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POPULAR SCIENCE SUMMARY OF THE THESIS 
"The dose makes the poison" (Paracelsus). The modern toxicology era began with the 
acceptance of various dose response models, which indicated that substances, such as so-called 
threshold carcinogens, can produce a harmful effect in susceptible biological systems only if 
they reach high enough concentrations. Based on the models, the authorities could establish 
relevant regulations. Occupational and non-occupational exposure of carcinogens have a great 
impact on health in the society, and established limitations of exposures are important while 
more accurate biomarkers, methods, and models are developed. Thus, the task of toxicology is 
to determine case-specific risks resulting in adverse effects, including dose, route of exposure, 
mechanisms, and contributing factors.  

Due to its natural occurrence in rock and soil, the crystalline silica particle is one of the most 
abundant carcinogens on earth. Occupational and non-occupational exposure of respirable 
silica particles are common problems all over the world. Crystal silica particles inhalation has 
been associated with several diseases, including silicosis, lung fibrosis and cancer, disorders to 
which clinicians still, in many cases, lack tools to combat. Prevention of silica particle 
inhalation and identification of mechanisms for silica toxicity is therefore of importance. The 
current hypothesis is that silica induce persistent chronic inflammation in the lung, which 
eventually develops into silicosis or cancer. Based on this hypothesis, silica is regarded as a 
threshold carcinogen. 

Aware of this fact, the core objective of this thesis was to explore potential markers and 
methods to establish more sensitive models for silica toxicity. Firstly, our aims were to 
determine the temporal and inflammation intensity relationship, and to explore potential 
mechanism in more detail. NLRP3 inflammasome was activated by low dose silica particles 
within minutes and caused mitochondria depolarization as well as increased DNA double-
strand breaks in human lung epithelial cells.  Secondly, we found that low dose silica exposure 
induces ATX secretion within the same time frame as NLRP3 activation, and increased DNA 
damage in human lung epithelial cells and mice lung tissue. Based on our findings, we strongly 
believe that present models of crystalline silica particle exposure can be used to get new data 
of interest for risk assessment, and that ATX could serve as a biomarker for silica toxicity in 
vivo and in vitro.       

 

  



ABSTRACT 
Respirable crystalline silica particles (CSi) can persist and induce inflammation and DNA 
damage in human lungs. Previous studies have used complex model systems to characterize 
CSi-induced DNA damage, involving co-cultures of epithelial cells and macrophages and long-
term exposures, necessitating alternative models. Here, the respiratory epithelium was used in 
monocultures and the results were confirmed in short-term in vivo studies.   
In paper I, the role of CSi-induced NOD-like receptor family pyrin domain containing 3 
(NLRP3) inflammasome was studied. siRNA, small molecule inhibitors, and knockout-cells 
(NLRP3 KO cells) were used, and all experimental approaches indicated a role for NLRP3. 
Phosphorylation of NLRP3 (Ser 198) and co-localization with mitochondria occurred within 
5-10min and therefore seemed critical. During this time frame there were also clear indications 
of DNA damage, but the early DNA damaging effect could not be correlated to increased levels 
of reactive oxygen species (ROS). The DNA damaging effects was prevented by cell treatments 
which decreased NLRP3 expression or assembly. Notably, in this study, lower doses of CSi 
were used and the DNA damage was detected earlier than in previous efforts to describe silica 
toxicity.  
Mice were exposed intra-nasally with 0.025 mg CSi. Increased levels of γH2AX and pCHK2 
were detected within 10min in isolated lung homogenates, thus confirming an early DNA 
damage also in vivo. Additional markers were analyzed in serum, BAL and lung tissue. These 
markers indicated early inflammatory responses already at 5 min. One of the markers 
investigated was autotaxin (ATX) secretion, an immediate response to silica exposure that was 
followed up in paper II. 
In paper II, the role of ATX was studied. As release was detected as early as 5min in serum 
and BAL after CSi inhalation, we expected ATX to have a so far uncharacterized role in lung 
toxicity. Two small molecular inhibitors of ATX enzyme activity prevented both CSi-induced 
mitochondrial depolarization and DNA damage. Extracellular ATX activity forms 
lysophosphatidic acid (LPA), and it was found that addition of LPA to the experimental system 
gave rise to DNA damage. LPA may also activate Rac1, and in further studies we documented 
Rac1 to be activated at 3min of exposure. A Rac1 inhibitor prevented depolarization and DNA 
damage. Rac1 is known to increase ROS levels. Therefore, antioxidants were tested and found 
to prevent DNA damage. In in vivo studies the expression of ATX in lung tissue was examined 
by confocal microscopy. An increased expression was seen in apical parts of bronchial epithelia 
at 5min, and culminated at 60min, Protrusions from apical epithelium plasma membranes 
increased with time, an effect that can explain the increase of ATX in BAL, which was seen in 
the first study. A parallel increase in staining for 53BP1 was also detected, confirming the 
occurrence of double strand breaks (DSBs) in genomic DNA. 
This thesis provides data indicating a novel mechanism for CSi-induced DNA damage in 
respiratory epithelial cells. It occurs rapidly and has not previously been explored for risk 
assessment purposes. The data suggest that CSi in contact with the plasma membrane activates 
ATX release and that this causes Rac1 activation, NLRP3 phosphorylation and mitochondrial 
translocation. These effects are followed by an accumulation of DNA damage, including DSBs. 
Clear effects are seen within 5-10min and can be recapitulated in mice inhaling CSi. Low doses 
were used in these studies and several of the endpoints and the in vivo model should be suitable 
for testing low-dose DNA damaging effects of CSi. Such experimental studies are important 
as they may reveal cancer causing effects of CSi at lower exposure levels than previously 
anticipated. ATX stands out as a suitable biomarker for CSi effects. Thus, ATX is rapidly 
secreted in BAL from target cells and presumably also in plasma. It seems critical for an early 
and perhaps carcinogenic DNA damaging effect and it has previously been associated with 
cancer development.  
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1 INTRODUCTION 
1.1  CANCER 

A current theory states that evolution of a tumor begins with a mutation in a single cell. 
Additional DNA damage then transforms the cell, which expands to form a tumor. During this 
multifaceted biological process, the tumor acquire one or several characteristics or hallmarks. 
Based on Hanahan and Weinberg’s seminal review article there are ten cancer hallmarks, and 
their identification have proved fundamental for our understanding of cancer biology, and for 
the identification of potential target points in novel treatment regimens (Hanahan & Weinberg, 
2011).  Through this work and by subsequent research efforts it has become evident that 
initiation and propagation of cancer involves homeostasis disturbances of distinct cellular 
functions, including DNA damage and repair, cell death and survival, inflammation, and anti-
inflammatory responses. Yet, there are over 200 different cancer types which further are dived 
in stages of severity, each constituted with specific characteristics, thus providing a 
considerable challenge for successful treatment. Today, clinicians have a repertoire of 
approaches to combat the disease, ranging from traditional DNA damaging chemotherapeutics 
to recent advances in immunotherapy. Due to etiologic heterogeneity, also in between patients 
suffering from the same type of tumor, personalized medicine (precision medicine) using 
biomarkers and mutation identifications have become yet another tool to specify the most 
efficient treatment in each case (Awaji & Singh, 2019; Boyd, Andini, Peters, Kazemier, & 
Giovannetti, 2021; Cyll et al., 2017). However, clonal expansion resulting in intratumor 
heterogeneity necessitates improved curative approaches.  One future therapeutic implication 
involves the understanding that tumor cells suffer from enhanced oxidative stress due to a 
distorted metabolism and exaggerated replicative drive. Thus, manipulations of systems that 
actively regulate the cellular amounts of reactive oxygen species (ROS) can yield anticancer 
efficacy without overt systemic toxicity (Kim, Kim, & Bae, 2016; Panieri & Santoro, 2016; 
Stafford et al., 2018) 

1.1.1 Inflammation, a double-edged sword in cancer biology 

Inflammation is associated with a variety of widespread diseases, including diabetes, 
Alzheimer’s, and cancer. In fact, tumor infiltration of leukocytes was first observed over 100 
years ago and provided for the first time a possible association between inflammation and 
cancer progression. Recent advances have established that the effect is bifurcated and depends 
on inflammation type. While chronic inflammation is considered as pathological, supporting 
several disease traits, such as tumor angiogenesis, metastasis, cell survival and proliferation, 
acute inflammation have therapeutic potential through stimulation of the immune system and 
by immune surveillance (Greten & Grivennikov, 2019). Inflammation increases ROS 
production, which may cause mutations, and tumor cell’s ability to modulate the inflammatory 
response add an additional layer of complexity to the disease scenario. The dynamic 
interactions of cancer cells and inflammatory cells infiltrating the tumor microenvironment 
(TMI) are vital in this respect. Apart from stromal cells and extracellular matrix (ECM) 
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components, which are the fundaments of the TMI, a multitude of immunomodulatory cells 
and inflammatory cytokines are also present. The immune‐associated cells in the TMI include 
macrophages, myeloid‐derived suppressor cells (MDSCs), dendritic cells (DCs), mast cells, T 
cells, and natural killer (NK) cells. Although these cell types play important roles in resistance 
to infection and other diseases, the tumor have a unique capability to reverse or silence their 
original functionality. For example, tumor‐associated macrophages (TAMs) may release 
cytokines, thereby providing a disease niche that is involved in the crossroad of inflammation, 
immunity, and tumorigenesis (Mantovani, 1989; Mantovani, Bottazzi, Colotta, Sozzani, & 
Ruco, 1992). Upon tissue damage or infection, pro-inflammatory stimuli activate macrophages 
and DCs, the frontline of innate immunity.  It has become evident that a metabolic shift from 
oxidative phosphorylation to glycolysis (Warburg metabolism) enables these cells to initiate 
the inflammatory response (Mantovani, 1994). Macrophages differentiate into two major 
subtypes, the M1 and the M2 phenotype. The current opinion emphasizes M1 to be pro-
inflammatory while M2 counteract inflammation (Mantovani, Germano, Marchesi, Locatelli, 
& Biswas, 2011; Mantovani & Locati, 2013). TAMs resemble M2 due to their high expression 
of anti-inflammatory marker genes, interleukin‐10 (IL‐10) and IL‐1 receptor alpha (IL‐1Ra). 
In a second wave, secretion of chemotactic factors (CCL2, CCL5, CCL7, CXCL8) by primary 
TAMs may recruit monocytes to the TMI, which successively polarize to a M2‐like phenotype 
by stimuli from IL‐4, IL‐6, IL‐10, IL‐13 and transforming growth factor‐beta (TGF‐β) 
(Mantovani, 2010; Mantovani, Ming, Balotta, Abdeljalil, & Bottazzi, 1986; Mantovani et al., 
2003; Mantovani, Sozzani, Locati, Allavena, & Sica, 2002).    Like inflammatory macrophages, 
the tumor associated neutrophils (TANs) are divided into the N1 and N2 phenotypes, identified 
through their activation and cytokine status, and effects on tumor growth (Fridlender et al., 
2009; Mishalian et al., 2013).  Another important feature of the cancer-associated inflammation 
is that inflammatory factors activate resident cells, such as tumor-associated fibroblasts (TAFs) 
or endothelial cells (Pesic & Greten, 2016). The cytokines and chemokines from variety 
inflammatory cells, on one hand, emphasis inflammation responses such as massive infiltration 
of additional MDSCs (Gabrilovich, 2017), and on the other hand they support prolonged 
inflammatory responses, which are in favour of tumor progression, including proliferation, 
survival, angiogenesis, and metastasis (Becht et al., 2016). 

Moreover, extracellular lipids mediators may be involved in tumor associated inflammation. 
The tumor associated inflammation lack ‘self-limitation’ which is distinct from acute 
inflammation (Serhan, 2010). Self-limitation, also known as resolution function, is mediated 
by specialized anti-inflammation and pro-resolving factors (Geraldo et al., 2021). Lipoxin A4 
(LXA4) and LXB4 are defined as two typical specialized anti-inflammation and pro-resolving 
lipid mediators, both which are harboring functionality to assist in leukocyte recruitment to 
bronchial epithelia, as well as in promoting engulfment of apoptotic or necrotic inflammatory 
cells in acute inflammation (Conti, Reale, Barbacane, Bongrazio, & Panara, 1990; Conti, Reale, 
Barbacane, Panara, & Bongrazio, 1991). Interestingly, lipids mediators like lysophosphatidic 
acid (LPA), produced by autotaxin (ATX) mediated cleavage of lysophophaditylcholine 
(LPC), is involved in pro-inflammatory cascades, as well as plasma membrane shaping, cell 
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growth and death (Santos-Otte et al., 2019). LPA was reported to associate to diseases and 
chronic inflammation, including cancer. Intriguingly, most carcinogens, which have been 
implicated in alteration of acute inflammation towards to chronic inflammation also contributes 
to ATX release, which, in turn, may use LPC as substrate and result in LPA formation, thus 
providing a negative feedback loop (Cui, Bai, Cao, & Zhang, 2020; Hama, Bandoh, Kakehi, 
Aoki, & Arai, 2002; Park & Miller, 2017). 

1.1.2 Silica, environmental risk and carcinogenicity  

Silica (SiO2) is a group IV metal oxide that appear in crystalline or polymorphic forms. α-
quartz is the most abundant form of silica. Therefore, the term quartz is often used in place of 
the more general term crystalline silica. As the rout of exposure is inhalation of dust particles, 
the target organ is primarily the lung. Prolonged exposures associate to several organ 
abnormalities, including chronic inflammation, and in severe cases also to lung fibrosis and 
lung cancer (IARC, 2012). National Institute for Occupational Safety and Health (NIOSH) has 
published a respirable crystalline silica standard for the general industry and maritime requires 
employers to limit silica exposures and to take steps towards a safe work environment, in this 
respect. In the most recently five-year standard guideline from NIOSH US, the new Permissible 
Exposure Limit (PEL) is 50µg/m3. Workers should be wearing protective equipment when 
respirable crystalline silica reach or exceed level of 50µg/m3, as an eight- hour time-weighted 
average (TWA), or if the exposure reaches or exceeds 25µg/m3, as an eight-hour TWA for 30 
or more days. Moreover the chest x-rays and lung function tests must be offered in every three 
years, and the records of respirable crystalline silica must be maintained and kept (Szymendera, 
2017). The classification of carcinogens and the regulation of carcinogen exposure are 
continuously refined. According to the International Agency for Research on Cancer IARC, 
crystalline silica particles belong to Class 1 carcinogens (IARC, 2012, 100C). When 
phagocytic cells (e.g., macrophages, neutrophils, dendritic cells, mast cells) encounter these 
particles, frustrated phagocytosis leads to the continued production of pro-inflammatory 
cytokines and ROS  (Kuhn et al., 2014). Although molecular mechanisms of how crystalline 
silica particles induce diseases are not entirely clear at present, there is a growing body of 
evidence that the generation of ROS plays a critical role, especially in the link between 
exposure and DNA damages such as mutations and chromosomal aberrations (Limoli & 
Giedzinski, 2003; Wultsch et al., 2021). Toxicity mechanisms for respirable silica were initially 
based on experimental and epidemiological observations using exposures to quartz and 
asbestos. However, recent findings indicate that silica particles, for instance, crystalline silica 
particle (< 5 µM diameter), also induce necrosis in macrophage cell systems (Gilberti, Joshi, 
& Knecht, 2008; Lescoat et al., 2020).   

1.2 MITOCHONDRIA FUNCTION: A MASTER BUTTON FOR THE 
CELLULAR OXIDATIVE AXIS  

In homeostasis, mitochondria maintain the double membrane character, and the ability to 
utilize bio-fuel resource to produce ATP (adenosine triphosphate). The human mitochondrial 
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genome contains coding information for 13 proteins, which are core constituents of the 
mitochondrial respiratory complexes I–IV that are embedded in the inner membrane (Wallace 
& Chalkia, 2013). Functioning together with the Krebs’ cycle (TCA) in the matrix, the 
respiratory chain creates an electrochemical gradient through the coupled transfer of electrons 
to oxygen and the transport of protons from the matrix across the inner membrane into the 
intermembrane space (Huynen, 2004). The electrochemical gradient powers the terminal 
complex V of the chain, ATP synthase, and catalyzes the synthesis of most cellular ATP. The 
electrochemical potential is harnessed for additional crucial mitochondrial functions, such as 
buffering the signaling ion Ca2+ through uptake by a uniporter located in the inner membrane 
(Baughman et al., 2011). A reduction in the electrochemical potential is a read-out for 
mitochondrial function. Membrane potential has a role in mitochondrial protein import and is 
used to trigger changes on the molecular level (Zorova et al., 2018). Under oxidative stress, the 
electron transport chain (ECT) from mitochondria, generate excessive ROS, including free 
oxygen radicals and hydrogen peroxide. Oxidative stress has been suggested to contribute to 
diseases associated with mitochondrial dysfunction. Multiple lines of evidence indicate that 
mitochondrial ROS also can affect cell proliferation and differentiation, and to contribute to 
adaptive stress signaling pathways, such as hypoxia (Muhlenhoff, 2008). Observations from 
premature aging mouse models suggest that hematopoietic progenitors are especially sensitive 
to ROS and/or redox state changes that promote proliferation and prevent quiescence (Singh et 
al., 2014). 

1.2.1 Oxidative Stress  

With the major source being the mitochondria, ROS are produced as a natural byproduct of 
cell metabolism and arise from the one-electron reduction of molecular oxygen, resulting in: 
superoxide anions (O2-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH•) (Muller, Liu, 
& Van Remmen, 2004; Murphy, 2009). Since excessive, unbalanced ROS production 
(oxidative stress), causes damage to cell components such as nucleic acids, lipids, and proteins, 
cell homeostasis is sustained through a multitude of defense mechanisms, including enzymatic 
antioxidants (superoxide dismutases (SODs), catalase, glutathione peroxidases (GPx) and 
redox proteins, such as thioredoxin reductase, peroxiredoxins, and glutaredoxins. Partly, 
adaptation of these defense mechanisms to changes in environmental nutrients and the 
oxidative environment occurs by transcription factors, including the Nrf2/Keap and the Jun‐N‐
terminal Kinase (JNK)/AP‐1 systems (Han, Dong, Dimitropoulou, & Su, 2011; Lin et al., 
2016). Studies in various model systems have primarily focused on ROS as destructive agents, 
their antimicrobial action in neutrophils or macrophages and the defense systems protecting 
cells from oxidative stress. Yet, ROS production in aerobic organisms during steady state is 
primarily integrated as signal transduction molecules able to modulate critical biological and 
physiological processes (redox biology). 

1.2.2 Oxidative stress and its contribution to inflammation  

The intra-cellular immune sensors, e.g. NLRP3 inflammasome is closely associated with 
mitochondrial dysfunction in pathological and physiological circumstances (Patsi et al., 2008). 
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The inflammasome is a large protein complex that controls maturation of interleukin (IL) -1β 
and the activation of inflammatory caspases (Martinon et al., 2002). Several distinct 
inflammasomes have been identified, each with the capacity to recognize a wide range of 
stimuli, including damage-associated molecular patterns (DAMPs) and pathogen-associated 
molecular patterns (PAMPs), through their unique binding to pattern-recognition receptors 
(PPRs). As a result of recognizing stimuli and responding to PPR, the inflammasome assemble 
itself with adapter proteins, e.g. ASC, and recruit caspase-1 to activated functional 
inflammasome. NLRP3 is the best-characterized inflammasome, mainly because of its ability 
to response to a variety of stimuli. In innate immune cells, activation of the NLRP3 
inflammasome requires two signals; a priming signal that is necessary for the upregulation of 
NLRP3 and pro-IL-1β, and an activation signal that prompts NLRP3 to assemble the 
inflammasome complex. Several DAMPs such as ATP, alum hydroxide, silica crystals, urea 
crystals, nigericin as well as active infections with bacteria, viruses and fungi activate the 
NLRP3 inflammasome. How NLRP3 recognizes these different ligands and whether there is a 
common signal converging downstream of PAMPs and DAMPs required to activate NLRP3 
has been a longstanding question in the field. Some of the proposed common events 
downstream PAMPs and DAMPs are mitochondrial dysfunction and ROS generation. Several 
reports propose distinct mechanisms that explain the central role of mitochondria in the 
activation of the NLRP3 inflammasome. These studies provide mechanistic insight to explain 
how both mitochondrial dysfunction and gain-of-function mutations in NLRP3 can result in 
similar metabolic disorders in patients (Cassel, Joly, & Sutterwala, 2009; Licandro et al., 2013). 

Recently, several studies suggested that mitochondria might promote NLRP3 activation. 
Iyer et al. showed that cardiolipin on the mitochondrial outer membrane directly binds to the 
leucine rich repeats (LRR) of NLRP3 and activates the NLRP3 inflammasome (Iyer et al., 
2013). Knockdown of cardiolipin synthase resulted in a significant reduction in caspase-1 
activation and subsequent IL-1β release. Misawa et al. further showed that the reduced NAD+ 

induces α-tubulin-dependent assembly of mitochondria that ultimately promotes recruitment 
of ASC and NLRP3. This study clearly demonstrated that mitochondrial dysfunction-
associated reduction in NAD+ promotes NLRP3 inflammasome activation (Misawa et al., 
2015). Also, release of oxidized mitochondrial DNA activated NLRP3 inflammasome and 
promoted pyroptosis in macrophages (Zhong et al., 2018). 

 
In addition, ATP, nigericin and silica have been shown to activate NLRP3 and induce 
mitochondrial function changes accordingly (Nomura, So, Tamura, & Busso, 2015; Sadatomi 
et al., 2017). Antiviral signaling protein (MAVS) function was discovered to be connected to 
mitochondrial function and NLRP3 inflammasome (Subramanian et al., 2013). Even though 
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these pathways are shown as individual separate pathways they might be interconnected 
(Figure 1). 

1.2.3 Inflammasome activation and the DNA damage 

NLRP3 inflammasome activation has been described to induce DNA damage, but most 
of the studies were performed with immune cells. Macrophages and dendritic cells 
are the most common cell models used to study inflammasome-induced DNA damage and 
pyroptosis (Cookson & Brennan, 2001). In macrophages and dendritic cells, the NLRP3 
inflammasome is suggested to contribute to oxidative DNA damage, which leads to the 
consideration that general inflammasome activation could induce DNA damage and thereby 
achieve clearance PAMP or DAMP signals. On the other hand, DNA damage signaling is 
considered as a part of the DAMP signal network, possibly since nuclear DAMPs, including 
HMGB1, histones, and DNA, are the major components of chromosomes. However, details 
regarding DAMPs, inflammasome activation and their association to DNA repair processes 
remain unclear. NLRP3-related DNA damage has also been studied in epithelial cells (Berquist 
& Wilson, 2012). 

Zheng et al. found that low doses of crystal silica exposure induce NLRP3 inflammasome 
activation, ATX activation, DNA damage, and ATM activation in respiratory epithelial cells. 
Not only silica but also other DNA damaging agents activated ATX, and ATM inhibitors 

Plasma membrane 

Mitochondria and ER 

Nucleus 

Figure 1: The NLRP3 inflammasome is activated by DAMP and PAMP signals. DAMP/PAMP could damage 
mitochondria and DNA directly or indirectly by ROS production, and further lead to NLRP3 inflammasome 
activation. Damaged mitochondria (mito-DNA, cardiolipin, MAVS adaptor, mito-ROS) and nuclear DNA may 
also act as DAMPs enabling NLRP3 inflammasome activation. 
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attenuated this effect. Interestingly, inhibition of ATX reduced ATM and NLRP3 activation. 
These data indicate an ATM–ATX-dependent axis that regulate inflammation and DNA 
damage (Zheng, Högberg, & Stenius, 2017). Furthermore, NLRP3 inflammasome activation 
has been shown to induce oxidative DNA damage in several other types of models (Licandro 
et al., 2013; Tumurkhuu et al., 2016). On the other hand, ATM knock out mice were suffered 
from bacterial infections, and impaired inflammasome activation (Erttmann et al., 2017). These 
studies indicate crosstalk between DNA damage and inflammatory responses, but the 
mechanism requires further study. 

1.2.4 DNA damage and repair  

Oxidative stress induces activation of DNA damage response (DDR), which coordinates DNA 
repair processes to maintain genomic integrity. ROS induces several types of DNA damage 
such as base damage, DNA single-strand breaks (SSBs) and double strand breaks (DSBs) 
(Berquist & Wilson, 2012). The ataxia-telangiectasia mutated (ATM)-checkpoint kinase 2 
(CHK2) and ATM-the ataxia telangiectasia and rad3-related protein (ATR)-CHK1 checkpoints 
are the two major DDR sensors that are induced by oxidative DNA damage and initiate DNA 
repair processes (Chen, Li, & Asaithamby, 2012; Cimprich & Cortez, 2008). When ATM-
CHK2 dependent DDR is activated in response to DSBs, ATM is phosphorylated at Serine 
1981 and dissociates to a monomer to be fully activated. pATM (s1981) is recruited to the 
damaged DNA ends by the Mre11-Rad50-nbs1 (MRN) complex and activate into either 
monomeric or dimeric forms. An in vitro reconstitution analysis further revealed that the MRN 
complex stimulates ATM kinase activity toward its substrates, such as CHK2, p53, and histone 
H2AX. H2AX is phosphorylated at Serine 139 (γ-H2AX), one of the most common indicators 
of DSBs in experimental systems (Lee & Paull, 2005). The ATR-CHK1 pathway is activated 
by replication stress and other types of DNA damage, and ATR activation phosphorylates 
different downstream substrates, which are involved in nucleic acid metabolism, protein 
metabolism, and cell cycle control (Stokes et al., 2007; H. Zhao & Piwnica-Worms, 2001). 
CHK1 is phosphorylated at Serine-345 by ATR when cells are exposed to radiation, UV or 
exposed to hydrogen peroxide (Guo, Kumagai, Wang, & Dunphy, 2000). This activation leads 
to phosphorylated downstream substrates, such as Cdc25, and facilitates DNA damage repair 
(Sanchez et al., 1997). 

Both ATM and ATR pathways are activated by ROS-induced DNA damage .For instance, base 
excision repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR) are 
activated to assist repair of base pairs, while homologous recombination (HR) and 
nonhomologous end joining (NHEJ) repair strands breaks (Berquist & Wilson, 2012). The 
BER pathway has been suggested to be involved in repair of oxidative DNA damage under 
physiological quiescent conditions (Whitaker, Schaich, Smith, Flynn, & Freudenthal, 2017). 
The NER pathway is activated by diverse agents, e.g., chemotherapeutic drugs and UV 
radiation (Wu, Shell, Liu, & Zou, 2007; Wu, Shell, Yang, & Zou, 2006). NER involve 
recognition of DNA damage, incision at the damage site, excision of the damaged DNA and 
then synthesis and ligation of new oligomers (Wu et al., 2007). ATR kinase is required for the 
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GG-NER (global genome-NER) of UV-induced damage, such as 6-4 photoproducts (6–4PPs). 
Mismatch pairs due to damaged bases are recognized by MutSα (MSH2 and MSH6) and 
MutSβ (MSH2 and MSH3), which are required for the binding of MutLα (MLH2 and PMS2) 
and MutLβ (MLH2 and PMS1), respectively (Pabla, Ma, McIlhatton, Fishel, & Dong, 2011). 
MSH2, MSH3, and MSH6 may be phosphorylated by ATM/ATR. MSH2 associates with 
CHK2 while ATM associates with MLH1. ATM phosphorylates MLH1 (Brown et al., 2003). 
MSH2 recruits the ATR and CHK1 to the damaging sites (Franchitto et al., 2003).  

In NHEJ, the end resection involves the degradation of the 5′ or 3′ overhangs 
by either exonuclease or endonuclease activity and production of small microhomology regions 
that can facilitate end joining. When DNA resection is started, DNA dependent protein kinase 
(DNA-PKcs) recruits the complex with the endonuclease artemis. DNA-PKcs are subjected to 
auto-phosphorylation and activates artemis, followed by cleavage of DNA substrates in the 
boundaries between single-strand and double-strand DNA (Walker, Corpina, & Goldberg, 
2001; Yoo & Dynan, 1999). Artemis interacts with the FAT domain of DNA-PKcs, as well 
as with the DNA ligase 4. DNA ligase 4 and X-ray repair cross-complementing protein 4 
(XRCC4), which are the most central components of NHEJ (Riballo et al., 2004). XRCC4 
stimulates DNA ligase 4 enzyme activity. XRCC4-like factor (XLF) is a 33 kDa protein with 
weak sequence homology and structural similarity to XRCC4. The N-terminal head domain of 
XLF interacts with the N-terminal 5 head domain of XRCC4, and the XRCC4–XLF complex 
forms a sleeve-like structure around a DNA duplex before covalent ligation (Ahnesorg, Smith, 
& Jackson, 2006). More proteins are involved in NHEJ if the chemistry of the DNA ends 
requires further modification. For example, a 5′ DNA end lacking a phosphate requires 
phosphorylation by polynucleotide kinase (PNK). Human PNK is also a phosphatase, which is 
important for removing 3′ phosphates that can arise from some types of oxidative damage 
(Weinfeld, Mani, Abdou, Aceytuno, & Glover, 2011). Ligase 4 sometimes initiates, but does 
not complete, a covalent join, which may result in the formation of an intermediate or an 
aborted ligation product. The AMP group thereby remains covalently bound to the 5′ end of 
one but not the other DSB strand, the aprataxin is employed to catalyze the AMP group (Ahel 
et al., 2006). Therefore, the XRCC4 could further join the repair process (Koch et al., 2004; 
Weinfeld et al., 2011). 

Mutations in DNA repair pathways have been observed since 1970s and are often associated 
with carcinogenesis and cancer progression (Table 1). Increased levels of DNA strand breaks 
were also noted in these studies.  

1.3  MALE-DOMINATED CANCER TYPES AND ENVIRONMENTAL 
CARCINOGENS 

International cancer statistics indicate a higher cancer incidence in the males as compared to 
the females (Edgren, Liang, Adami, & Chang, 2012). Men have higher incidence in skin, lung, 
and kidney cancer. The influence of sex hormones, lifestyle, smoking, and occupational 
exposure to carcinogens are considered to contribute to the cause of male-gender difference in 
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cancer (Kirsch-Volders et al., 2010). In our previous study, we identified 68 ̔ male-specific ̕ and 
19  ̔female-specific ̕  carcinogens from 2-year rat cancer bioassays published in the National 
Toxicology Program (NTP) database (Kadekar et al., 2012). Our recent study analyzed from 
text-mining-based tool further suggested that oxidative stress is more associated with male-
specific rat carcinogens than with female-specific, indicating the essential role of oxidative 
stress in carcinogenic ̔mode of action̕ (MOA) (Ali et al., 2016). However, the cellular 
mechanisms associating sex hormones with carcinogenesis require further investigations, 
including potential hormone carcinogen interactions. 

1.3.1 Testosterone and oxidative stress 

Testosterone is male sex hormone that plays a key role in the development of male reproductive 
organ. Testosterone also has stimulatory effects on bones, muscles, erythropoietin, and brain 
tissue. However, emerging evidence show that testosterone is also involved in the development 
of e. g. heart, kidney, and liver diseases (Bain, 2007). Studies demonstrate that testosterone 
increases oxidative stress. For instance, Hamid et.al. showed that exogenous testosterone 
stimuli significantly reduced the activity of the antioxidant enzymes superoxide dismutase 
(SOD) and glutathione peroxidase (GPx) activities in mice with spinal cord injury (SCI) 
(Choobineh et al., 2016). Another study observed that testosterone induces apoptosis and 
increases mitochondria ROS in vascular smooth muscle cells (Lopes et al., 2014). Furthermore, 
in clinical treatment of female-to-male transsexuals (FtMs), addition of testosterone induced 
mitochondrial impairment manifested by decrease in mitochondria O2 consumption, membrane 
potential, and increase in ROS production (Victor et al., 2014). Interestingly, it was reported 
that mitochondria from female rats have higher expression of antioxidant genes than those from 
male rats. Oxidative damage in male rat mitochondrial DNA in was higher than that in female 
rats (Borras et al., 2003). 

In contrast, recent studies suggest that testosterone display a protective role in neuro system 
(Chisu et al., 2006; Toro-Urrego, Garcia-Segura, Echeverria, & Barreto, 2016). Similarly, 
testosterone also displayed a dual role for oxidative stress in muscles. Testosterone induced 
oxidative stress, which led to increase in muscle size, performance, and regeneration (Storer et 
al., 2017). On the other hand, when lower concentrations of testosterone were present, muscles 
were poorly regenerated and suffered from chronic inflammation in castrated mice and reduced 
skeleton muscle mass in humans (Anderson, Liu, & Garcia, 2017; Dalbo et al., 2017; Storer et 
al., 2017). 

As mentioned above, testosterone induces mitochondrial dysfunction and oxidative stress. In 
addition, testosterone has been shown to influence mitochondrial metabolism, which in turn 
promoted testosterone synthesis to maintain reproductive function (Semet et al., 2017). On the 
other hand, several chemicals, such as cadmium, lead, and arsenic, induce mitochondrial 
oxidative stress and apoptosis in sperm cells and resulted in reduced testosterone production, 
infertility, and developmental malformations in vitro and in vivo  (Ramos-Trevino, Bassol-
Mayagoitia, Hernandez-Ibarra, Ruiz-Flores, & Nava-Hernandez, 2018). Adversely, studies 
show that serum levels of testosterone were decreased in male type-2 diabetes patients and 
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Alzheimer patients (Bertram, Brixius, & Brinkmann, 2016; Xu, Xia, Song, Chen, & Wang, 
2016). The low levels of testosterone were associated with impaired mitochondrial function 
promoting insulin resistance. Testosterone was also observed to have anti-apoptotic effect in 
β-cell from rats (Morimoto et al., 2005), which in line with patient data. 

In summary, testosterone exhibits both protective and toxic effects related to oxidative stress 
and mitochondrial functions in different studies. Testosterone-induced oxidative stress is tissue 
specific and age-related (Vasconsuelo, Pronsato, Ronda, Boland, & Milanesi, 2011). 
Testosterone influences mitochondrial function by changing mitochondrial metabolism, 
oxidant balance, and by changing communication between the nucleus and mitochondria 
(Psarra & Sekeris, 2008). Yet, a more detailed knowledge of how testosterone communicate 
with mitochondria under different conditions requires further investigations. 

 

Table 1 Mutations in DNA repair pathway genes 

Mutated gene Diseases and symptoms Reference  

ATM 
Immunological defects, 
cancer and sterility 

(Erttmann et al., 2017; Frappart & McKinnon, 
2006) 

MRE11 Mild immunological defects 

(Andres, Schellenberg, Wallace, Tumbale, & 
Williams, 2015; Franchitto et al., 2003; Lee & 
Paull, 2005; Schlacher et al., 2011) 

NBS1 
Immunological defects and 
lymphoma  (Brown et al., 2003; Lee & Paull, 2005) 

ATR Growth defects 
(Cimprich & Cortez, 2008; H. Zhao & Piwnica-
Worms, 2001) 

LIG4 

Development/growth delay, 
immunodeficiency, 
lymphoma (Frappart et al., 2009) 
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2 RESEARCH AIMS 
Exposure of respirable crystalline silica particles (CSi) causes lung carcinomas, and many 
thousand future CSi-related cancer cases are expected in Europe.  One way to address this issue 
is to provide scientific data that can motivate a lowering of occupational exposure limits. The 
reasoning behind this thesis is that the current understanding of how CSi causes mutations tend 
to underestimate the risk at low exposure levels.  

The overall aim for this thesis was to investigate the CSi-induced inflammation and DNA 
damage in respiratory epithelial cells. We focused on the potential role of mitochondria, and 
the NLRP3 inflammasome and their contribution to DNA damage. This approach may lead to 
the establishment of suitable endpoints and test models that can be employed to define the 
lowest exposure levels that causes DNA damage in target cells, and thereby can be expected to 
drive cancer development. 

In paper I, we studied CSi-induced DNA damage in human lung epithelial cells and in mice. 
The role of NLRP3 inflammasome and its coupling to mitochondrial respiration was explored. 
In paper II, the role of ATX in CSi-induced DNA damage was studied using the same model 
systems. Finally, in a preliminary study, a possible functional interaction between testosterone 
and Absent in Melanoma 2 (AIM2), a dsDNA sensitive inflammasome, and its involvement in 
chemically induced DNA damage was addressed. 
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3 METHODOLOGICAL CONSIDERATIONS 
3.1   CRYSTAL SILICA PARTICLES 

3.1.1 Characterization of crystalline silica 

The crystalline silica particle (Min-U-Sil 5) was purchased from U.S. silica company, the 
characterization of crystalline silica particles was characterized as previously (Zheng et al., 
2017). The nominal diameter was 1.6 µm. In brief, specification of dynamic light scattering 
(DLS) and the zeta potential using a Malvern Zetasizer accomplished size distribution 
estimates. Particle dispersions were sonicated for 15 min before dilution in culture medium. 

In paper I, silica particles were proved negative for endotoxin and lipopolysaccharide (LPS) 
contaminations using the limulus amebocyte lysate (LAL) assay. The test is based on blood 
cells (amoebocytes) from the Atlantic horseshoe crab (Limulus polyphemus), which react with 
membrane constituents of gram-negative bacteria, such as bacterial endotoxin and LPS, at a 
low tolerance concentration. However, in agreement with the 3Rs, detection and quantification 
of endotoxins by amoebocyte lysates have in recent years, to a certain extent been replaced by 
a recombinant protein substitute factor (recombinant factor C). 

3.1.2 Cellular uptake of crystalline silica 

Transmission electron microscopy (TEM) is widely used to visualize the intracellular locations 
of the silica particles, and this method provides qualitative information about the intracellular 
location of the silica particles. In paper I, the TEM was used for evaluation of silica particles 
and timepoints for their interaction with cells, and for phagocytosis   In paper II, the crystalline 
silica exposure conditions were the same as in paper I. 

3.2   CELL MODELS AND ANIMAL MODELS 

3.2.1 Lung cell models 

A549 and 16HBEo- cells are originally from human lung epithelial cells and used as in vitro 
models in paper I and paper II. The purpose of an in vitro model is finding out relevant 
mechanistic information. Among the two cell lines, 16HBEo- cells are human bronchial 
epithelial cells immortalized by SV40 plasmid transformation (Zheng et al., 2017). This cell 
line is a widely used model for studying several lung diseases, including chronic obstructive 
pulmonary disease (COPD), asthma, and lung cancer. 16HBEo- cells remain most of the 
functions and morphology of normal bronchial cells.  

A549 in a standard lung cancer originated cell line, which is often used for toxicological 
assessment in vitro.    

3.2.2 Knock-out cell lines and overexpression NLRP3 WT/Mutant plasmids 

In paper I, RNA interference (RNAi) in 16HBEo- cells was accomplished by transfection of 
short interfering RNAs (siRNA), taking advantage of the Lipofectamine RNAiMAX 
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transfection reagent. However, experiments conducted to investigate the role of NLRP3 post-
transcriptional modifications by overexpression of the WT and mutant (S198A) proteins 
necessitated production of a stable knock-out cell line. For this purpose, 16HBEo- cells proved 
to be incompetent due to inefficacy of plasmid transfection. A549 cells (alveolar Type II 
epithelial cell line, ATCC CCL-185), on the other hand, exhibited superior acceptance of 
ectopic gene transfer and was therefore used as an alternative cell line.  NLRP3 knock-out in 
A549 cells was achieved by the Clustered Regularly Interspaced Short Palindromic Repeats-
associated protein 9 (CRISPR-Cas9) technology. The NLRP3 CRISPR target sites were: 
GCTAATGATCGACTTCAATG (gRNA1), GGCTGCATTCCCCCTCCGAG (gRNA2). An 
empty CRISPR plasmid served as a control. Briefly, plasmids harboring gRNA1 or gRNA2 
were transfected using Lipofectamine 3000 and subsequently, positive cells were selected by 
puromycin treatments. After 4-5 weeks, NLRP3 KO were characterized by functional tests, 
evaluating NLRP3 knock-out efficiency by western blotting and NLRP3 activation. The 
plasmids purification was performed with the MAXI prep kit. The transfection optimization 
was performed, but eventually, the data was not included in the final version of the publication. 

3.2.3 Mice inhalation models 

The animal experiments presented in this thesis were conducted according to Swedish 
governmental regulations and to principles stated in the Helsinki Declaration (the WMA 
statement on animal use in biomedical research). The studies conducted in papers I and II were 
under the ethical permit N55/15 from Stockholm ethics committee.  

Mice experiments were designed to evaluate the physical and pathological parameters in serum 
and lung tissue response to silica particle inhalation. Pathogen-free male C57BL/6 mice (8-12 
weeks old) were treated with a short isoflurane anesthesia and thereafter exposed to silica by 
intranasal instillation for the indicated dose and time, while the control mice were challenged 
with PBS. Thereafter the animals were deeply anesthetized and sacrificed. The blood samples, 
lung tissues and BAL samples were used in paper I and II.  

3.3   CELL VIABILITY ASSAYS 

Determining cell cytotoxicity can be accomplished by measuring the activity of stable 
cytoplasmic enzymes released by rupture of plasma membranes, which occurs during late 
apoptosis, necrosis, and other forms of cellular damage. The lactate-dehydrogenase (LDH) 
assay detects the release of LDH into the extracellular environment. Enzyme activity in sample 
supernatants is quantified by using the NADH produced during the transition of lactate to 
pyruvate. Reduction of a compound in a coupled reaction thereby enables colorimetric or 
fluorescent analyses.  

Further evaluations of the cell viability were completed by flow cytometry analyzes of annexin 
V and propidium iodide (PI) staining. In brief, the membrane phospholipid phosphatidylserine 
is translocated to the outer leaflet of plasma membranes in early cellular apoptosis stages. 
Phosphatidylserine thereby become accessible to fluorescent Annexin V, which bind with high 
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specificity. Under necrotic conditions, on the other hand, cells are permeable to PI, which enter 
cells and bind DNA with high affinity.   

In paper I, both the LDH assay and Annexin V/PI staining were performed to rule out acute 
cytotoxic effect, which might have occurred in response to silica over-dose. While in paper II, 
since the time and dose setting were like experiments performed in the paper I, cell viability 
assays were completed as controls, but eventually, data was not included in the final version of 
the publication. 

3.4   CELLULAR ROS AND MITOCHONDRIAL ROS ASSAYS 

Excess production of ROS (oxidative stress) lead to damage of cellular components and 
eventually cell termination. However, subtle changes in levels of oxygen radicals during steady 
state contribute to signaling pathways which are vital for cell survival (redox biology).  
Accurate monitoring of ROS in living cells thus serve as an important indicator, both for 
physiological and pathological cell status. Roughly, oxygen radicals are divided by their origins 
of production, mitochondrially derived ROS and ROS produced from other cellular sources. 
Multiple methods have been developed for detection of both types, and for specific radical 
species (Y. Zhang, Dai, & Yuan, 2018). In paper I and II, Mitochondrial ROS production was 
assessed with the fluorescent Mito SOX red probe, while total ROS production was evaluated 
by taking advantage of the cell-permeant 2',7'-dichlorodihydrofluorescein diacetate 
(H2DCFDA) probe, a chemically reduced form of fluorescein. Analysis was accomplished by 
a fluorescence micro plate reader and by normalizing with sample protein content. In contrast 
to H2DCFDA, which is a broad indicator with respect to different radicals, Mito SOX 
accumulates in mitochondria and emits fluorescence by superoxide oxidation specifically. Yet, 
since the probe have been reported to disrupt the mitochondrial electron transport chain, 
reliable data interpretation necessitates low probe concentrations (Roelofs, Ge, Studlack, & 
Polster, 2015). In paper I, direct oxidation of the H2DCFDA probe by silanol groups on silica 
particle surfaces was excluded by cell free assays. 

3.5   FLOW CYTOMETRY: MITOCHONDRIAL MEMBRANE POTENTIAL 
ASSAYS  

Flow cytometry allows for performing multiple measurements with a fluidics system that 
collects and evaluates single cells. In a flow cytometer, a laser beam collides with the cells and 
allows for target size specification (cells, particles, or debris) via light scattering (forward 
scatter and side scatter). Emission fluorescence signals are collected by detectors, which allows 
for cell analysis (Bakke, 2001).  

Mitochondrial membrane potential is widely used as an indicator for mitochondrial function 
and cell status. We used different dyes to evaluate the mitochondrial membrane potential.  In 
paper I and II, we employed JC-1 and TMRE to staining mitochondrion. Both JC-1 and TMRE 
are positive charged cationic dyes, which accumulate into mitochondria and enable analysis of 
mitochondrial membrane potential in a concentration-dependent manner. When JC-1 is 
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accumulated into mitochondrion, it starts forming reversible complexes named J aggregates 
which are distinguished in fluorescence ex/em compared to monomers. Thus, by JC-1  
fluorescence intensity ratio between J-aggregates and J-monomers are used to evaluate 
mitochondrial membrane potential changes via FACs in practice (Murphy, 2008). TMRE 
function by a similar principle as JC-1, but only accumulates in healthy mitochondrion, serving 
as a good indicator to determine overall percentage of  cells with depolarization mitochondrion 
(Murphy, 2008). 

16HBEo- cells showed better sensitivity when they remained attached in 96-well-plates as 
compared to the FACs method. Therefore, we included data using JC-1 with FACs while 
TMRE was performed with a fluorescence plate reader to assess mitochondrial membrane 
potential.     

3.6   PROXIMITY LIGATION ASSAY  

The proximity ligation assay (PLA) allows for endogenous detection of protein interactions. In 
paper I, two primary antibodies raised in different species, targeting two potentially interacting 
protein pairs, were used. Next, in case of close proximity between primary antibody binding 
sites, oligonucleotide-labelled secondary antibodies are connected by short oligos, and 
detection of protein interaction can be accomplished by ligase dependent formation of a circle 
DNA template and rolling-circle amplification (RCA).  The PLA in paper I was performed 
using the Duolink detection kit according to the manufacturer’s protocol. Red fluorescence 
spots in individual cells indicated close proximity between NLRP3 and TOM20; ERCC4 and 
LIG4. Quantification was performed by counting of red spots in at least 50 cells from three 
individual experiments. 

3.7   IMMUNOCYTOCHEMISTRY (ICC) AND 
IMMUNOHISTOCHEMISTRY (IHC) 

ICC is currently the best way to locate a target protein in cells. ICC is usually performed in 
four sequential steps: the cells are seeded on a solid support (cover glass); followed by fixation, 
permeabilization and antibody incubation. The cells are then visualized under a fluorescent 
microscope using analysis software. A similar principle is used for IHC. However, before the 
primary antibody of interest is applied, thickness of the tissue section, fixation and embedding 
systems are carefully considered for. In paper I, ICC was used to analyse protein co-location 
and DNA damage foci. In paper II, ICC was used to reconstruct the 3D model of F-actin, and 
IHC was used to assess ATX location and DNA damage markers. 

3.8   DNA DAMAGE AND REPAIR ASSESSMENT   

3.8.1 Molecular pathway activation 

Double strand breaks are the most threatening type of DNA damage, which may promote 
genomic instability. The Ser-139 phosphorylated histone H2AX (γH2AX) are involved in 
signaling and initiation of the DNA repair process. In paper I and II, γH2AX and pCHK2 
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staining were used to confirm activation of the molecular signaling pathways occurring in 
response to double strand breaks. 

3.8.2 Co-localization analysis and the PLA assay 

γH2AX form nuclear foci when encountering DNA strand breaks. Thus, in paper I and II we 
used confocal microscopy to assess γH2AX foci as conformation for Western blot analyzes. 

XRCC4 and LIG4 are essential proteins, which form repair complex in activation of the NHEJ 
pathway. Thus, co-localization and PLA assay were used together to support NHEJ repair 
pathway activation. 

3.8.3 Comet assay  

The comet assay is a well-established method for single cell quantification of DNA breaks.  In 
paper I and II, cells were embedded in agarose under alkaline conditions leading to plasma and 
nuclear membrane ruptures. Electrophoresis and incorporation of SYBR Green into genomic 
DNA subsequently allowed scoring of DNA damage by measuring the comet tail in individual 
cells (tail fluorescence intensity/total intensity). Using alkaline pre-treatment of samples, both 
double- and single-strand breaks, as well as alkali labile sites, e.g., oxidized bases, alkylated 
sites and intermediates in based excisions repair are detected. The comet assay is considered to 
be a method with high sensitivity, which avoid false positive results from diploid mammalian 
cell.    

3.9   INFLAMMASOME ACTIVATION ASSESSMENT  

The NLRP3 inflammasome is activated by diverse stimuli, including mitochondrial 
dysfunction and production of oxygen radicals, lysosomal destruction, and ionic flux, stress 
signals which lead to production of PAMPs or DAMPs. Downstream events involve 
recruitment of ASC and NF-κB activation, the latter which promotes NLRP3 and pro-IL-1β 
expression (Kelley, Jeltema, Duan, & He, 2019). In paper I, western blotting methodology was 
used to analyze increased protein expressions of NLRP3 and pro-IL-1β, serving as markers 
inflammasome activation. In addition, western blotting confirmed intracellular maturation of 
IL-1β, proteolytic cleavage of caspase-1 and extracellular release of IL-1β, occurring as a rapid 
response to silica exposure in cultured lung epithelial cells. As NLRP3 and ASC complex 
formation precedes recruitment and activation of pro-caspase-1, co-localization studies by 
immunocytochemistry targeting NLRP3 and ASC was used. Besides, the PLA assay visualized 
translocation of NLRP3 to mitochondria by targeting of NLRP3 and translocase of outer 
membrane 20 (TOM20). 
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4 RESULTS 
4.1  PAPER I CRYSTALLINE SILICA PARTICLES CAUSE RAPID NLRP3-
DEPENDENT MITOCHONDRIAL DEPOLARIZATION AND DNA DAMAGE IN 
AIRWAY EPITHELIAL CELLS 

Employing 16HBEo- cells, we first confirmed the NLRP3 inflammasome activation resulting 
from crystalline silica exposure (5 µg/cm2) with NLRP3 and ASC co-location, the cleavage of 
caspase-1 and IL-1β production and release. This was seen with 10min. To further investigate 
the mechanism behind the rapid NLRP3 inflammasome activation, mitochondrial ROS and 
membrane potential were studied. Interestingly, we confirmed the mitochondrial membrane 
potential change-depolarization from 10min till 1h crystalline silica treatment, while the 
mitochondrial ROS and total cellular ROS increased after 1h treatment, which suggested that 
mitochondrial membrane potential change was responsible for the NLRP3 activation at early 
stages.   

The mitochondrial membrane potential change and NLRP3 activation pathways overlapped in 
several aspects. To illustrate how mitochondrial depolarization and NLRP3 inflammasome 
activation connected, we investigated several different aspects. FCCP was employed to clarify 
the mitochondrial depolarization level and to which extent that could interact with NLRP3 
inflammasome. Combine with the Mito SOX Red probe, we found a window between 
mitochondrial ROS and depolarization, which suggested that the silica-induced mitochondrial 
depolarization might be directly linked to NLRP3 inflammasome activation. On the other hand, 
we also performed several different control experiments to roll out potential ‘background 
noisy’, for examples: LDH release, Annexin V and PI staining assay. Also, we performed the 
mitochondrial membrane potential assays in 16HBEo- cells with aluminum particles, which is 
commonly used as adjuvant. The aluminum particles also activated NLRP3 inflammasome, 
but mitochondrial depolarization was not observed from these experiments.  

We continued by analyzing the induction of DNA damage in cellular. To illustrate the DNA 
damage level and NLRP3 inflammasome activation, we performed siRNA experiments in 
16HBEo- cells and also in CRISPR-Cas 9 knock-out A549 cells. Employing Western blot and 
Comet assay, we observed that these pretreatments attenuated γH2AX and pCHK2 responses 
to silica or FCCP. This suggested a coupled response between DNA damage and NLRP3 
activation. To further confirm this response, camptothecin and MCC950 were employed. 
Camptothecin could reduce DNA repair due to topoisomerase inhibitory effect, while MCC950 
is a NLRP3 inflammasome activation inhibitor.  MCC950 reduced silica- or FCCP- induced 
DNA damaged, measured as tail percentage in Comet assay or as γH2AX nuclear foci in 
16HBEo- cells. NLRP3 knock-out cells failed to respond differently in the camptothecin 
treatment. We concluded that NLRP3 inflammasome activation is essential for silica-induced 
DNA damage response. 
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NLRP3 inflammasome translocation to mitochondrion has been observed in several studies, 
and this suggested a potential mechanism to affect mitochondrial depolarization and NLRP3 
inflammasome activation. Thus, we performed co-localization and PLA assay between 
TOM20 and NLRP3 to confirm translocation in silica-treated 16HBEo- cells. Furthermore, 
cyclosporine A (CsA) was used as mitochondrial membrane potential stabilizer and we found 
that CsA prevented the DNA damage. Taken together, silica-induced DNA damage rely on 
NLRP3-dependent mitochondrial depolarization. 

Phagocytosis of silica particles is well-studied, and it’s assumed to be an initiation step. 
However, most of the studies were based on macrophages. To confirm a phagocytosis process 
in epithelial cells, TEM was used. Silica particles were seen in contact with the cell membrane 
from 5min, and the particles were discovered in the cytoplasmic area at 30min. These findings 
suggested that the NLRP3 inflammasome was activated before silica particles enter the cells. 
Combined with the study from Song N et al. we hypothesized that crystalline silica activates 
NLRP3 inflammasome via phosphorylation of NLRP3 on s198 early during early during the 
phagocytosis. Thus, we examined pNLRP3 levels in silica-treated 16HBEo- cells and 
confirmed that the increased phosphorylation could be inhibited by JNK inhibitor VIII. We 
also employed a position mutant plasmid to confirm the s198 phosphorylation.  These data 
suggest that silica particles in contact with the cell membrane may activate JNK1 and then 
phosphorylated NLRP3, which translocate to mitochondrion and change the mitochondrial 
membrane potential to further contribute to DNA damage. 

With the literature tool LION, we found that ligase 4 (LIG 4) and NHEJ can be involved as a 
results of DNA damage response from NLRP3 activation, so we investigated silica-induced 
NHEJ repair pathway by using both confocal co-localization and PLA-assay. XRCC4 and LIG 
4 were confirmed co-localization in both methods in WT A549 cells, while NLRP3 KO cells 
or MCC950 treatment reduced the co-localization.  

AIM2 inflammasome has been shown to function as DNA damage sensor which has not been 
reported to be phosphorylated by JNK1. We detected silica induced AIM2 levels, confirming 
the DNA damage effects of silica.   

Taken together, we established a model in vitro to illustrate how crystalline silica particles 
activated inflammation response and caused DNA damage in epithelial cells, which also 
triggered NHEJ repair pathway and may contribute to error repair of DNA.  To further confirm 
the relevance of our cell models, we transferred the system to mice.  To illustrate the 
inflammation in lung and at a systemic level, we used several markers.  NLRP3, pCHK2 and 
γH2AX were used for lung tissue to demonstrate inflammation and DNA damage, while ATX, 
CC10 were used as lung tissue serum and BAL markers. GPRC5A was used as marker for 
distal parts of the respiratory lung epithelium. In summary, these markers were rapidly and 
significantly increased in crystalline silica particle exposed mice, which is in line with our in 
vitro model. 
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4.2 PAPER II CRYSTALLINE SILICA PARTICLES RAPIDLY DAMAGE THE 
RESPIRATORY EPITHELIUM: ATX SECRETION, MITOCHONDRIAL 
DEPOLARIZATION, RAC1 ACTIVATION AND DNA DAMAGE 

We used ATX as a systemic inflammation marker in our previous in vivo model, though we 
did not discuss the role of the ATX release in the crystalline silica model. Here, we 
hypothesized that crystalline silica particles induced ATX secretion and contributed to DNA 
damage. To confirm the hypothesis, we first investigated whether crystalline silica induced 
ATX release and how fast the releasing was. Indeed, the crystalline silica particles not only 
increased extracellular ATX levels at 3min in 16HBEo- cells, but also enhanced DNA damage 
which were confirmed with two different types of ATX inhibitors, HA130 and PF8380. 
Interestingly, both inhibitors counteracted the silica induced depolarization in 16HBEo- cells, 
which is in line with earlier published data, and consistent with the hypothesis that ATX-LPA 
axis is involved in crystalline silica particles induced rapid DNA damage. ATX is an enzyme, 
which was shown to have lysophospholipase D activity, so we further examined LPA which is 
produced from LPC by ATX enzyme activity. The literatures states that LPA 18:1 is one of the 
major products of ATX, and its biological activation half-life is 3mins. We found increased 
γH2AX levels and DNA damage in comet assay, which suggested that LPA could induce DNA 
damage. To further confirm that crystalline silica particles could induce DNA damage with the 
same pathway, as we employed Ki16425, an LPA receptor inhibitor. We found that Ki16425 
could prevent depolarization as well as reduce DNA damage in silica exposed 16HBEo- cells. 
Taken together, crystalline silica particles could rapidly increase ATX secretion in 16HBEo- 
cells and released ATX could convert LPC to LPA which contributed to mitochondrial 
depolarization and DNA damage. 

LPA has been shown to enhance mitosis, cell motility and angiogenesis, and is well known to 
affect the Rho family of small GTPases, including Rho A and Rac1 (Y. Zhao & Natarajan, 
2013). Besides, Rac1 is a major component of the NOX1/2 NADP(H) oxidases, which is 
involved in oxidative stress events (Bengtsson, Orselius, & Wettero, 2006). We thus 
hypothesized that Rac1 might be activated and contributing to DNA damage. To testify the 
hypothesis, we performed experiments from three different angles. First, we used Rac1 activity 
kit to pull down GTP-bound Rac1, and this approach indicated that Rac1 was activated. To 
further confirm the activity, we examined the F-actin filaments. When Rac1 is activated, the 
cell skeleton will reassemble and affect membrane ruffling. We observed ruffling at 3min, 
confirming a Rac1 activation. In a third approach, we tested NSC23766, a Rac1 inhibitor. We 
found that NSC23766 prevented silica-induced mitochondrial depolarization in 16HBE cells, 
as well as DNA damage responses. Following the clues we got from the experiments above 
and the literatures, we checked whether the antioxidants NAC and MitoTempo could prevent 
depolarization induced by silica. We found that both antioxidants prevented depolarization. 
Taken together, these data implicate Rac1 activity in silica induced ATX signaling and Rac1 
might contribute to later inflammatory responses.  

 In paper I, we documented that ATX was secreted into blood and BAL from mice after silica 
inhalation. Thus, we further performed immunohistochemistry to examine ATX and 53BP1 in 
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lung slides from exposed mice. We found increased staining intensity for ATX from 5min till 
2hours. Particularly, the ATX was localized close to the luminal side of lung epithelium, and 
with increasing time, the staining showed small protrusions of the apical plasma membrane and 
even bulging into the bronchiolar lumen.  53BP1 is involved in double strand breaks and in 
DNA damage signaling pathways, 53BP1 staining intensity was significantly increased at 
10min and time points. These data indicate that crystalline silica inhalation rapidly activated 
the ATX-LPA signaling pathway in bronchial epithelium and that it was associated with DSBs 
in the same cell type. 

4.3 PRELIMINARY DATA: DOES TESTOSTERONE ENHANCE CHEMICAL-
INDUCED DNA DAMAGE THROUGH AIM2 INFLAMMASOME ACTIVATION? 

 

4.3.1 Testosterone enhances chemical-induced mtROS levels  

We investigated the effect of different chemicals on mitochondrial ROS (mtROS) generation 
in the liver cancer cell line HepG2. As shown in Fig. 1, mtROS levels were significantly 
increased at 30min after arsenic, nickel, or UVC exposure.  It started to decrease after 1 h. 
However, addition of testosterone prolonged the mtROS level after 1h and remained high at 
3h. Similar effect was observed in Panc-1 cells (Fig.1B). Mitochondrial ROS level was 
decreased in cells pre-treated with MitoTempo, an antioxidant inhibiting mitochondrial ROS 
production (Fig. 1C). These data indicate that testosterone enhances mtROS generation 
induced by arsenic, nickel and UVC in HepG2 and PANC-1 cells.   

4.3.2 Testosterone enhances chemical-induced DNA damage response (DDR) and DNA 
strand breaks. 

Arsenic is known to induce DNA damage. We investigated its dose-dependency in HepG2 
cells. As shown in Fig.2A, arsenic in sub micromolar concentrations induced activation of the 
DNA damage response marker, γH2AX. We selected 10µM as the dose for the rest of the 
experiments. Next, we analyzed the effect of testosterone on DNA damage. Fig. 2B shows that 
arsenic increases γH2AX level after 30min and at 3h. Pretreatment with testosterone of arsenic-
exposed cells further elevated the level of γH2AX.  Comet assay, which detects DNA strand 
breaks, confirmed that DNA damage was induced (Fig. 2C). Similar effect on DNA damage 
induced by nickel was observed through Comet assay (Fig. 2D). UVC-induced DNA damage 
was prolonged by testosterone pretreatments (Fig. 2E). Furthermore, inhibition of mtROS 
generation by MitoTempo reduced testosterone- and arsenic-induced DNA damage (Fig. 2F). 
These data are line with previous studies indicating that testosterone increases oxidative stress 
(Ide et al., 2012).  

4.3.3 Testosterone enhances Arsenic-induced AIM2 inflammasome activation. 

Studies have demonstrated that chemicals induce mtROS generation and inflammasome 
activation, which leads to cytokine release. Our previous studies have showed that silica 
particles induced mitochondrial membrane depolarization and NLRP3 inflammasome 
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activation. We also documented a silica induced AIM2 activation. Arsenic was showed to 
increase cytokine release in skin cells through activation of AIM2 (M. Zhang et al., 2016). 
AIM2 is a sensor detecting cytosolic or nuclear DNA (Hu et al., 2016). Thus, we investigated 
the effect of testosterone and arsenic on AIM2 inflammasome activation. Fig. 3 shows that 
arsenic or nickel increased the level of AIM2 at 3h. Testosterone pretreatment on its own 
induced AIM2 expression. In combination with arsenic or nickel there was also an increased 
AIM2 expression at 30 min and 3h (Fig 3A and 3C) even if the additivity was uncertain. 
Cytokine IL-8 levels were also increased by pretreatment with testosterone and levels were 
further increased when combined with chemicals (Fig 3B). The increased IL-8 levels are 
consistent with AIM2 inflammasome activation (Fig. 3B). Interestingly, MitoTempo addition 
reduced both the cytokines release induced by testosterone and chemicals (Fig. 3B) and the 
AIM2 expression (Fig. 3C).  

Next, we investigated the interaction of AIM2 and mitochondria. Fig. 3D shows that arsenic 
mediated co-localization of AIM2 and mitochondria at 3h and that testosterone increase the co-
localization at 30min and 3h. MitoTempo clearly reduced the co-localization of AIM2 and 
mitochondria, suggesting a role for mtROS in AIM2 activation. These data suggest that 
testosterone increases AIM2 activation and recruitment to mitochondria through increasing 
mtROS generation.  They also raise the question if AIM2 has a role in DNA damage induction. 
However, more experiments are needed to confirm these data and to support a role for AIM2. 
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Fig.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Testosterone enhances chemical-induced mtROS levels. A. HepG2 cells were pretreated with 
testosterone (100nM) overnight and thereafter treated with Arsenic (10µM), Nickel (10nM), UVC (5J/cm2) for 
time indicated. Mitochondrial ROS generation was measured. B. Panc-1 cells were treated with the same chemicals 
and were analyzed by mitochondrial ROS. C. HepG2 cells were pretreated with MitoTempo (10 µM) for 1h and 
thereafter with testosterone overnight and Arsenic for times indicated. Mitochondrial ROS generation was 
measured. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to chemical-treated cells, as determined by ANOVA. 
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Fig. 2 Testosterone enhances chemicals-induced DNA damage in HepG2 cells. a. HepG2 cells were treated 
with different doses of Arsenic for three hours. b. HepG2 cells were pretreated with testosterone (100nM) 
overnight and thereafter treated with Arsenic (10µM) for time indicated. Western blot analysis for γH2AX. c, 
Comet assay analyzed DNA damage from cells from b. d. Comet assay analyzed DNA damage from cells treated 
with Nickel (10nM). e. Western blot analysis for γH2AX from HepG2 cells pretreated with testosterone and 
thereafter treated UVC (5J/cm2) for time indicated. f. Western blot for γh2AX from HepG2 cells pretreated with 
mito Tempo and testosterone and thereafter treated with Arsenic (10µM) for time indicated. 
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Fig. 3 Arsenic induces AIM2 inflammasome activation. A. Western blots analysis for AIM2 levels in 
HepG2 cells pretreated with testosterone (100nM) overnight and thereafter treated with Arsenic (10µM) or 
Nickel (10nM) for times indicated. B. Supernatants from A were collected to measure IL-8 level. C. Cell 
lysate from cells with similar treatment in B were analyzed for AIM2 by Western blot. D. Cells with similar 
treatment as in C were stained with Tom20 and AIM2. Confocal images showing co-localization of AIM2 
(green) and Tom20 (red).  
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5 GENERAL DISCUSSION 
Crystalline silica exposure, in the form of quartz, has a clear association with lung cancer, and 
it has been estimated that a stricter regulation of crystalline silica exposure may save a 
considerable portion of occupationally related cancer cases in EU (Cherrie et al., 2017). One 
aim of our studies was to provide new scientific support for lowering the occupational exposure 
limit (OEL) (0.1mg/m3) for silica in EU and Sweden. 

5.1 Crystalline silica dose and exposure relevance 

Crystalline silica particles exposure has occurred in whole human history. Lung dysfunction 
from crystalline silica particle exposure, which is now believed to have been silicosis, was 
recorded already in the 15th century (Donaldson & Seaton, 2012). However, the crystalline 
silica particle is regarded as a so called ‘threshold carcinogen’ which indicate that when the 
exposure is below the threshold, no cancer cases are to be expected. In the terms of OEL, it 
means that it is desirable that the OEL is lower than the threshold. In other words, if it could be 
convincingly shown that a critical effect, such as DNA damage, is induced at exposure levels 
below 0.1mg/m3, such data can be used for supporting to lower the OEL.  

According to the Exposure Factor Handbook from EPA, the OEL (0.1mg/m3) could be used to 
roughly estimating exposure dose and time which equals 144µg/month exposure amount 
(EPA., 2011; United States. Environmental Protection Agency. Office of Research and 
Development. National Center for Environmental Assessment., 2011).    

  

Data in this thesis confirm that crystalline silica is regarded as a threshold carcinogen. We have 
not produced any data suggesting a lowering of the OEL, but we think our data can guide the 
design of future studies aimed at establishing such data. This is because our data describe 
sensitive endpoints for low doses/exposures, and in vivo short term inhalation models that can 
be used for producing such data. We thus suggest that our data are used to guide the design of 
future dose-effect studies of crystalline silica. 

There are several reasons for initiating such studies. We found that crystalline silica rapidly 
induced DNA damage and it seems possible that these rapid effects have been missed in 
previous studies, which generally are longer exposure studies or more long-term studies. We 
used lower doses in our in vitro studies than in previous similar studies. We detected DNA 
damage as a direct effect of crystalline silica exposure of target cells, whereas previous studies 
have focused on indirect effects in epithelial cells in much more complex model designs 
involving co-exposures with stimulated macrophages  (P. J. Borm, Tran, & Donaldson, 2011; 
P. J. A. Borm, Fowler, & Kirkland, 2018). Our data also suggest effect markers that might be 
selective for epithelia in small or terminal bronchioles, where the effect of crystalline silica is 
expected to be most sever due to low or absent cilia activity (P. J. Borm et al., 2011; P. J. A. 
Borm et al., 2018). This means that selective effects in these sensitive parts of the lung might 
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have been missed due to dilution when the lung was homogenized for analysis. The 
combination of in situ (confocal microscopy) and serum/BAL markers in mice provide good 
opportunities for detecting DNA damage, even in very localized areas of the bronchial three. 
Moreover, the fact that we showed an involvement of NHEJ repair support the notion that the 
DNA damage detected in our model systems leads to mutations and carcinomas. 

Based on our present findings, we argue that rigorous dose-effect studies using endpoints and 
mice in the same way as we did, should be performed. We suspect that much lower exposure 
levels than we used will give ample evidence of DNA damage. Such data might then be 
followed up by additional studies of mutagenicity using modern computerized techniques 
(Kucab et al., 2019). Exposure levels lower than 0.1 mg/m3 may well prove effective, and if 
so, such future studies may give strong arguments for a lower OEL. 

5.2 Different inflammasomes roles as DNA/RNA fragments sensor  

The NLRP3, AIM2 and interferon-γ-inducible protein 16 (IFI16) inflammasomes have been 
shown to sense DNA fragments in the cytoplasm, as summarized in Table 2. However, the 
difference between those inflammasomes remains unclear. In paper I, the AIM2 protein level 
was found to be increased in response to CSi, but it was increased later than NLRP3 protein 
level. This indicates that AIM2 most likely sensed DNA fragments in the cytoplasm. However, 
the role of DNA fragments and the activation of AIM2 in crystalline silica model requires 
further investigation. Another question is why AIM2 and NLRP3 inflammasomes were 
activated by the same stimuli. Do they act in concert, or do they have differing roles?  

NLRP3 overexpression suggested that NLRP3 could enhance DNA strands breaks and increase 
NHEJ DNA repair pathway activity, which is in line with NLRP3 being tumor promotive. The 
NHEJ DNA repair pathway is considered as the most error-prone type of DNA repair, but to 
confirm a role in carcinogenesis, the cell fate after DNA repair must be investigated. Moreover, 
when overexpressing NLRP3 WT or mutant plasmids, the DNA damage was increased in a 
plasmid-dose dependent manner. This data might be explained by the fact that NLRP3 was 
suggested to commit self-activation by PYD domain interaction, during stimuli lacking 
environmental cues (Juliana et al., 2012).  When NLRP3 encounters stimuli, CSi in this case, 
the self-activation might explain why an amplified inflammasome caused DNA damage.    

It has been widely reported that crystalline silica may induce sustainable inflammation in lung 
tissue in vivo and in vitro, which clearly contributed to lung cancer with poor prognosis. NIOSH 
suggested potential mechanisms, which linked tumor-associated inflammation cells and micro-
environment to oxidative stress and chronic inflammation. However, chronic inflammation 
lacks reliable markers to be used as prediction tools. 

Crystalline silica also triggered ATX secretion in paper II. We found that ATX was released 
into the blood and the bronchial lumen in vivo within 5min, indicating a very rapid response. 
ATX has a capacity to lead and recruit leukocyte to the inflammation cite (Hama et al., 2002). 
To achieve this, LPA which is the product of ATX activity, could alter endothelial cells and 
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smooth muscle cell structure to facilitate leukocyte passage (Y. Zhao & Natarajan, 2013). On 
the other hand, LPA could enhance DNA damage via activated Rac1, to further engulfment of 
the crystalline silica particles, to altered mitochondrial function and redox level, which might 
enhance inflammation. (Payapilly & Malliri, 2018) (Shi et al., 2016). In our model, ATX 
secretion exhibited a potential to be used as a fast inflammation response marker, but if ATX 
could be used as a tumor-associated inflammation marker requires further investigation. To 
what extent the effect was specific for CSi particles also remains to be studied. 

Table 2 Inflammasomes with DNA sensors function 

Name DNA/RNA sources Binding 
domain 

Activation role Reference 

NLRP3 Oxidized mitochondrial DNA, 
bacterial RNA, virus RNA 

? IL-1β, IL-18 (Shimada et al. 2012; 
Kailasan Vanaja et al. 
2014) 

AIM2 dsDNA, bacteria, viruses, 
fungi, protozoa 

HIN-200 IL-1β, IL-18 (Jones et al. 2010; Man et 
al. 2015; Meunier et al. 
2015; Storek et al. 2015) 

IFI16 DNA virus (in nucleus), 
bacteria 

? IFNs, IL-1β, 
IL-18 

(Man et al.2015; Storek et 
al. 2015; Unterholzner et 
al. 2010; Kerur et al. 2011) 

Unpublished or unknown data is marked with question marker (?) 
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6 CONCLUSIONS AND PERSPECTIVE POINTS 
This thesis discussed a novel mechanism for crystalline silica induced inflammation and DNA 
damage in human lung epithelium.  

In paper I, we found that low a dose crystalline silica (5µg/cm2) could rapidly (within 10min) 
induce DNA damage and NLRP3 inflammasome activation in lung epithelial cells. The effect 
involved a phosphorylation of S198 in NLRP3 and led to mitochondrial depolarization. NHEJ 
DNA damage repair pathway was activated as results of crystalline silica induced NLRP3 
activation and DNA damage. 

AIM2 inflammasome was shown to be involved in the DNA damage response. However, the 
role of AIM2 inflammasome remains unclear. NHEJ repair is known to be error-prone and may 
thus result in mutations. To further clarify if the effects we documented may impact the 
carcinogenesis of crystalline silica, additional studies are needed. 

In paper II, we showed that ATX was secreted from lung epithelial cells after crystalline silica 
stimuli (within 5min), and LPA could activate Rac1 to achieve enhance DNA damage 
accumulation, to promote particle uptake and contribute to mitochondrial dysfunction. 

Taken paper I and II together, it was indicated that crystalline silica induces serious DNA 
damage in lung epithelium. This damage may initiate and promote lung cancer development 
(see figure 2). In risk assessment and in the absence of better data, the lowest dose that causes 
DNA damage in target cells might be used as starting point for deriving acceptable exposure 
limits. And it seems possible that the in vivo endpoints and models used in this thesis have the 
potential to be more sensitive to silica than previously used endpoints. It is thus suggested that 
our data are followed up by rigorous dose-effect studies in mice. It is possible that such studies 
may reveal a sensitivity to inhaled silica that motivates e.g., lowered occupational exposure 
limits. 
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Figure 2: All the responses are depicted in accordance with the crystalline silica exposure time in 
16HBEo- cells (The question marker stands for data from literature required to be investigated) 
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