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Abstract

:

In cells, oxidative stress is an imbalance between the production/accumulation of oxidants and the ability of the antioxidant system to detoxify these reactive products. Reactive oxygen species (ROS), cause multiple cellular damages through their interaction with biomolecules such as lipids, proteins, and DNA. Genotoxic damage caused by oxidative stress has become relevant since it can lead to mutation and play a central role in malignant transformation. The evidence describes chronic oxidative stress as an important factor implicated in all stages of the multistep carcinogenic process: initiation, promotion, and progression. In recent years, ambient air pollution by particulate matter (PM) has been cataloged as a cancer risk factor, increasing the incidence of different types of tumors. Epidemiological and toxicological evidence shows how PM-induced oxidative stress could mediate multiple events oriented to carcinogenesis, such as proliferative signaling, evasion of growth suppressors, resistance to cell death, induction of angiogenesis, and activation of invasion/metastasis pathways. In this review, we summarize the findings regarding the involvement of oxidative and genotoxic mechanisms generated by PM in malignant cell transformation. We also discuss the importance of new approaches oriented to studying the development of tumors associated with PM with more accuracy, pursuing the goal of weighing the impact of oxidative stress and genotoxicity as one of the main mechanisms associated with its carcinogenic potential.
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1. Introduction


During the past decades, air pollution has become a global and local problem, negatively impacting human health. These effects have been widely studied in high-population-density cities, where the increase in pollutant emissions is associated with daily activities, such as transportation and industrial activities. Epidemiological studies have reported strong associations between air pollution and the arise of chronic-degenerative diseases. From these studies, it has been demonstrated that particulate matter (PM) released into the environment by vehicles and industries increases the incidence of multiple respiratory diseases, such as asthma, chronic obstructive pulmonary disease, and, in the long term, cancer [1,2,3,4]. On the other hand, toxicological studies have described the biological mechanisms altered by PM in numerous models and how these cellular alterations contribute to uncontrolled cell proliferation and, thus, carcinogenesis [5,6,7,8]. One aspect that becomes relevant is the role of oxidative stress caused by PM in carcinogenesis, because an immediate effect of PM exposure in the human body and, therefore, in cells, is the generation of reactive oxygen species (ROS). Oxidative stress plays a determinant role in cancer, but how important is during the different stages of malignant transformation still represents a challenge in biomedical research.



In this review, we summarized the evidence regarding the effect of PM-mediated oxidative stress during malignant cell transformation, emphasizing the carcinogenic effects of ROS, once there is little evidence regarding PM and lipoperoxidation-protein oxidation oriented to cancer. Our approach is oriented from a perspective widely accepted in the study of the biological mechanisms associated with carcinogenesis: the “multistep carcinogenesis mechanisms” perspective proposed by J. Carl Barret [9,10,11]. Finally, we will discuss the importance of novel approaches under the context of PM risk assessment, capable of elucidating the carcinogenic potential of PM-mediated oxidative stress.



1.1. Reactive Oxygen Species and Oxidative Stress: A Source of Cellular Damage


The term “oxidative stress” refers to a physiological state characterized by an imbalance between intracellular free radicals and oxidants and the cellular antioxidant defense in favor of the first ones, causing damage to different cellular components and changing the functioning of key biomolecules [12,13]. Oxidative stress emerges from a disturbance or decrease in the activity of endogenous protective systems that neutralize and eliminate oxidative attack, as well as from the increase in the production rate of radical species, which leads to a saturation of the defense mechanisms.



Free radicals are molecules that have an extremely short half-life (on the order of a few seconds) because they present an unpaired electron in the external orbit which quickly reacts with other molecules causing oxidative damage [14]. All compounds that can accept electrons are oxidizing agents, in contrast, a reducing agent donates electrons, the process between one reaction and another is called a redox reaction and in biological terms, these concepts are determined as pro-oxidant and antioxidant elements, respectively [15]. Derivatives of the radicals are oxy radicals such as reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS include all metabolites of molecular oxygen (O2) that are reduced to different intermediate species such as superoxide anion (O2•-), hydroxyl radical (OH•) the most reactive ROS, as well as a to non-radical molecules such as hydrogen peroxide (H2O2) which, although it is not a free radical, is highly oxidant and causes damage to the cell at a relatively low concentration [16,17].



Under basal conditions, free radicals are formed in aerobic processes that use oxygen. For that reason mitochondria, peroxisomes, and the endoplasmic reticulum produces ROS in various metabolic activities [18]. During ATP production, in the electron transport chain, the reduction of molecular oxygen (O2) to water produces ROS as follows:



O2 + e −− + H+ → HO2•



HO2 • → H+ + O2•−



O2•− + 2H+ + e−− → H2O2



H2O2 + e−− → OH−− + OH•



OH• + H+ + e −− → H2O



The superoxide radical (O2•−) is produced in the mitochondria in different complexes including complex I, complex III, and glycerol 3-phosphate dehydrogenase. Manganese superoxide dismutase (Mn-SOD) as well as Cu- and Zn-SOD converts the O2•− to hydrogen peroxide (H2O2), which can further be converted by mitochondrial aconitase to a hydroxyl radical (OH•) by Fenton-types reactions, in which H2O2 is dismutated by the oxidation of metal ions principally Fe2+ or Cu+ (Fe2+ + H2O2 → Fe3+ + OH− + OH•). Finally, this radical can be converted to water (H2O) for elimination. OH• is the most reactive and damaging ROS molecule for cells, due to its high reactivity. The OH• interacts in the place of its production with the molecules that surround it closely [12,19,20].



One more site of ROS production in mitochondria is the microsomal cytochrome P450 enzyme complex which metabolizes different organic substrates producing H2O2 [21]. In addition, several other mammalian proteins generate ROS such as xanthine oxidase, a phase I enzyme that induces oxidation, reduction, and hydrolysis of different compounds producing O2•−, OH• and H2O2 [22], as well as succinate dehydrogenase and monoamine oxidase that produce O2•− and H2O2 respectively [19,23,24]. ROS can be produced by endogenous oxidants including nicotinamide adenine dinucleotide phosphate (NADPH), angiotensin II and myeloperoxidase responsible for the generation of O2•− [25,26]. However, the most common source of oxidants are exogenous agents derived from different environmental/lifestyle factors to which the human body is commonly exposed, such as UV radiation which produces O2•− and H2O2, in addition to tobacco smoke and environmental pollutants that in general produces both O2•−, H2O2 and OH• [27,28,29,30]. On the other hand, peroxisomal beta-oxidation and activated phagocytic cells also produce ROS [31].



Unlike ROS generators, antioxidants are molecules that are capable of delaying or preventing the oxidation of different substrates, maintaining the redox balance, since they prevent the formation of ROS or eliminate them [27]. The principal endogenous antioxidant defense enzymes include superoxide dismutase (SOD) which removes O2•−, catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GT) which catalyzes detoxification of H2O2 preventing OH• generation, these molecules are identified as a “first line of defense” and act in the presence of cofactors such as copper, zinc, manganese, and iron. While nonenzymatic compounds are the “second line of defense” and work by disrupting free radical chain reactions. They are represented by endogenous metabolic compounds such as glutathione and antioxidant enzyme cofactors (coenzyme Q10). On the other hand, exogenous non-enzymatic antioxidants include vitamin C (ascorbic acid), vitamin E (α-tocopherol) carotenoids, and bioflavonoids [25,26,32,33,34,35,36].




1.2. Biomolecules Impairment and Cellular Consequences of Oxidative Stress


ROS in low amounts are products of basal cellular metabolism and modulate the function of all classes of biomolecules. ROS are required as signaling molecules for different subcellular processes and signaling pathways, such as enzyme activation, disulfide bond formation during the folding of new proteins in the endoplasmic reticulum, signal transduction, and gene expression through triggering transcription factors. Moreover, its generation is essential in the defense mechanism of phagocytes [37,38]. However, because ROS targets almost all cell substrates, in high concentrations, these radicals can interact with most organic molecules and modulate their function, producing important alterations in many cellular macromolecules, such as nucleic acids, proteins, amino acids, and lipids, which lead to the appearance of more reactive products, which are recognized as biomarkers of oxidative stress [33].



In lipids, ROS generate reactive aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal. About proteins, ROS causes alterations in their conformation due to backbone fragmentation, side-chain oxidation, and the unfolding or misfolding of their structure. In addition, ROS-induced effects on the nucleic acid, ranging from DNA-protein crosslinking, alterations in purine and pyridine base structure, and single and double-strand breaks. The biomolecule alterations induced by oxidative stress can result in cell death or on the contrary in the induction of proliferation, cell survival, alterations of the cell cycle, or senescence (Figure 1). Moreover, oxidative stress predisposes to the generation of mutations due to the damage they cause to DNA for which ROS are considered inducers of malignant transformation of cells [39,40]. The impact of oxidative stress inside the body depends on multiple factors: the type of oxidant, the intensity of its production, the part on the cellular compartment in which the ROS are generated, the capacity of the repair systems, and, most important, the length of redox imbalances [17,41]. According to this, ROS have been implicated in several chronic diseases such as atherosclerosis, immune system dysfunctions, neurodegenerative pathologies (e.g., Alzheimer’s and Parkinson’s), diabetes mellitus, and, importantly, cancer [42,43,44,45]. Oxidative stress has been identified in the early phases of these diseases, which suggests that their etiology is associated with different types of damage [17,31].





2. Role of Oxidative Stress in Malignant Cell Transformation


Elevated levels of ROS promote a variety of biological effects required for the development, establishment, and progression of tumors associated with DNA, proteins, and lipids damage [46,47]. It has been described that cancer cells are characterized by higher amounts of ROS compared to normal cells [48,49]. The carcinogenic effect of oxidative stress is broadly related to its effect on DNA. ROS structurally modify both purine and pyrimidine bases, inducing multiple lesions such as DNA abasic sites, DNA base modifications (8-oxoadenine, 2-hydroxy adenine cytosine glycol, 5-hydroxycytosine and 8-hydroxy-2′-deoxyguanosine (8-OHdG), single-strand DNA breaks, and double-strand DNA breaks [50,51,52]. From the types of DNA alterations induced by oxidative stress, 8-OHdG is, by far, the most relevant and predominant lesion. 8-OHdG has been widely used as an oxidative stress biomarker and has been reported to be increased in various types of cancer [53,54].



Related to these, DNA damage repair pathways have been considered as other types of defense of the cells because they remove the damage that has already been generated by ROS, acting as an alternative mechanism to avoid toxic consequences [55], however, when DNA damage caused by ROS is not repaired correctly, the consequence is the presence of replication errors across DNA double-strand, predisposing cells to the generation of genomic instability and DNA alterations such as point mutations, insertions, deletions, and chromosomal translocations, features required for cell transformation because these alterations could cause oncogene activation and tumor suppressor gene inactivation [55,56,57,58]. Furthermore, oxidative stress can modulate gene expression (directly or indirectly), alter epigenetic mechanisms (by inducing changes in methylation or non-coding RNA molecules), and even modify posttranslational markers (for example deregulated protein phosphatases) [59,60,61,62]. These altered events affect multiple signaling pathways, comprising cellular homeostasis, and predisposing cells to malignant transformation.



Therefore, increased levels of ROS can modulate many pathways with carcinogenic potential, resulting in the activation of pro-survival signaling, a decrease of tumor suppressor gene function, elevated glucose metabolism, and resistance to hypoxia. These pathways conduce to cellular proliferation, apoptosis evasion, angiogenesis, as well as invasion and metastasis, leading to the initiation, promotion, and progression of neoplasms [47,56,63]. For these reasons, the main axis of this review is to summarize and discuss the evidence that supports the concept of oxidative stress as an important driving force in cancer development associated with PM exposure. To accomplish our aim, we discuss the scientific reports that demonstrate the role of oxidative stress in the deregulation of processes described above. For a better understanding and comprehension, we decided to classify and display this evidence throughout the multistep carcinogenesis model, considering the pathways involved in tumor initiation, promotion, and progression (Figure 2).




3. Particulate Matter-Mediated Oxidative Stress


Particulate matter (PM) is an air pollutant conformed by a heterogeneous mixture of compounds such as carbon, metals, sulfates, nitrates, pollen, endotoxins, bacteria, viruses, and polycyclic aromatic hydrocarbons (PAHs) [64]. The composition of PM is associated with multiple factors: the place of origin, the season of the year, and the emission sources. Evidence of the effect that PM cause at both epidemiological and toxicological levels is concordant [65,66,67,68]. PM is mainly classified according to its aerodynamic diameter. Based on this classification, we recognize three fractions: the coarse fraction (PM10), the fine fraction (PM2.5), and finally, the ultrafine fraction (PM0.1). All fractions are able to enter the respiratory system through inhalation. Once inside of the respiratory tract, PM is deposited in deep regions such as the alveoli, causing effects at the cellular level. Among these effects, the production of oxidative stress stands out [6,69,70,71].



The induction of oxidative stress mediated by PM can be divided into four main mechanisms. Direct PM ROS generation occurs by the presence of free radicals and oxidants on the particle surface, the presence of soluble compounds, the alteration of mitochondrial function/NADPH-oxidases, and finally, the activation of inflammatory cells capable of generating ROS [72,73,74,75]. In PM-mediated oxidative stress, the main soluble components are transition metals followed by PAHs, because their metabolism generates different reactive products [72,76,77]. Transition metals induce the formation of OH• by Fenton-type reactions, while the PAHs lead to ROS production through the quinone redox cycle. The quinone redox cycle involves biotransformation enzymes such as cytochrome P450 and epoxide hydrolase, causing oxidative damage to cellular macromolecules [78]. It is relevant to point out that the combination of both, metallic and organic components included in PM can generate synergies, leading to a higher production of ROS, which destabilizes the antioxidant system inside cells [79]. The importance of transition metals included in PM10-2.5 has been clearly described using antioxidants or metal chelators that prevent the effects of PM on oxidative stress [69,80]. Oxidative stress derived from exposure to PM has been directly related to the appearance and exacerbation of multiple diseases, including different types of cancer. Thus, it becomes relevant to define the mechanisms through which PM induce the generation of ROS, which are the main factor involved in its potential for damage [81,82,83].



ROS are generated in a variety of cell models, such as lung epithelial cells and lung macrophages [84,85,86]. Furthermore, phagocytic cells of the innate immune system such as alveolar macrophages (AM) and polymorphonuclear neutrophils (PMN) are characterized by being highly competent producers of ROS, since this mechanism allows to eliminate pathogens and, in this case, potentially harmful particles in a more efficient way [87]. Therefore, both aspects, the excessive ROS formation and the decrease of the antioxidant and detoxification enzymes (SOD, CAT, GT, and GST) induced by PM are strongly implicated in the genotoxic/cytotoxic mechanisms [88]. Although PM can generate multiple oxidized DNA lesions, multiple studies have focused on the determination of guanine (8-OHdG) oxidation. Moreover, the increase in the levels of 8-OHdG has been reported in both, humans exposed to ambient air as well as in animal and cell models exposed to PM collected from highly polluted cities [70,89,90,91]. Figure 2 summarizes the effect of oxidative stress in cells as well as the biological consequences discussed before.



3.1. PM-Mediated Oxidative Stress and Cancer Initiation Mechanisms


Before starting to describe the evidence regarding the role of PM-mediated oxidative stress and cancer, we must consider the nature of PM. PM is a complex mixture that includes genotoxic and non-genotoxic carcinogens in its composition. While genotoxic carcinogens induce DNA damage, non-genotoxic carcinogens alter multiple pathways oriented to induce proliferation, cell survival, endocrine modifications, immune suppression, and toxicity/inflammation responses [92].



Cancer initiation involves the alteration of genes implicated in biochemical signaling pathways oriented to trigger cellular proliferation. Chronic proliferation is, by far, the most fundamental feature of cancer cells. Proliferative signals are widely transmitted by growth factors, which are mainly recognized by cell surface receptors containing intracellular tyrosine kinase domains. In this context, multiple pathways are deregulated in cancer cells, including MAP-kinase, phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), and RAS-extracellular signal-regulated kinase ERK [10]. Diverse studies have reported that ROS can activate proliferation signals [93]. Thus, exposure to PM generates important alterations in a variety of proliferation pathways, activating potential mechanisms of carcinogenesis.



Experimental studies have demonstrated that intratracheal administration of low doses of PM10 generates alveolitis, followed by cell proliferation in the lungs of exposed rats. In addition, PM10 exposure induced high levels of oxidative stress. However, this work did not explore the pathway associated with cell proliferation increasing [94]. Proliferation after PM2.5 exposure was also observed in bone marrow-mesenchymal stem cells, an effect accompanied by the increase of pro-inflammatory cytokines [95]. Moreover, ultrafine particles induce proliferation in rat lung epithelial cells through EGF-R kinase activity in an integrin-dependent manner [96]. These studies indicated that the observed effect on proliferation is attributable to PM-mediated ROS production.



Recent approaches reported that, after PM2.5 exposure, the increased ROS induced upregulation of extracellular signal regulatory kinase (ERK) and mitogen-activated protein kinase p38 (MAPK) in the testis of exposed rats [97]. In concordance with these findings, it was reported that PM2.5 exposure rapidly stimulates ROS generation in human lung endothelial cells, resulting in increased activation of p38 [98]. Exposure to aqueous extracts of PM2.5 in human bronchial epithelial cells (HBE) induces oxidative damage and phosphorylation of p38 as well [99].



In addition to p38 phosphorylation, the expression of multiple MAPKs increases during PM exposure, as a direct effect induced by generated ROS. PM10 induces the phosphorylation of the EGF tyrosine receptor, as well as the increase of MEK1/2, and ERK1/2. Changes presented in the phosphorylation of these proteins correlated with the concentration of metals present in PM10 [100]. PM2.5 exposure also induces MAPK/AP-1 cascade activation, contributing to AT1R upregulation in vascular endothelial cells [101]. Importantly, RAW264.7 cells showed an increase in ERK and NF-κB proteins after PM2.5 exposure, while the phosphorylation of p38 was prevented by using the scavenger N-acetylcysteine (NAC) [69]. PM0.1 exposure of mouse pulmonary microvascular endothelial cells also increased Erk1/2 phosphorylation and up-regulated early growth response -1 factor (Egr-1) [102].



The PI3K/AKT pathway is also induced by PM-mediated oxidative stress. Rats exposed to PM2.5 significantly increase the protein levels of PI3K and AKT [103]. HBE cells exposed to PM2.5 also present an increase in AKT phosphorylation levels, an effect correlated with the increase of colony formation [104]. In addition, PM2.5 exposure in A549, HBE, and human embryonic stem cells (hESC) increases p65 and ERK phosphorylation levels, an event associated with the ROS increasing. The participation of PM-mediated oxidative stress in the induction of these proteins was demonstrated by the pre-treatment of cells with NAC, preventing the phosphorylation of these proteins [105,106,107,108]. Excessive proliferative signaling can also activate a cellular phenotype called senescence, in which the cell cycle stops even when various proliferative molecules are secreted. These molecules include chemokines, cytokines, and growth factors. Interestingly, these molecules have effects on neighboring cells, inducing malignant transformation in a paracrine way. It has been reported that A549 cells exposed to PM10 acquire a phenotype-like senescence detected by the increase in β-galactosidase activity [109]. Moreover, human keratinocytes showed characteristics of cellular senescence after exposure to PM2.5 [110]. Both studies associated the senescence phenotype with PM-mediated ROS production.



Tumor suppressor genes are recognized as components that block normal cell transformation to cancerous cells. They are responsible for inhibiting the proliferation of damaged cells by two main strategies: arresting the cell cycle through different phases or inducing apoptosis. During cancer development, its evasion is crucial, because it allows cells to acquire unlimited replicative potential. p53, phosphatase and tensin homolog (PTEN), and retinoblastoma protein (Rb) are the most typical tumor suppressor genes that operate as central control nodes within the cellular processes described above. Rb protein represents an important gatekeeper in cancer development, inducing multiple growth-inhibitory signals by sequestering transcription factors, while p53 senses a variety of intracellular alterations to induce cell cycle arrest until the damage is repaired or activates apoptosis pathways when DNA damage is severe [10]. Multiple genetic and epigenetic mechanisms lead to the loss of function of these genes, mainly through DNA mutations, DNA methylation, and downstream, changes in expression levels. Its inactivation has been characterized in different types of cancer and the negative-feedback mechanisms operate in proliferative signaling circuits, for example, the loss function of PTEN amplifies PI3K signaling and promotes tumorigenesis [10].



PM2.5 exposure induce downregulation of tumor suppressor genes p53 and RB in human lung epithelial cells. These alterations are regulated by redox-dependent mechanisms, possibly by covalent metals detected in this fraction [111]. PM2.5 exposure in mice shows a time-dependent downregulation of PTEN expression levels in the lung and HBE cells [112]. Furthermore, PM2.5 downregulates p53 and PTEN in a dose-dependent as well as time-dependent manner after an increase of 8-oxodG levels [104]. Moreover, PM can deregulate epigenetic mechanisms responsible for regulating the expression of multiple genes. In this context, exposure to high levels of PM2.5 with elevated concentrations of metals during pregnancy, increase the methylation of different tumor suppressor genes measured in the placenta, including the p53 promoter [113]. Moreover, PM2.5 exposure in mice shows an increase in the levels of 8-oxodG in the lungs, as well as an increase in the methylation of the p16 gene promoter, associated with the positive regulation of DNMT1. These results were in concordance with in vitro effects, in which an increase in mitochondrial oxidation and hypermethylation of p16 was observed in lung alveolar cells isolated from mice and exposed to PM2.5 [114]. PM2.5 exposure inhibits p53 expression in human bronchial epithelial cells (BEAS-2B) by hypermethylation of its promoter, due to an increase in DNMT3B protein levels. Because the expression of DNMT3B plays a key role in the epigenetic silencing of specific genes during the initial phase of carcinogenesis, and the increase in DNMT3B is mediated by the activation of the Akt pathway induced by ROS, these results reflect the influence of PM-mediated oxidative stress in cancer-driver epigenetic changes [115].



Another strategy of tumor suppressor genes to limit cancer cell proliferation is the induction of regulatory signals oriented to induce senescence and apoptosis. While cellular senescence establishes an irreversible cell cycle arrest in response to DNA damage caused by multiple modifications, including oxidative stress, apoptosis depurates the cell population via the death signaling in damaged cells. These actions represent an important cellular brake for the accumulation of cellular alterations with heritable potential. PM exposure induces an increase in β-galactosidase activity, a senescence marker, in A549 cells. This effect is associated with oxidative stress induced by PM [109]. Similarly, immortalized human corneal epithelial cells (HCECs), and human keratinocyte cell lines (HaCaT, HEK001, and NHEKs) exposed to PM2.5 showed an increase of β-galactosidase activity, being this effect reverted in the presence of NAC [110,116]. PM2.5 exposure in human keratinocyte cell lines also induces cellular senescence through the reduction of methylation in the p16INK4A promoter, leading to an increase in the expression of p16INK4A probably by the effect of the Aryl hydrocarbon receptor pathway (AhR)-ROS signaling pathway. Interestingly, these effects were significatively diminished in presence of NAC [110].




3.2. PM-Mediated Oxidative Stress and Mechanisms Oriented to Cancer Promotion


The acquisition of multiple alterations and the establishment of certain adaptative advantages in cancer cells cannot be explained without one of the most important evolutionary forces, survival. Cancer promotion is the lengthiest stage, but is also the breakpoint to malignant transformations since it is still reversible. In promotion, the actively proliferating cells accumulate, and programmed cell death represents the most important barrier to cancer development. Cell death mechanisms in the context of the disease have been widely studied during the past decades. Currently, we have vast information regarding the signaling cascade that regulates the apoptotic program. A variety of physiologic stress events trigger the apoptosis pathways, such as the elevation of oncogenic signaling, hyperproliferation, and DNA damage. Cancer cells are characterized for harboring a cell death resistance phenotype, acquired through alterations on the components implicated in the apoptotic machinery, such as apoptosis upstream regulators and apoptosis downstream effectors [117]. Cell death resistance is crucial for cancer establishment and progression and usually correlates with the grade of malignancy in tumors. Advanced-stage tumors exhibit a higher cell death-resistance phenotype than early-stage tumors. Moreover, resistance to cancer therapies is reported frequently in patients with advanced-stage tumors due to the inability to induce cytotoxicity and, therefore, induce apoptosis in cancer cells.



Human bronchial epithelial cells (16HBE14o) exposed to PM exhibit an antiapoptotic effect associated with Fe. This effect is enhanced by benzo(a)pyrene, triggering cellular ROS generation, and activation of NRF2. Activation of NRF2 upregulates several target genes, such as HO1, NQO1, and GPX1. Moreover, NRF2 activation modulates genes implicated in cell death control such as BCL2, BAX, and p53. Thus, the iron component has a role in the cell death-resistance phenotype caused by PM through the activation of the NRF2-dependent antioxidant process [118].



Zinc is another component present in PM that has been associated with a cytoprotective effect. Interestingly, zinc is capable of inhibiting apoptosis and minimizing the oxidative stress caused by the component mixture in PM, mainly linked to lipid peroxidation [119]. Zinc directly protects cells through the stabilization of lipids and proteins of cellular and organelle membranes, as well as indirectly causing an antiapoptotic effect through the maintenance of glutathione levels [120]. Moreover, the cell death-resistant phenotype of zinc has been linked to the reduction of DNA fragmentation (a phenotype induced in cells triggering apoptosis), as well as a reduction in the processing of procaspase-3 and the activation of cell survival pathways such as Akt and ERK in airway epithelial cells [121]. These findings become relevant, since the findings suggest an effect of zinc as an antioxidant factor by itself, whereas the mixture in PM (including zinc) plays a role as an oxidant factor.



Additionally, other transition metals present in PM such as magnesium, strontium, and manganese are implicated in the cell death-resistance phenotype. It has been reported that these components can inhibit the calcium-induced permeability transition pore (PTP) opening competitively. Although the precise mechanism is still unknown, these findings suggest a possible protective effect of metallic compounds on mitochondria, preventing permeability and, therefore, the release of multiple pro-apoptotic factors [122].



PM2.5 treatment prevents mitochondria-driven apoptosis in cell lines and primary cultures of human bronchial epithelial cells, exhibiting reductions in the frequency of morphologic changes associated with apoptosis such as cell size decrease, chromatin condensation, and formation of apoptotic bodies, an effect associated with PAHs [123]. Furthermore, surviving cells after BaP exposure can form tumors in nude mice, indicating a role of the anti-apoptotic phenotype in cell transformation [124]. The combined effect of BaP and air pollution gases increase the levels of anti-apoptosis proteins and decrease the levels of pro-apoptotic proteins in lung fibroblast cell line MRC-5 [125]. PM2.5 exposure also produces an anti-apoptotic effect resulting from both PAHs and transition metals, in an additive fashion. The anti-apoptotic effect of metals was predominant in metals and enhanced by certain PAHs. Iron in PM2.5 can activate NRF2, followed by repression of genes involved in cell death pathways [118,126]. Anti-apoptotic signaling has been also attributed to PAHs present in PM10 and PM2.5, followed by the production of ROS by PAHs metabolism. It appears that PM exposure represents a strong factor that dictates cell fate, with the participation of ROS, PAHs, and metals in the induction of cell death [127].



PM10 exposure also promotes cell death resistance when oxidative stress is over-induced. Interestingly, in this work, the challenge with a second oxidant stimulus (H2O2) induced the evasion of apoptosis via upregulation of PI3K/AKT/FoxO3a in A549 cells. When PI3K function was blocked by a pharmacological inhibitor, apoptosis was remarkably increased when cells were exposed to both stimuli [128]. These results are in concordance with other results, since PM2.5 also causes evasion of apoptosis in BEAS-2B cells through the PI3K-AKT pathway [129]. On the opposite, autophagy, another cell-physiologic response involved in apoptosis resistance has been studied in the context of PM exposure. In this context, PM2.5 induced autophagy by the inhibition of the PI3K-AKT-mTOR signaling pathway in BEAS-2B cells, while inhibition of autophagy induces apoptosis and cytotoxicity in A549 cells treated by PM2.5 [130,131]. Interestingly, UFP exhibits low levels of apoptosis, suggesting that particles may cause impairment of mitochondrial-nuclear crosstalk, causing mitochondrial membrane depolarization, altered mitochondrial respiratory chain enzyme activity, and a reduction in mitochondrial DNA copy number, altering redox homeostasis and inducing cell survival [132]. Exposure to PM10 and PM2.5 activates the NF-κB promoter and increases the levels and phosphorylation of NF-κB and its DNA binding activity causing an anti-apoptotic effect in A549, BEAS-2B, murine alveolar macrophage RAW 264.7, and human umbilical vein endothelial cells (HUVEC) [126,133,134,135,136,137,138,139]. Experiments using organ-level lung microfluidic systems have reported the induction of the anti-apoptotic pathways in lung epithelial cells [129]. The anti-apoptotic effect PM10 and PM2.5 induced has been deeply investigated and several signaling pathways including oxidative stress are involved [109,126,137,138,139,140].



Once cancer cells have acquired their capacity to proliferate and inhibit apoptosis independently of external stimulus, the next stage required is the acquisition of unlimited replicative potential. This feature is developed against the common way of many cell lineages since they can accomplish only a limited number of division cycles. Immortalization represents the threshold between cancer initiation and promotion and establishes the conditions for a more aggressive and effective expansion during tumorigenesis. Telomeric regulation represents the central point for unlimited proliferation [141,142]. Telomeres are conformed by multiple tandem hexameric repeats subject to shortening in normal cells, a process usually termed “telomeric erosion”. The function of telomeres is the protection of the ends of chromosomal DNA to form end-to-end fusions with other chromosomes, avoiding the scrambling of karyotype ad preventing cells from developing genomic/chromosomal instability [143]. Because the length of telomeric DNA determines the capability of cells to duplicate, and erosion reduces this capability, telomeric regulation becomes important in cancer. Transformed cells expressed telomerase, a specific DNA polymerase involved in the addition of telomere repeat segments to the ends of telomeric DNA, avoiding senescence and promoting cell immortalization [144]. Together, telomerase and other proteins involved in telomere-regulation induce cell immortalization and, therefore, cancer promotion. Interestingly, replicative immortality by telomeric regulation is a hallmark not induced by PM-mediated oxidative stress. The majority of epidemiological studies point to the fact that exposure to air pollution PM causes telomere length shortening in multiple sources (leukocyte, saliva placental, and buccal cells and sperm) where PM was assessed [145]. However, the role of air pollution in telomeric regulation, and most importantly, the role of PM-mediated oxidative stress in telomere shortening has been linked with alternative pathways oriented to the acquisition of other cancer hallmarks.



PM2.5 exposure in urban areas causes telomere shortening in humans, an effect caused by ROS and RNS [146,147]. DNA base damage caused by PM-mediated oxidative stress accumulates in individuals, making them susceptible to an accelerated senescence phenotype. Modification of guanines and 8-oxodG bases increase after PM-mediated oxidative stress is produced by ROS [148,149]. Human telomere shortening and, therefore, loss of protection of chromosomal ends activates RB and p53 pathways to maintain genomic stability and cell functionality. However, as mentioned previously, these pathways are compromised by PM-mediated oxidative stress. Thus, telomere shortening predisposes cells to the generation of genomic instability, leading to chromosomal breaking and chromosomal end-to-end fusions, making them capable of acquiring multiple genetic changes and mutations [150,151]. Telomere maintenance does not have a crucial role in cancer promotion, and telomerase activation (the reverse transcriptase responsible for telomere elongation) promotes carcinogenesis also in an independent way.




3.3. PM-Mediated Oxidative Stress and Mechanisms Involved in Cancer Progression


Progression is the final stage of malignant transformation, being the point of no return, where genotypic alterations are widely manifested in the phenotype and morphology of cancer cells. The survival, development, and correct cellular functions of cells resemble the adequate supply of oxygen and nutrients. Therefore, during carcinogenesis, the growth of new vasculature is required. Transformed cells develop angiogenic capabilities that drive the formation of new blood vessels from pre-existing vessels. This process is orchestrated through signals transmitted by soluble factors and their receptors, allowing tumor promotion and progression. Thus, vascular endothelial growth factor (VEGF), acid and basic fibroblast growth factors (FGF), and Platelet-derived growth factor (PDGF) are signals that bind to transmembrane tyrosine kinase receptors of endothelial cells and initiate the angiogenesis, whereas thrombospondin-1 (TSP-1) or β-interferon inhibit this process, keeping an angiogenic equilibrium. In cancer, this equilibrium is lost, leading to the activation of the “angiogenic switch”. Moreover, factors such as intercellular adhesion molecule-1 (ICAM-1), Interleukin-8 (IL-8), TNF-α (Tumor necrosis factor-α), and angiopoietin participate during the new vessel network conformation [10].



Human environmental exposure to high levels of PM2.5 is associated with an increase in VEGF levels in the blood, an effect significantly related to markers of oxidative stress [152,153]. Furthermore, in a study of non-smoking humans exposed to concentrated ambient particles (CAP), it was determined that after one hour of exposure to the coarse fraction of CAP (10–2.5 µm), blood VEGF levels increased as a response to PM10 exposure, while an increase in urinary VEGF was observed after exposure to CAP fine fraction (2.5–0.15 μm). These changes were correlated with the presence of endotoxins and associated with the generation of increased urinary levels of 8-OHdG in the coarse fraction and of MDA in the fine fraction [154]. On the other hand, the organic fraction derived from PM2.5 increases ICAM-1 expression in A549 cells as well as in mice intratracheally instilled through the IL-6/AKT/STAT3/NF-κB signaling pathway [108]. Another study reported that mice that were intrabronchially instilled with PM2.5 showed an upregulation of iNOS, IL-1β, and IL-18 genes in lung tissue [155]. In vivo alterations in these pathways are also accompanied by alterations in the levels of DNA damage markers. Male Wistar rats exposed to PM2.5 exhibited an increase in DNA repair genes such as OGG1, as well as a decrease in both DNA repair genes MTH1 and XRCC1 [156].



In vitro models have indicated that PM exposure can promote angiogenesis by ROS generation. PM10 induces PDGF α-receptor expression in rat lung myofibroblasts through a pathway dependent on macrophage activation involving IL-1β. This change is probably stimulated by the synergistic effects of metals and lipopolysaccharide contained in PM [157]. In a study performed on human lung epithelial cell line (BEAS-2B) grown on microfluidic chips, it was described that PM2.5 upregulated both the gene and protein of VEGFA and that the FGF/FGFR/MAPK/VEGF signal pathway was active, maintaining the sustained angiogenesis signal [129]. Moreover, PM exposure disrupts the barrier of pulmonary endothelial cells increasing vascular permeability through the activation of RhoA/ROCK and the disruption of cytoskeleton rearrangement by the inhibition of myosin phosphatase (MYPT). This effect was significantly attenuated in the presence of the scavenger NAC [158].



The most advanced stage during cancer progression is the acquisition of features capable of inducing tumor cell invasion and metastasis. After a series of alterations and the accumulation of adaptative advantages, cancer cells acquire motility (invasion), along with the capacity to induce signals oriented to penetrate the cell barrier surrounding the circulatory and/or lymphatic system (intravasation), and, finally, be subjected to vessel transportation with the potential of colonizing distant tissues (extravasation), where they will develop secondary tumors (metastasis). To reach these sites, cell–cell (cadherins) and cell–matrix (integrins) interactions are modified, to provide an adequate environment for malignant cells to dissociate from the tumor mass and invade the surrounding stroma. In search for the invasive phenotype, cell–cell interactions are altered in malignant cells. Perhaps the most important molecule whose expression is diminished during the invasion process is E-cadherin. E-cadherin is an important adhesion molecule involved in the regulation of antigrowth signals through its intracellular interaction with β-catenin. E-cadherin is a key factor in the process known as the epithelial-mesenchymal transition (EMT), where transcriptional factors such as Snail, Slug, Twist, and Zeb1/2 regulate invasion and metastasis [9,10].



PM10 exposure induces EMT through reactive oxygen species-mediated extracellular matrix degradation, causing an increase in metalloproteinases (MMPs) 2 and 9 activity, and the generation of an invasive phenotype in the NCI-H441 cell line. These effects were associated with ROS production since they were attenuated by the chebulic acid antioxidant capacity [159]. Furthermore, human bronchial epithelial cells (HBECs) treated with PM10 exhibited an increased expression of MMP-9, an effect caused by ROS and attenuated in the presence of NAC [160]. In addition, PM10 exposure decrease the levels of tight junction proteins such as zonula occludins (ZO)-1, occludin, claudin-1, and E-cadherin in fresh inferior turbinate tissue cells as well as lung endothelial cells. These effects were as well associated with ROS production and prevented by NAC, where epithelial integrity was maintained [161,162]. Moreover, PM10 exposure destabilizes cell junctions via tyrosine phosphorylation and internalization of vascular endothelial-cadherin (VE-cadherin) in human pulmonary artery endothelial cells, an effect attributed to the formation of products of phospholipid peroxidation [163]. Similar effects were observed for PM2.5 exposure, causing cell membrane damage via ROS production and increased vascular permeability in endothelial vein cells (HUVEC). Additionally, PM2.5 activates VEGFR2 and its downstream MAPK/ERK signaling, leading to VE-cadherin internalization [164]. Finally, PM2.5 exposure induces oxidative stress in lung tissues of Sprague Dawley rats, evidenced by an increase in MDA and a decrease in SOD and GSH enzymes. These effects were associated with EMT up-regulation observed through the TGF-β/Smad3 pathway [165,166]. Because PM represents a heterogeneous mixture, the generation of intracellular ROS is subject to the synergism of redox properties inherent to inorganic and organic components such as metals, PAHs, and volatile organic compounds. Thus, oxidative stress regulates pathways oriented to enhance proliferation, repress apoptosis, and promote angiogenesis and metastasis, all key events during cancer development [167].





4. Clues Regarding the Integration of PM-Mediated Oxidative Stress during the Cancer Continuum


Because air pollution has increased in highly populated cities, and we are constantly exposed to this silent risk factor, during the last decades, the impact of environmentally induced oxidative stress on human health caused by pollutants has become relevant [168]. Chronic exposure to environmental sources of oxidative stress results in a loss of the oxidant/antioxidant balance, leading to cellular damage in multiple functions and components. This sustained stimulus contributes to the arising of multiple human diseases such as diabetes, cardiovascular diseases, neurodegenerative diseases, and cancer.



The multistep model of carcinogenesis involves three main stages: initiation, promotion, and progression. In this context, oxidative stress has been considered an important factor for the establishment of every stage. Furthermore, the contribution of oxidative stress during cancer development has been strongly related to a variety of altered signaling pathways involved in crucial cellular events. These events include sustained proliferative signaling, evasion growth suppression, cell death resistance, replicative immortality, angiogenesis, and invasion/metastasis [10,169]. The multistep model of carcinogenesis is hierarchical, as well as the acquisition of cancer adaptative advantages. Figure 2 describes the sequential events associated with PM-mediated oxidative stress during malignant transformation discussed in this approach. Cancer initiation implicates the gain of function for sustained proliferative signaling and the loss of function of growth suppression signaling, representing the first step during malignant transformation. Both features are essential for tumor arising since establish the proper conditions for cancer cell “fitness”. Cancer cells adapt to their environment and expand in a better way than other cell populations. Then, cancer promotion implicates the ability to resist cell death, evading apoptosis. At this point, cancer cells induce multiple signals oriented to survival, making them capable of accumulating alterations and developing genomic instability. Finally, cancer progression implicates the ability of tumor cells to modify the environment, to expand the cancer cell population to sites beyond its immediate surroundings. In this stage, cancer cells induce the formation of blood vessels from a pre-existing network to cover the nutrient/oxygen exchange, accompanied by the ability to colonize distant sites through the metastatic cascade.



ROS interact with cellular biomolecules such as lipids, proteins, and DNA. Chronic alteration of these components conducts the acquisition of a malignant phenotype. ROS promote lipid peroxidation, making them highly reactive and capable of interacting with other membrane phospholipids and causing a sustained chain reaction that stops only by the effect of antioxidants [46,170]. Induction of membrane instability by lipid peroxidation results in the formation of aldehydes, molecules considered the gold standard biomarkers for oxidative stress [171]. In addition, the impact of aldehydes in cellular homeostasis goes beyond membrane instability since they can form adducts with DNA and proteins. Aldehyde-DNA adducts have an active role in carcinogenesis through the induction of sequence frameshift mutations, base-pair substitutions, and the generation of inter-strand cross-links [172]. Moreover, aldehyde-DNA adducts have been considered carcinogenic factors since they can induce G to T transversions inside hotspot sites of the p53 gene sequence, having an impact on many types of cancer [173,174]. These alterations caused by PM-mediated oxidative stress set the conditions for the development of genomic instability, a phenotype frequently observed in transformed cells, where the mechanisms responsible for sensing and repairing DNA damage are compromised, predisposing cells to the acquisition of multiple mutations and chromosomal instability, features constantly observed in tumors and associated with the aggressiveness of the disease.



Oxidative stress represents a physiological/pathological imbalance in cells, representing an important challenge in metabolism since the disruption of redox signaling and the induction of molecular damage becomes a risk factor for malignant transformation [175,176,177]. Together, reactive oxygen species (ROS) affect DNA, lipids, and proteins [177,178,179]. While endogenous ROS formation resembles the metabolism of mitochondria, endoplasmic reticulum, and peroxisomes, processes such as cytochrome p450 metabolism and inflammation are also relevant. Moreover, exogenous ROS formation is associated with environmental factors such as diet, UV radiation, and, importantly, air pollutants add a higher grade of complexity to the understanding of PM-mediated oxidative stress in cancer development.



Several studies have described the mechanisms of PM-induced changes by oxidative stress using in vitro models, as an approach to understanding the effects of PM on the body [180,181,182]. Although important, in vitro studies do not represent entirely the effect of oxidative stress caused by PM on the human body. A more realistic approach to understanding the effect of PM exposure is the use of animal models. Some in vivo studies in rats forced to intense pulmonary activity report an increase in the levels of oxygen sensor hypoxia-inducible factor 1α (HIF1α), as well as lysine-specific demethylase 6A (KDM6A), accompanied by a stimulation of mitochondrial oxidative capacity and biogenesis and a reduction in lactate dehydrogenase activity [183]. Interestingly, an environment with a high concentration of PM is capable of affecting oxidative stress, inflammatory responses, and apoptosis in mouse lungs [184]. Exposure to PM2.5 in mice promotes oxidative stress and increases the levels of pro-inflammatory factors [185]. Furthermore, exposure to PM acts as a mediator of oxidative stress, increasing both, the pro-inflammatory response and lipid/protein oxidation products [160,186,187,188], suggesting that PM triggers ROS production, but more important, mitochondrial dysfunction through oxidative stress. Moreover, while a study reports an increase in inflammatory response, damaged mitochondria, and apoptosis seen in rats after 24 h of PM exposure [189], other work reported overexpression of Bcl2 and a reduction in BID expression in the lungs of mice exposed to PM [184]. Together, this evidence highlights the importance of in vivo studies to elucidate the role of PM-mediated oxidative stress during the carcinogenic process.



In addition, we need to consider the effect of cancer treatment in the equation, since therapeutic approaches such as radiotherapy impact in a negative fashion, representing another hit of oxidative stress in a compromised tumorigenic environment [177,178]. Treatment against cancer cells with potential sources of oxidative stress establishes two possible scenarios: the induction of cell death and, therefore, sensitivity to therapy, or the induction of tolerable damage followed by cell adaptation and, therefore, resistance to cancer therapy. Thus, PM-mediated oxidative stress represents an important factor not only in cellular processes such as proliferation, growth suppression, cell death, replicative immortality, angiogenesis, invasion, and metastasis. PM-mediated oxidative stress also acts as an important driving force during cancer initiation, promotion, and progression, displaying a high degree of involvement during the cancer continuum.
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Figure 1. Cellular damage induced by oxidative stress. Multiple endogenous and exogenous sources produce free radicals, which are molecules that contain one or more unpaired electrons. When an imbalance arises between the oxidative molecules present in cells, such as reactive oxygen species (ROS), and the antioxidant defenses that neutralize and eliminate these reactive radicals, oxidative stress is generated. Excess oxidative stress can play a dominant role in protein, cell membrane phospholipids, and DNA damage. The attack of ROS on these biomolecules alters their functions and, ultimately, will lead to the dysregulation of different cellular processes, including proliferation, cell cycle, cell death, and senescence. 
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Figure 2. PM-mediated oxidative stress and its impact on cancer continuum. Oxidative stress caused by PM exposure is involved in multiple stages of the carcinogenic process. ROS can induce genotoxic damage, as well as non-genotoxic damage such as upregulation of oncogenic pathways and downregulation of tumor-suppressor components oriented to sustain proliferation and block anti-growth signals (initiation). ROS also inhibits apoptotic signaling through multiple pathways, promoting cell death resistance and replicative immortality (promotion). Finally, ROS upregulate multiple factors and pathways oriented to the acquisition of an invasive phenotype, as well as the generation of a blood vessel network from a pre-existing one (progression). 
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