should be 

conducted using primary cell lines collected from both male and female donors to determine sex-

specific responses toward LPS and NiNPs in vitro. Moreover, changes at mRNA levels of 

estrogen receptor should be looked at to determine whether the exogenous 17β-estradiol 

treatment was able to induce any estrogen receptor acitivites in BEAS-2B cells. 

From the current study, we found that LPS and NiNPs synergistically induced IL-6 

production in BEAS-2B cells in vitro, and experiments with pharmacologic inhibitors TPCA-1 

and SC144 suggests that the induction of IL-6 involves co-activation of STAT3 and C/EBPβ. 

The findings are relevant to what we have found in our previous acute in vivo study with LPS 

and NiNP-exposed mice. However, we were not able to investigate the sex specific environment 

in BEAS-2B cells with the treatment of sex steroid hormones as no significant changes in IL-6 

production were found with the addition of different sex steroid hormones. The findings suggest 

that BEAS-2B cells may not be the suitable cell line to explore the sex specific immune 

responses and instead use of primary cell lines from male and female donors should be 

considered as an alternative approach to investigate the sex-specific mechanism of LPS and 

NiNPs in vitro. However, BEAS-2B cells were an excellent in vitro model system for 

investigating the synergistic increase in IL-6 induced by LPS and NiNPs that have been observed 

in vivo in mice. Therefore, our findings are valuable in that we were able to translate in vivo 

observations to an in vitro system. Furthermore, our study emphasizes the use of BEAS-2B cells 
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as an in vitro system that could serve as alternative approach to study mechanisms of pulmonary 

inflammation observed in mice caused by exposure to a variety of engineered nanomaterials.  
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CHAPTER 4 

Conclusions and Future Directions 

General Discussion 

The studies presented in this dissertation investigated how exposure to nickel nanoparticles 

(NiNPs), a widely used engineered nanomaterial, can alter pulmonary immune responses 

depending on the susceptibility factors such as co-exposure to bacterial lipopolysaccharide (LPS), 

duration of the exposure, or the sex of the individual. The experimental strategy used both in vitro 

assays with a human bronchial epithelial cell model (BEAS-2B) and an in vivo model comparing 

male and female C57BL/7 mice. The combination of in vivo and in vivo model systems provided 

a powerful translational approach for investigating pathological changes in the lung and the 

underlying molecular mechanisms in cells that mediated susceptibility to NiNP toxicity. 

The study in chapter 2 showed that NiNPs with or without LPS caused more severe lung 

inflammation in the male mice compared to female mice in both acute (24 hr) and sub-chronic (24 

days) exposures with increased bronchoalveolar lavage fluid (BALF) cell counts, cytokine 

production, and airway inflammation. However, the acute exposure caused more neutrophilic 

inflammation through IL-6/STAT3 signaling pathway whereas the sub-chronic exposure caused 

more monocytic inflammation through CCL2 cytokine production. Dysregulation in IL-6/STAT3 

signaling has been noted in many inflammatory related disorders (Grivennikov and Karin, 2010; 

Hirano, 2010; Murakami et al., 2013; Atsumi et al., 2014; Mäki-Nevala et al., 2016; Hirano and 

Murakami, 2020). Furthermore, sub-chronically exposed female mice had increased total STAT1 

levels in the lungs compared to male mice. STAT1 has been known to mediate growth arrest and 

antagonize the proliferative actions of STAT3 (Yu, Pardoll and Jove, 2009; Thompson et al., 2015; 

Duke et al., 2018). Our lab had previously reported that STAT1 plays a protective role in lung 
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fibrosis or exacerbation of allergic lung disease induced by multi-walled carbon nanotubes 

(MWCNTs) (Thompson et al., 2015a; Thompson et al., 2015b; Duke et al., 2017, 2018). Thus, 

increased STAT1 levels could have played a protective role toward the sub-chronic exposures to 

NiNPs in female mice. We also found that cytokines (IL-6 and CCL2) were up-regulated in other 

systemic organs both acutely and sub-chronically including heart, spleen, and liver suggesting that 

the susceptibility of male mice to NiNP-induced inflammation might not be limited to the lungs 

but could extend to increased susceptibility to inflammation in other organ systems as well.  

The goal of the in vivo study in mice was to determine the importance of sex differences in 

acute and sub-chronic exposures to NiNPs delivered to the lungs of mice and explore underlying 

mechanisms. This study had a novel aspect in that it helped to elucidate sex-specific inflammatory 

cell responses with regard to inhalation of NiNPs in mice that were also different between  acute 

and sub-chronic exposures. Specifically, while males were more susceptible to inflammation than 

females in either acute or sub-chronic exposures, neutrophils dominated the acute lung 

inflammatory response while monocytes were the primary inflammatory cell observed in the sub-

chronic lung inflammatory response. Therefore, our findings demonstrated that susceptibility of 

males toward the same toxicant may differ depending on the duration of exposure. Further 

investigation should be carried out using IL-6 knockout (KO) mice to define the novel mechanism 

of NiNP-induced lung inflammation. It is critical to understand how IL-6/STAT3 signaling 

functions to promote susceptibility to acute inflammation in male mice. Furthermore, this study 

was important since the findings can aid the development and refinement of sex-specific 

therapeutic approaches for pulmonary diseases. 

Epidemiology studies have suggested that males are more susceptible to acute respiratory 

inflammation whereas females are more susceptible to chronic respiratory inflammation (Falagas, 
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Mourtzoukou and Vardakas, 2007; Gleeson et al., 2011; Casimir et al., 2013; Pinkerton et al., 

2015; Sabra L Klein and Flanagan, 2016). This could be due to many different factors including 

different lung anatomy and physiology, respiratory immune function, genetics, role of sex 

hormones, microbiomes, and many other biological factors between males and females (Sabra L. 

Klein and Flanagan, 2016; Ray et al., 2019; You and Bonner, 2020). Furthermore, studies have 

found that the deposition pattern of different particles and uptake of engineered nanomaterials 

(ENMs) are also different between males and females (Kim and Hu, 1998, 2006; Sturm, 2016; 

Serpooshan et al., 2018). From our study, we found that male mice were more susceptible to NiNPs 

with or without LPS compared to the female mice both acutely and sub-chronically. Ray et al. 

found that female mice were more susceptible to MWCNT-induced inflammation both acutely and 

chronically while male mice were more susceptible to crystalline silica-induced pathologies in the 

lung (Ray and Holian, 2019). Another study found that air pollution particulate matter (PM2.5) 

caused male mice to have more acute inflammatory markers compared to female mice, which had 

more chronic inflammatory markers (Yoshizaki et al., 2017). Thus, studies emphasized that 

susceptibility to lung injury between males and females could also depend on the specific type of 

particle.  

Furthermore, prior to the study done in chapter 2, we have conducted the same study using 

intranasal instillation method to deliver the treatments including LPS and NiNPs that could be 

more relevant to real-world exposure. Detailed information and data from this specific experiment 

can be found in Appendix C.  However, we observed wide variations between individual animals 

within the same treatment group using the intranasal instillation method. Therefore, we conducted 

further study via a oropharyngeal aspiration (OPA) method to deliver doses more accurately to the 

lungs of mice. Thus, it is critical to choose the appropriate exposure method when studying 
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inhalation exposure to different ENMs. Afterward, a dose response study with LPS using OPA 

method was also done prior to the study in chapter 2 to determine the LPS dosage delivered to 

mice that would not induce significant lung injury and could be more representative of low doses 

that were more relevant to occupational exposures in humans. Detailed information and data from 

this specific experiment can be found in Appendix D.  

The study in chapter 3 translated our in vivo study to an in vitro cell culture model and showed 

that exposed to LPS and NiNPs synergistically induced IL-6 production after 24 hrs in a human 

bronchial epithelial cell line (BEAS-2B), similar to what we found in chapter 2 with the acute 

exposure study done in mice. Furthermore, using pharmacological inhibitors, we found that 

STAT3 and C/EBPβ could be involved in the mechanism to synergistically induce IL-6 production 

by LPS and NiNPs in BEAS-2B. Unfortunately, we did not see any significant changes in IL-6 

production by LPS and NiNPs after treatment of the cells with different sex steroid hormones 

including 17β-estradiol, testosterone, and progesterone in BEAS-2B. It is still important to note 

that we were able to translate our in vivo data to in vitro data in BEAS-2B since the synergistic 

induction of IL-6 and corresponding enhanced activation of STAT3 by LPS and NiNPs was 

observed both in the lungs of mice and in BEAS-2B cells. More specifically, use of SC144 (a gp-

130 receptor inhibitor) suggested that induction of IL-6 from LPS and NiNPs could be more 

dependent on C/EBPβ rather than STAT3 signaling pathway. SC144 didn’t suppress elevated IL-

6 levels rather it further increased the elevated IL-6 production by LPS and NiNPs. This significant 

increase could be due to the fact that SC144 has also known to enhance IL-6-induced ERK 

signaling (Li et al., 2019). Future studies will incorporate use of ERK inhibitors to elaborate the 

specific mechanism on how ERK/C/EBPβ might be regulating this elevated IL-6 levels from LPS 

and NiNPs.  Synergistic induction of IL-6 by LPS and NiNPs was also observed in different cell 
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lines including THP-1, human monocytic cell lines, and A549, human epithelial cell lines. This 

study emphasized the value of using an in vitro human cell culture model system to explore the 

molecular mechanism underlying the immune and pathological changes seen in mice. Further 

studies should be carried out to determine how different sex steroid hormones might have an effect 

in different cell lines and whether different cell lines might still have a similar mechanism to 

BEAS-2B cells. Moreover, use of primary human cells from males and females should be 

considered to investigate sex-specific inflammatory responses generated by LPS and NiNPs since 

different sex-dependent variables (e.g. sex hormone receptors) could be lost during transformation 

of primary cells to immortalized cell lines, even though these cell lines were originally derived 

from either males or females.  

Together, both the in vivo and in vitro studies were critical to understand that, even with the 

same toxicant, the inflammatory response can vary depending on the duration of the exposure, sex, 

and co-exposure to other environmental factors or toxicants. Thus, we have to consider these 

susceptibility factors when conducting future scientific studies.   
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Future Direction 

Future studies could incorporate the use of ovariectomized mice to determine whether the sex-

specific inflammatory responses were dependent to different sex hormones in the mice. 

Furthermore, characterization of NiNP deposition and clearance patterns in the lungs of both male 

and female mice and how they might get translocated into different organ system overtime could 

help understand sex-dependent susceptibility to lung disease. Different time points of both acute 

and sub-chronic should also be looked at to determine how the resolution of the inflammation 

occurs over a period of time and how they might differ between males and females. Moreover, 

chronic exposure (i.e., months to years) rather than sub-chronic exposure (i.e., weeks) could also 

be done to determine if there are any cellular and pathological changes in lung inflammation 

induced by NiNPs with or without LPS that could be relevant to epidemiology studies in humans.  

We have found that NiNP and LPS enhance IL-6 cytokine production via STAT3 and C/EBPβ, 

but specific mechanisms on how NiNPs are enhancing LPS-induced cytokine production remain 

unclear in BEAS-2B cells. More specifics on how NiNPs are taken up by BEAS-2B and how 

NiNPs are internalized in the cells should be carefully looked at in future studies. Interaction 

between nickel or NiNPs with C/EBPβ should also be looked at to understand its role on IL-6 

induction by NiNPs with or without LPS. Studies using primary cell lines derived from both male 

and female donors may help understand the sex-specific inflammatory responses. These further 

studies could give a critical insight and in-depth understanding of NiNP’s toxicity and its 

mechanism in the lungs and how it might be differently regulated depending on the duration of the 

exposure or the sex of the individual.  
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APPENDIX A 

Supplemental Tables and Figures: Chapter II 
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Appendix A 

Pathology Scoring Protocol 

A board-certified Pathologist scored the slides based on the severity of the inflammation in a 

blinded manner with a randomized number. Inflammation was categorized into three different 

categories including lymphocyte aggregates, epithelioid macrophages, and alveolar infiltrates. 

Pathology Scoring was performed on slides from the repeated, sub-chronic exposure experiment. 

Lymphocyte aggregates were present around vessels or within the lung parenchyma. Epithelioid 

macrophages were present within dense focal clusters within the lung parenchyma. Alveolar 

infiltrates were composed primarily of monocytes and macrophages contained within the alveolar 

airspace. Lymphocyte aggregates were scored at 40x magnification and lymphocyte identity 

confirmed at 100x magnification. The score was based on the most severe section of three lung 

sections on the histology slides. The score scheme we used was: 0 = no inflammation to score, 1 

= mild inflammation, 2 = moderate inflammation, 3 = marked inflammation. We counted the 

number of epithelioid macrophages at 10x and categorized them based on the number of 

epithelioid cells presents in the section. The score was based on the most severe section of three 

sections of the lungs on the histology slides. The score scheme we used was: 0 = no epithelioid 

macrophages present, 1 = 1-5 epithelioid macrophages present, 2 = 6-10 epithelioid macrophages 

present, 3 = greater than 10 epithelioid macrophages present. Alveolar Infiltrates were scored at 

100x, and confirmation of them was at 200x. The score was based on the most severe section of 

three sections of the lungs on the histology slides. The score scheme we used was: 0 = occasionally 

free-floating alveolar macrophages, 1 = mild inflammation, 2 = moderate inflammation, 3 = 

marked inflammation.  
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The representative image of each category is listed below for better visualization: lymphocyte 

aggregates and alveolar infiltrates. Epithelioid macrophage has a representative image that we 

counted for.  

Lymphocyte Aggregates:  

Score 1 

 
Score 2 

 
Score 3 
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Alveolar Infiltrates: 

 

Score 1 

 
Score 2 

 
Score 3 
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Representative Epithelioid Macrophage: 

 

 
Appendix A.1. Detailed protocol for pathology scoring of subchronic inflammatory lesions in 

the lungs of male and female mice after exposure to NiNPs in the absence or presence of LPS. 

 

 

 

 

 

 

 

 

 



   

164 

 

 

 

Appendix A.2. Lung mRNAs encoding A) CXCL1, B) IL-6, and C) CCL2 after repeated 

subchronic exposure of male and female mice to NiNPs in the absence or presence of LPS using 

the protocol illustrated in Fig. 5. ***P<0.001 or **P<0.01 compared to vehicle determined by 

one-way ANOVA, ###P<0.001 between sexes determined by two-way ANOVA. N=3-6 mice 

per group. 
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Appendix A.3. Systemic changes in IL-6 mRNA measured by qRT-PCR 24 hr after a single 

pulmonary exposure of male and female mice to NiNPs in the absence or presence of LPS using 

the protocol illustrated in Fig. 1. A) IL-6 mRNA expression in liver. B) IL-6 mRNA expression 

in heart. C) IL-6 mRNA expression in spleen. ***P<0.001 or **P<0.01 compared to vehicle 

determined by one-way ANOVA, ###P<0.001, ##P<0.01, or #P<0.05 between sexes determined 

by two-way ANOVA. N=3-6 mice per group. 
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Appendix A.4. Systemic changes in CCL2 mRNA measured by qRT-PCR after repeated 

subchronic exposure of male and female mice to NiNPs in the absence or presence of LPS using 

the protocol illustrated in Fig. 5. A) CCL2 mRNA expression in liver. B) CCL2 mRNA 

expression in heart. ***P<0.001 compared to vehicle determined by one-way ANOVA, 

###P<0.001 or #P<0.05 between sexes determined by two-way ANOVA. N=3-6 mice per group. 
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Appendix B 

 
Appendix B.1. BEAS-2B cells were treated with LPS, NiNP, or LPS and NiNPs for 24 hrs. A) 

IL-8 protein level was measured from cell supernatant by ELISA in BEAS-2B. B) IL-1β protein 

level was measured from cell supernatant by ELISA in BEAS-2B. (N=4, ***p<0.001 compared 

to the treatments using One-Way ANOVA with post-tukey’s test).   
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Appendix B.2. Different cells were treated with LPS, NiNP, or LPS and NiNPs for 24 hrs. A) 

IL-6 protein level was measured from cell supernatant by ELISA in THP-1 cells. B) IL-6 protein 

level was measured from cell supernatant by ELISA in A549 cells. (N=3, ***p<0.001 or **p< 

0.01 or *p<0.05 compared to the treatments using One-Way ANOVA with post-tukey’s test).   
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Appendix B.3. Effect of 17β-Estradiol in LPS, NiNP, or LPS and NiNPs treatments in BEAS-

2B cells for 24 hrs. IL-6 protein level was measured from cell supernatant by ELISA. (N=3-6).    
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Appendix C 

 

Intranasal Instillation vs. Oropharyngeal Aspiration 

 

Intranasal instillation technique is widely used to deliver different substances to the respiratory 

tract in mice. Thus, we first performed a study using intranasal instillation to carry out the study 

with the same experimental procedure described in chapter 2 for the acute study (n=3). Six to 

eight-week-old male and female C57BL/6J mice were purchased from The Jackson Laboratory 

(Bar Harbor, ME). Mice were dosed between 12 weeks after 2 weeks of acclimation. Mice were 

housed in pathogen-free, humidity, and temperature-controlled AAALAC (Association for 

Assessment and Accreditation of Laboratory Animal Care) accredited animal facility in the 

Toxicology building. Mice were housed a maximum of 3 per cage in a temperature and humidity-

controlled facility and supplied with food and water ad libitum. All animal procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) at North Carolina State 

University. Both female and male wild type mice were randomly divided into 4 treatment groups 

(vehicle, LPS, NiNPs, or both LPS and NiNPs). 0.1% Pluronic solution in PBS will be used as a 

vehicle for the experiment. Each treatment group contained 3 mice per group per sex. For the acute 

exposure protocol, mice were exposed at 12 to 14 weeks of age by intranasal instillation to 5 μg/kg 

of LPS, 4 mg/kg of NiNPs, both 5 μg/kg of LPS and 4 mg/kg of NiNPs, or equal volume of vehicle 

solution (100 µL) under isoflurane anesthesia and euthanized 24 hrs post-exposure. However, we 

found that distributions of LPS or/and NiNPs varied within the same group of mice resulting in 

variations. Although we were able to get significant differences in cytokine production between 

two sexes similar to the results, we have gotten in chapter 2, we decided to carry out oropharyngeal 

aspiration technique to achieve more accurate delivery of each treatments in the mice.  
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Appendix C.1. Acute lung exposure of male and female mice by intranasal instillation to LPS, 

NiNPs, or LPS and NiNPs). Protein concentration in BALF determined by Pierce BCA Protein 

Assay. 

 

 

 

 
Appendix C.2. Inflammatory cells in the BALF from acute lung exposure of male and female 

mice by intranasal instillation to LPS, NiNPs, or LPS and NiNPs. Average number of 

neutrophils, macrophages, and total cells per three microscopic fields on BALF Cytospin slides. 

Average number of cells were counted as described in the methods. N=3 mice per group. 
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Appendix C.3. Inflammatory cytokine production (IL-6, CXCL-1, and OPN) in the BALF from 

acute lung exposure of male and female mice by intranasal instillation to LPS, NiNPs, or LPS 

and NiNPs. N=3 mice per group. ***P<0.001, **P<0.01, or **P<0.05 compared to vehicle 

determined by one-way ANOVA, ###P<0.001 or ##P<0.01 between sexes determined by two-

way ANOVA.  
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Appendix D 

 

LPS Dose Response via Oropharyngeal Aspiration 

 

In order to determine the appropriate LPS dosage that won’t induce significant inflammation by 

LPS treatment alone to mimic more co-exposure scenario through oropharyngeal aspiration 

(OPA), dose response in C57/BL6J mice were conducted. Six to eight-week-old male C57BL/6J 

mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were dosed between 

12 weeks after 2 weeks of acclimation. Mice were housed in pathogen-free, humidity, and 

temperature-controlled AAALAC (Association for Assessment and Accreditation of Laboratory 

Animal Care) accredited animal facility in the Toxicology building. Mice were housed a maximum 

of 3 per cage in a temperature and humidity-controlled facility and supplied with food and water 

ad libitum. All animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at North Carolina State University. Male wild type mice (n=3 for each 

treatment) were randomly divided into 3 treatment groups (vehicle, 5 µg/kg of LPS, and 50 µg/kg 

of LPS). 0.1% Pluronic solution in PBS was used as a vehicle for the experiment. LPS was diluted 

in 0.1% Pluronic solution in PBS as well. 5 µg/mL of LPS, 50 µg/mL of LPS, or an equal volume 

of vehicle solution (50 mL) via OPA under isoflurane anesthesia and euthanized 24 h post-

exposure. Lung for protein, mRNA, and BALF were collected for analysis.  The relatively low 

dose of LPS (5 µg/kg) was chosen since it induced only mild neutrophilic inflammation, but not 

lung injury, and was intended to model low dose occupational exposures rather than acute lung 

injury.  
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Appendix D.1. LPS dose response in male C57BL/6J mice. Protein concentration in BALF 

determined by Pierce BCA Protein Assay. 

 

 

 
Appendix D.2. Inflammatory cells in the BALF of LPS dose response in male C57BL/6J mice. 

Average number of neutrophils, macrophages, and total cells per three microscopic fields on 

BALF Cytospin slides. Average number of cells were counted as described in the methods. N=3 

mice per group, *p<0.05 compared to each treatment determined by one-way ANOVA with 

Tukey’s post-hoc test. 

 

 

 


