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CHAPTER 7
Air Pollution, Oxidative Stress, and Public 
Health in the Anthropocene

Ulrich Pöschl

Summary Air pollution severely affects air quality, climate, and public health in 
the Anthropocene, which is the present era of globally pervasive anthropogenic 
influence on planet Earth. Thus, we need to understand how humanity can best deal 
with the sources and effects of air pollutants in relation to economic development, 
human welfare, and environmental preservation. Recent advances in scientific 
research provide deep insights into the underlying physical, chemical, and biologi-
cal processes that link air pollution with health effects and reveal the relative impor-
tance of different pollutants and sources, including natural and anthropogenic 
contributions. This knowledge enables the development of efficient strategies and 
policies to mitigate and counteract the adverse effects of air pollution on the Earth 
system, climate, and human health (“planetary health”). Building on open access to 
scholarly publications and data, a global commons of scholarly knowledge in the 
sciences and humanities will help to augment, communicate, and utilize the scien-
tific understanding. Moreover, public peer review, interactive discussion, and docu-
mentation of the scientific discourse on the internet can serve as examples and 
blueprints for rational and transparent approaches to resolving complex questions 
and issues (“epistemic web”). With regard to the development, societal communica-
tion, and political implementation of appropriate policies for air quality manage-
ment, it seems worthwhile to emphasize that climate and health effects are two 
facets of global environmental change that can be and need to be handled together. 
The Anthropocene notion may help humanity to recognize both rationally and emo-
tionally: We are shaping our planet and environment, so let us get it right.
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 Background

Anthropogenic air pollution leads to a massive increase of atmospheric aerosol and 
oxidant concentrations on local, regional, and global scales. For example, the aver-
age mixing ratios of ozone in continental background air have increased by factors 
of ~2−4 from around 10−20  ppb at the beginning of the nineteenth century to 
30−40  ppb in the twenty-first century, and the concentrations of fine particulate 
matter in polluted urban air are typically a factor of ~10 higher than in pristine air 
of remote continental and marine regions (∼10−100 μg m−3 vs. ~1−10 μg m−3). The 
strong increase of these and other air pollutants is a characteristic feature of global 
environmental change in the Anthropocene, which is the present era of globally 
pervasive anthropogenic influence on planet Earth, including the atmosphere, bio-
sphere, land, and oceans (Crutzen, 2002; Foley, Gronenborn, Andreae, et al., 2013; 
Pöschl & Shiraiwa, 2015; Seinfeld & Pandis, 2016; Waters et al., 2016 and refer-
ences therein).

Figure 7.1a illustrates the cycling and effects of gas molecules and aerosol par-
ticles exchanged between the atmosphere and the Earth’s surface, including the bio-
sphere, hydrosphere, and pedosphere/lithosphere (Pöschl, 2005; Pöschl & Shiraiwa, 
2015). It involves primary emission from natural and anthropogenic sources as well 
as secondary formation via oxidation of precursors in the atmosphere. In the atmo-
sphere, gases and aerosols undergo chemical and physical transformation (“aging”), 
which includes the interaction with solar radiation and atmospheric oxidants as well 
as cloud droplets and ice crystals (cloud processing). Besides mineral dust, sea 
spray, and combustion- and traffic-related particles, atmospheric aerosol also con-
tains biological particles such as pollen, fungal spores, bacteria, and viruses, which 
are important for the functioning of ecosystems as well as the spread of animal, 
plant, and human diseases (Fröhlich-Nowoisky et al., 2016; Rodriguez-Caballero 
et al., 2018). The atmospheric cycling of gases, aerosols, clouds, and precipitation 
is essential for the evolution, current state, and future development of the atmo-
sphere and climate as well as the biosphere and public health or “planetary health.” 
Multiphase chemical reactions, transport, and transformations between gaseous, 
liquid, and solid matter are key to understanding the Earth system and climate as 
well as life and health on molecular and global levels, bridging a wide range of 
spatial and temporal scales from below nanometers to thousands of kilometers and 
from less than nanoseconds to years and millennia (Fig. 7.1b). From a chemical 
perspective, life and the metabolism of most living organisms can be regarded as 
multiphase processes involving gases such as oxygen and carbon dioxide; liquids 
such as water, blood, lymph, and plant sap; and solid or semisolid substances such 
as bone, tissue, skin, wood, and cellular membranes. On global scales, the biogeo-
chemical cycling of chemical compounds and elements, which can be regarded as 
the metabolism of planet Earth, also involves chemical reactions, mass transport, 
and phase transitions within and across the atmosphere, biosphere, hydrosphere, 
and pedosphere/lithosphere (Pöschl & Shiraiwa, 2015).
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Fig. 7.1 (a) Atmospheric cycling of gases and particles, including natural constituents and anthro-
pogenic air pollutants that undergo physical, chemical, and biological interactions. (b) Multiphase 
processes between gaseous, liquid, and solid substances influence the Earth system and climate as 
well as life and public health from molecular and cellular to regional and global scales (adapted 
from Pöschl & Shiraiwa, 2015)
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Through biogeochemical and metabolic processes, air pollutants such as particu-
late matter, ozone, and nitrogen oxides can severely affect air quality, climate, and 
public health. They influence the regional and global distribution of solar radiation, 
energy, and water; and they enhance mortality, promote cardiovascular, respiratory 
and allergic diseases, and decrease agricultural crop yields (Pöschl & Shiraiwa, 
2015; Shiraiwa, Li, & Tsimpidi, et  al., 2017; West et  al., 2016; and references 
therein). Globally, the annual number of premature deaths attributable to ambient 
air pollution are estimated to exceed 4 million per year, corresponding to over 100 
million of disability-adjusted life-years (DALYs) lost every year (Cohen et  al., 
2017; Landrigan, Fuller, Acosta, et al., 2017; Lelieveld & Pöschl, 2017; Lelieveld, 
Evans, Fnais, Giannadaki, & Pozzer, 2015; Lelieveld, Haynes, & Pozzer, 2018; 
Stanaway et al. 2018; and references therein). Recent studies suggest that the mor-
tality rates attributable to air pollution are even higher (up to ~9 million per year; 
Burnett et al., 2018; Lelieveld et al., 2019). Thus, we need to understand how human 
activities can create a hazardous atmosphere affecting the health of people and 
planet Earth, and how humanity can best deal with the sources and effects of air 
pollution in relation to economic development, human welfare, and environmental 
preservation in the Anthropocene.

 Reactive Oxygen and Nitrogen Species

Reactive oxygen and nitrogen species (ROS/RNS) are central to both atmospheric 
and physiological chemistry, and their coupling through human airways and epithe-
lia is illustrated in Fig. 7.2a. These chemical species include highly reactive free 
radicals such as hydroxyl radicals (OH) and nitrate radicals (NO3) as well as more 
stable compounds such as hydrogen peroxide (H2O2) and nitrous acid (HONO). 
They play a central role in the adverse health effects of air pollution and are pro-
duced in a wide range of atmospheric and physiological processes (Halliwell & 
Gutteridge, 2015; Pöschl & Shiraiwa, 2015; Shiraiwa, Li, Tsimpidi, et al., 2017; 
Shiraiwa, Ueda, Pozzer, et al., 2017; Sies et al., 2017; Su et al., 2011; Tong et al., 
2017). In the atmosphere, ROS/RNS are generated via photochemical and multi-
phase reactions involving atmospheric oxidants, aerosols, and clouds. Ozone and 
related ROS/RNS are among the most noxious components of summer smog, and 
they are also involved in the secondary formation of air particulate matter by oxida-
tion and condensation of gaseous precursors in the atmosphere (e.g., secondary 
organic aerosols and sulfate; Cheng et al., 2016; Hallquist et al., 2009). On the other 
hand, ROS/RNS are crucial for the oxidative self-cleaning of the atmosphere by 
increasing the water solubility of air pollutants and their removal by precipitation 
(“washout” or wet deposition). For example, hydroxyl radicals convert nitrogen 
dioxide into highly soluble nitric acid, which is efficiently absorbed by rain and 
snow. In fact, hydroxyl radicals are such strong oxidants that they react with and 
facilitate the removal of most air pollutants and are thus called the “detergent” of the 
atmosphere (Pöschl & Shiraiwa, 2015; Seinfeld & Pandis, 2016).
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Fig. 7.2 (a) Sources, interactions, and effects of reactive oxygen and nitrogen species (ROS/RNS) 
at the interface of atmospheric and physiological chemistry with feedback loops involving the 
Earth system, climate, life, and health. (b) Interactions of atmospheric and physiological ROS/
RNS with antioxidants (ascorbate, uric acid, reduced glutathione, α-tocopherol) in the epithelial 
lining fluid (ELF) of the human respiratory tract. Reactive pollutants such as ozone (O3), hydrogen 
peroxide (H2O2), nitrogen oxides (NOx), reactive oxygen intermediates (ROI), environmentally 
persistent free radicals (EPFR), secondary organic aerosol (SOA), soot, quinones, and transition 
metals can induce ROS/RNS formation in vivo, leading to oxidative stress and biological aging 
(Pöschl & Shiraiwa, 2015; Reinmuth-Selzle et al., 2017)
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Physiological sources of ROS/RNS include metabolic, signaling, and inflamma-
tory processes. In the human immune system, ROS/RNS are used in defense against 
pathogens by oxidizing relevant biomolecules (DNA, proteins, lipids) and rendering 
the pathogens biologically less active or inactive. For example, H2O2, OH radicals 
and related ROS are involved in the elimination of pathogenic microbes (Halliwell 
& Gutteridge, 2015). Under homeostatic conditions, the production of ROS/RNS is 
balanced by antioxidants. Air pollution, however, can cause excessive production or 
uptake of ROS/RNS and an imbalance between oxidants and antioxidants (oxida-
tive stress), leading to cell death, biological aging, inflammation, and various dis-
eases (Pöschl & Shiraiwa, 2015; Reinmuth-Selzle et  al., 2017; Sies et  al., 2017; 
West et al., 2016). In other words, adequate levels of ROS/RNS are essential for the 
functioning and self-cleaning of both the atmosphere and the human organism, but 
excess concentrations of ROS/RNS are detrimental to human health.

Fine particulate matter suspended in the air contains reactive components such as 
transition metals (TM), polycyclic aromatic hydrocarbons (PAH), semiquinones, 
nanoparticles, and related substances. In the atmosphere, aerosols undergo transport 
and transformation, which may lead to a change in their chemical composition and 
toxicity as well as their optical properties and climate effects depending on tempera-
ture, humidity, and particle phase state (Ditas et al., 2018; Mu et al., 2018; Shiraiwa, 
Ammann, Koop, & Pöschl, 2011; Shiraiwa, Li, Tsimpidi, et  al., 2017; Shiraiwa, 
Ueda, Pozzer, et al., 2017; Socorro et al., 2017; Tong et al., 2017). Upon inhalation 
and deposition in the human respiratory tract, air pollutants can induce and sustain 
chemical reactions that produce ROS in the epithelial lining fluid (ELF) covering 
the airways. As illustrated in Fig. 7.2b, the reactive pollutants and ROS undergo a 
multitude of chemical reactions in the ELF. A quantitative analysis and assessment 
of these processes was recently achieved in investigations using a kinetic multilayer 
model of surface and bulk chemistry in the ELF (KM-SUB-ELF) to obtain chemical 
exposure–response relations between ambient concentrations of air pollutants and 
the production rates and concentrations of ROS in the ELF of the human respiratory 
tract (Lakey et al., 2016).

As illustrated in Fig. 7.3, the total concentration of ROS generated by redox-
active substances contained in fine particulate matter (PM2.5) deposited in the ELF 
can increase by more than a factor of 20 from ∼10 nmol L−1 under clean conditions 
up to almost ∼250 nmol L−1 under highly polluted conditions. The green-striped 
horizontal bar indicates ROS concentration levels characteristic of the ELF or bron-
choalveolar lavage of healthy humans, respectively, which are around ~100 nmol L−1. 
Compared to this reference level, the ROS concentrations generated by redox-active 
particulate matter inhaled from pristine marine or rainforest air (PM2.5 < 10 μg m−3) 
are much lower and appear negligible with regard to airway oxidative stress. In 
moderately polluted air (PM2.5 ≈ 10–50 μg m−3), the particle-generated ROS con-
centrations can be of similar magnitude or higher than the physiological background 
level and may thus significantly contribute to oxidative stress depending on aerosol 
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concentration and chemical composition (see error bars and grey-shaded area). In 
heavily polluted air (PM2.5 > 50 μg m−3), the particle-generated ROS concentra-
tions are as high as the ROS concentrations observed in the bronchoalveolar lavage 
of patients with acute inflammatory diseases in respiratory tract (100–250 nmol L−1). 
The pathologically high ROS levels calculated for ELF in airways exposed to high 
ambient aerosol concentrations are consistent with epidemiology-based air quality 
standards and regulations of the World Health Organization (WHO), aiming at 
PM2.5 concentrations less than 10 μg m−3 averaged over a year (Lakey et al., 2016; 
WHO, 2013; 2017). Further investigations building on the scientific approach and 
exposure–response relations outlined above will help to identify key species and 
processes to be targeted in efficient strategies and policies for air quality control 
and improvement. For example, they may help to resolve the relative importance 
and nonlinear interactions of different types and sources of air pollutants such as 
combustion engine exhaust, brake-wear, and dust emitted or suspended by road or 
railway traffic.

Fig. 7.3 Chemical exposure–response relationships between ambient concentrations of fine par-
ticulate matter (PM2.5) and the concentration of reactive oxygen species (ROS) in the epithelial 
lining fluid (ELF) of the human respiratory tract. The green-striped horizontal bar indicates the 
ROS level characteristic for healthy humans (∼100 nmol L−1). The gray envelope represents the 
range of aerosol-induced ROS concentrations obtained with approximate upper and lower limit 
mass fractions of redox-active components observed in ambient PM2.5. The data points represent 
various geographic locations for which measured or estimated mass fractions are available, includ-
ing (1) Amazon, Brazil (pristine rainforest air); (2) Edinburgh, UK; (3) Toronto, Canada; (4) 
Tokyo, Japan; (5) Budapest, Hungary; (6) Hong Kong, China; (7) Milan, Italy; (8) Guangzhou, 
China; (9) Pune, India; (10) Beijing, China; (11) New Delhi, India; (12) Sumatra, Indonesia (bio-
mass burning/peat fire smoke) (Lakey et al., 2016)
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 Allergic Diseases

Allergies constitute a major health issue in most modern societies, and related dis-
eases such as allergic rhinitis and atopic asthma have strongly increased during the 
past decades. Among the environmental risk factors for allergic diseases are reduced 
childhood exposure to pathogens and parasites (hygiene hypothesis), nutritional 
factors, psychological or social stress, and environmental pollutants (diesel exhaust 
particles, ozone, nitrogen oxides, etc.), which can effectively lead to an over- or 
under-stimulation of the immune system (Reinmuth-Selzle et al., 2017). As outlined 
in Fig. 7.4, air pollution and climate change can influence the bioavailability and 
potency of allergens and adjuvants in multiple ways, including changes in vegeta-
tion cover, pollination and sporulation periods, and chemical modification or aggre-
gation. Moreover, air pollutants can act as adjuvants and skew physiological 

Fig. 7.4 Pathways through which climate parameters and air pollutants can influence the release, 
potency, and effects of allergens and adjuvants: temperature (T), relative humidity (RH), ultravio-
let (UV) radiation, particulate matter (PM), ozone and nitrogen oxides (O3, NOx), reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase, pollen-associated lipid mediators 
(PALMs), damage-associated molecular patterns (DAMPs), pattern recognition receptors (PRR), 
type 2 T helper (Th2) cells, immunoglobulin E (IgE), allergenic proteins (green dots), and chemi-
cal modifications (red dots) (Reinmuth-Selzle et al., 2017)
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processes and the immune system towards the development of allergies, for exam-
ple, by oxidative stress, inflammation, and disruption of protective epithelial barri-
ers. Environmental allergens are mostly proteins derived from plants, animals, and 
fungi that can trigger chemical and biological reaction cascades in the immune sys-
tem leading to allergic sensitization and formation of IgE antibodies. Prominent 
examples are major allergens of birch pollen (Bet v 1), timothy grass pollen (Phl 
p  1), ragweed (Ambrosia, Amb a 1), molds (Alternaria alternata, Alt a 1; 
Cladosporium herbarum, Cla h 1; Aspergillus fumigatus, Asp f 1), and dust mites 
(Der p 1).

Figure 7.5 provides a simplified overview of cellular and molecular interactions 
that are central to the processes of sensitization and response in IgE-mediated aller-
gies (type I hypersensitivities). Normally, IgE antibodies and related immune reac-
tions are involved in the defense against parasitic infections, and allergic reactions 
can thus be regarded as a “false alarm” of the immune system. Interactions between 
protein macromolecules acting as allergens, antibodies, cytokines, or receptors play 
a key role in the innate and adaptive immune responses involved in the development 
of allergies. Chemical modification by air pollutants can lead to changes in the 
molecular structure and interactions of protein macromolecules that trigger such 
false alarms (Reinmuth-Selzle et al., 2017 and references therein).

Fig. 7.5 Cellular and molecular interactions involved in allergic sensitization and response of IgE- 
mediated allergies (type I hypersensitivities): blue color indicates protein macromolecules acting 
as allergens, antibodies, cytokines, or receptors; red color indicates pro-inflammatory mediators 
and reactive oxygen or nitrogen species (ROS/RNS) (Reinmuth-Selzle et al., 2017)
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Rising concentrations of atmospheric aerosols and oxidants are likely to promote 
the chemical modification of proteins in the atmosphere as well as in the human 
body due to elevated ROS/RNS levels and oxidative stress, especially in the airways 
(ELF) as outlined above. For example, elevated O3 and NO2 concentrations can 
enhance the allergenic potential of proteins through nitration and cross-linking of 
allergenic proteins through the aromatic amino acid tyrosine as illustrated in Fig. 7.6 
(Franze, Weller, Niessner, & Pöschl, 2005; Liu et  al., 2017; Reinmuth-Selzle, 
Ackaert, & Kampf, 2014; Reinmuth-Selzle et al., 2017). Ongoing experimental and 
theoretical studies provide new insights into the mechanism of these and related 
processes, which will help to elucidate and counteract the influence of air pollutants 
on the development and aggravation of allergic diseases.

Fig. 7.6 Posttranslational modification of proteins exposed to ozone (O3) and nitrogen dioxide 
(NO2). The initial reaction with O3 leads to the formation of reactive oxygen intermediates (ROI, 
tyrosyl radicals), which can further react with each other to form cross-linked proteins (dityrosine) 
or with NO2 to form nitrated proteins (nitrotyrosine). The shown protein is Bet v 1.0101, for which 
nitration and cross-linking were found to influence the immunogenicity and allergenic potential. 
Red dot indicates a tyrosyl radical; red bar indicates dityrosine cross-link (Reinmuth-Selzle et al., 
2017)
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 Conclusions

In air quality, climate, and health studies, it is often challenging to separate natural 
and anthropogenic effects and variations. Unperturbed natural conditions are diffi-
cult to find or reconstruct from current and recent observations of the environment, 
which has already undergone massive anthropogenic change on global scales. All 
the more, it is important to fully unravel and quantify the processes and interactions 
influencing the current state as well as the history and future development of the 
Earth system, climate, air quality, and public health. This requires interdisciplinary 
exchange and collaboration across the Earth, environmental, and life sciences. 
Recent advances in field observations, laboratory experiments, and mathematical 
model simulations provide deep insights into the underlying physical, chemical, and 
biological processes. They enable the development and refinement of target- oriented 
ways and efficient approaches of effectively mitigating and counteracting the 
adverse effects of air pollutants. Building on open access to scholarly publications 
and data, a global commons of scholarly knowledge in the sciences and humanities 
will help to augment, communicate, and utilize the scientific understanding (Berlin 
Declaration, 2003; oa2020.org). Moreover, public peer review, interactive discus-
sion, and documentation of the scientific discourse on the internet can serve as 
examples and blueprints for rational and transparent approaches to resolving com-
plex questions and issues (Pöschl, 2012). Combining the internet with open science 
will ultimately reflect both what we know and how we know it (“epistemic web”; 
Hyman & Renn, 2012). In any case, scholars and practitioners in the natural, social, 
and medical sciences as well as humanities and politics should closely collaborate 
to transfer the scientific knowledge of air pollutant sources and effects into effective 
strategies and policies of air quality management and control. This should be pur-
sued in analogy to the successful example of protecting the ozone layer from 
destruction by chlorofluorocarbons in the late twentieth century rather than the grid-
locked struggle for climate protection in the early twenty-first century. In this con-
text, it may be worthwhile to emphasize not only the need to mitigate negative side 
effects of human activities but also the opportunities for actively using scientific 
knowledge and technology to protect planet Earth for a sustainable development 
and healthy future of humanity and its planetary home (“planetary health”). Thus, 
the Anthropocene notion may help humanity to recognize both rationally and emo-
tionally: We are shaping our planet and environment, so let us get it right.
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