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Supplementary Text

Section S1: Typical ambient and endogenous H>O» concentrations

Gas-phase H.0O> is mainly produced via dismutation of the hydroperoxyl radical (HO2"), which is
formed by atmospheric photochemical processes. HOz'is generated by the photolysis of
formaldehyde and by reactions between hydroxyl radicals ("OH) and hydrocarbons. The formation
of "OH is triggered by photolysis of ozone, producing molecular and atomic oxygen, with the latter
reacting with water vapor yielding "OH. Subsequently, “OH reacts with hydrocarbons acting as a
final source of HO2'and H.O2. Anthropogenic sources, such as biomass burning, fire plumes,
combustion facilities and vehicle exhausts yield both HOz"and formaldehyde, contributing to H20-
formation. An important source of high concentrations of H>O is thunderstorms, which produce
H20, via electrical discharges during high electric field conditions. Thus, gas-phase H>O: is
continuously produced in the atmosphere via both natural and anthropogenic sources and
constitutes the most abundant peroxide.*?

In urban areas, typical ambient H2O; levels are 0.5-1.5 ppb , while higher levels >2 ppb have been
reported under polluted conditions in both urban and rural areas (Table S5).3 Urban regions are
typically characterized by elevated "NOx levels compared to rural areas, which, due to higher
consumption of HO2, may in some cases limit H2O> production.

H.0- has been investigated previously for its potential to trigger oxidative stress in the lung.8®
The chemical stability of H,O, allows it to permeate biomembranes.?® It is also produced
endogenously via cellular sources. Cellular enzymes such as NADPH oxidase produce H20- via
superoxide, which is subsequently converted to H,0,.2%2® Cellular levels of H-O, typically range
from 1 to 100 nM.*? Under oxidative signaling events, H,O> levels reach up to 500-700 nM.1! At
high H20- levels, the cell can go into a state of oxidative stress, which can lead to inflammatory
signaling and cell death.'? H,0 is also observed in blood with concentrations ranging from 0.8 to
6 uM for healthy individuals; individuals with diabetes or other health conditions can have H,O>
levels of 10-82 pM in their blood.?622425 Measuring the H20, concentration in the ELF is
challenging due to the difficulty in extracting lung lining fluid from a living organism.
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Section S2: Kinetic multi-layer model

We investigate the effects and interactions of ambient and endogenous H>O. and other air
pollutants in the epithelial lining fluid (ELF) using a multiphase kinetic model, which builds on an
existing kinetic modeling framework?®?" and describe chemical mechanisms and transport of
reactive oxygen species (ROS) influencing oxidative stress. In the model, the respiratory tract is
divided into: (a) the gas phase of the respiratory tract, (b) the surfactant layer, (c) the aqueous ELF,
(d) a cellular layer, and (e) a blood layer.

The kinetic multi-layer model of surface and bulk chemistry in the epithelial lining fluid (KM-
SUB-ELF) described by Lakey et al.?® and Lelieveld et al.?” was extended to simulate the
production rate and concentration of ROS in the ELF considering effects of underlying cells and
blood vessels. The newly developed model (KM-SUB-ELF 2.0) treats inhalation and exhalation
from and to the ambient gas phase, adsorption and desorption to and from the ELF, diffusion in
the ELF, mass transport between the ELF, cells and blood, as well as 131 chemical reactions are
represented in the model. The model considers particulate pollution from fine particulate matter
smaller than 2.5 um (PM2.5) and gas-phase pollution from ‘NO, Os, and H20,. The model
generates a system of ordinary differential equations, which is solved using the stiff differential
equation solver ode23tb in Matlab, and calculates the evolution of reactant concentrations over
time. An explicit Jacobian matrix is provided to aid in computation. Model parameters are listed
in Tables S1-S4.

The surfactant layer consists of a surfactant lipid, 1-palmitoyl-2-oleoyl-sn-glycerol (POG), a
surfactant protein (SP-B1-25), and the antioxidant a-tocopherol (a-Toc), following Lelieveld et al.
21 Chemical reactions of POG and SP-Bi-2s with *OH and Os occur in this compartment. The
ozonolysis of POG yields Criegee intermediates, which are assumed to hydrolyze to H20:
according to reaction R1 with an experimentally-determined yield of 0.17.2” Diffusion of ROS
between the surfactant layer and the ELF can increase ROS concentrations in the ELF.

POG + 0; — HCHO + (0.17)H,0, 1.66 X 10716 cm3 s™1 (1)

The low molecular mass antioxidants ascorbate (Asc), glutathione (GSH), uric acid (UA), and a-
Toc) are included in the model. In addition, the model considers three quinones as part of PM2.5,
phenanthrenequinone, 1,2-naphthoquinone and 1,4-naphthoquinone, and their reaction with
oxygen, HO>", and Asc. Ambient and endogenous contributions, Fenton chemistry involving iron
and copper, as well as HOx (='OH, HO>") chemistry are main pathways leading to formation and
consumption of H20 and thus ROS. The rate coefficients follow the work of Lakey et al.?. All
reactions included in the model are listed in Table S1. Partitioning from gas phase into the
surfactant layer is calculated according to Henry’s law for aqueous solutions. Accordingly, equal
partitioning is assumed between surfactant and aqueous ELF layer for all volatile species.

The composition of PM2.5 in the atmosphere varies strongly depending on location, source,
season, weather, and time of day. We use a standardized PM2.5 composition that was established
previously using the median mass fractions of redox-active PM2.5 constituents from a large set of
atmospheric field measurements.?” The mass fractions are 3.1x10* for copper, 8.1x107 for iron,
1.6x107 for quinones, and 0.33 for secondary organic aerosol (SOA).

The most influential model parameters are varied for sensitivity analyses in this study (Figs. 2 and
3, Figs. S1-S7). However, if not noted otherwise, these parameters are kept at their default values.
The default effective membrane permeability of H,O, is 1x10®° cm s?, the default blood
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concentration of H.O; is 5 uM, the default ambient concentration of H20; is 1 ppb, the default
cellular production rate of H.O, is 1x10* cm™ s, and the default concentration of H2O.-
scavenging enzymes in the cell layer is 10 uM (Table S4).

Section S3: Antioxidant concentrations and enzymatic reactions

In the model, the antioxidants Asc, GSH, and UA are present in the ELF at concentrations of 40
1M, 108 uM, and 200 pM, respectively.?6-2 g-Toc is considered to be in the surfactant layer with
concentration of 200 uM.?" In line with previous models, antioxidants are considered constant
within the two-hour simulation time to prevent the significant changes in redox chemistry in the
unlikely event of full antioxidant depletion.?’

Enzymatic reactions are considered within ELF and cellular compartments. Superoxide dismutase
(SOD) and catalase are included in ELF, while in cells, a range of H20.-scavenging enzymes
(peroxiredoxins, catalase, GSH peroxidase) are considered as outlined below and in Table S2. The
reaction of SOD with O™ results in the production of H20, and O, each with 50% yield.?” Catalase
has been experimentally determined to be the main defense of ELF against H.O, following a two-
step reaction mechanism.3%32 In the first step H.O; reacts with catalase forming a catalase-H20>
complex, which, in the second step, reacts with another H.O2 molecule forming water and oxygen.
In this work, the two steps are combined, producing water and oxygen with a 50% yield,
respectively.

The catalytic activity of enzymes is typically reported in enzyme units (U), defined as the amount
of enzyme required to catalyze one micromole of substrate per minute. In the substrate-limited
regime, the enzyme concentration can be calculated as the ratio of the catalytic activity Vmax, given
in U mL?, and the catalytic constant, Keat.

Um ax

[enzyme] = Ko (8)

For SOD, ket has been reported between 10°-10°s™ and vimax at 36.8+2.0 U mL1.2730:3334 ysing
Eg. 8, the SOD concentration can be estimated between 0.61 and 6.1 nM. Similarly, kc.: for catalase
is reported in the range of 3x10%-4x10" st with a vmax of 3.740.6 U mL™?, resulting in an estimated
catalase concentration range of 1.6-16 pM.3%3® From these concentration ranges, 1 nM of SOD and
5 pM of catalase are chosen as an order of magnitude estimate, respectively, following the work
of Lelieveld et al.?’. In the cellular layer, the catalytic activity of catalase is reported to be an order
of magnitude higher compared to ELF, which equates to 50 pM.2%" In contrast, peroxiredoxins
are thiol proteins that are present in the cells at much higher concentrations of tens of micromolar.*
Hence, peroxiredoxins are likely the predominant sink of H20: in lung cells. Thus, for simplicity,
we choose a conservative estimate of 10 uM for the sum of all H2O2-scavenging enzymes in this
work, and assume a common reaction rate of 3.3x1071* cm?® s for the enzymes.*® Note that H,02
is scavenged only by the reduced forms of peroxiredoxins, yielding peroxiredoxins in an oxidized
form. The reduced form must be regenerated in a NADPH-dependent reaction.® Here, we assume
that the concentration of the reduced form of peroxiredoxins is constant during the calculation.

Section S4: Production of H»O: in the cellular layer

Respiratory cells are known ROS producers, among them type 1l alveolar cells and endothelial
cells. Type Il alveolar cells constitute about 4 % of the alveolar surface area and 10-15 % of all
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lung cells.”® Kinnula et al.** find a production rate of 0.7 nmol H202 min™ mg protein™ for type 11
alveolar cells and 0.06 nmol H20, min mg protein™ for endothelial cells. Piotrowski et al.*? find
a baseline production of type Il alveolar cells of 0.15 nmol H20, min* mg protein™. We estimate
from literature that the protein mass density is in the range of 150 — 300 mg cm.#® Using these
numbers, we can derive a best estimate for the cellular H,O, production rate in the range of 2x10'3
— 5x10% cm st as detailed below. Note, however, that these measurements stem from in vitro
experiments using rat alveolar cells and can only be regarded as order of magnitude estimates for
the human lung. We thus choose a central value of 1x10** cm= s from this range for the
calculations in this study.

Upper Estimate - 15 % of cells are type Il alveolar cells (0.7 nmol mg protein™ min) and the
rest behave like endothelial cells (0.06 nmol mg protein™ min™t) at a protein mass density of 300
mg cm

(0.15- 0.7 nmol mg~! min™! + 0.85 - 0.06 nmol mg~! min™1) - 300 mg cm~3 - 6.022

1
-10%3 mol™? -%min sT1~5.10%cm3s?

Lower Estimate - 10 % of cells are type 1l cells (0.15 nmol mg protein™ min™) at a protein mass
density of 150 mg cm™ and the remaining cells do not produce significant amounts of H20,

1
(0.1-0.15 nmolmg=! min™1) - 150 mgcm™3 - 6.022 - 1023 mol™? -%min s71

~2-1083cm™3s71

Section S5: Secondary Organic Aerosol (SOA)

Secondary organic aerosol (SOA) is a major component of ambient PM2.544% and contains highly
oxidized organic compounds such as organic (hydro)peroxides.*® These peroxides may be labile
and decay with a short half-life*” or follow a similar chemistry to H.0, by forming *OH radicals
in reactions with transition metals and water.*® SOA has been shown to produce superoxide and
H.0- in aqueous solution and to contribute to the oxidative potential and cytotoxicity of PM2.5.49-
52

SOA may contribute to “OH production in an iron-dependent and an iron-independent process.*"*
Following the work of Tong et al. *® and Lakey et al. 5, we consider a relative "*OH yield from
SOA of 1% within the 2-hour calculation window. However, expanding the parameterization in
Lakey et al.,?® we attribute a tenth, i.e. 0.1 % of SOA, to iron-independent SOA sources (Fig. S8),
which is in line with the observations in Tong et al.*.

Note that the contribution of SOA to "OH production in epithelial lining fluid is not well
established. Interpreting experimental results that contain a multitude of chemical components is
very challenging. Furthermore, experiments are often performed using electron paramagnetic
resonance (EPR) spectroscopy and radical detection with spin trapping agents. These techniques
are affected by radical-spin trap-adduct half-lives and yields, which further hamper experimental
interpretation. As an example, recent studies find differences in the type and amount of radical
species formed in pure water or in surrogate lung fluid (SLF).#851535% While *OH and superoxide
have been observed in experiments performed in pure water,*®° R radicals have been found as
the major product in SLF.5*** These observations indicate either a different decomposition
mechanism of SOA, or altered radical-spin trap-adduct half-lives and yields under the different
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experimental conditions. It remains open whether "OH is formed initially, but reacts with other
SLF constituents before reaction with the spin trapping agent. Furthermore, organic peroxides
inhaled through SOA may also be scavenged by enzymes such as peroxiredoxins and peroxidases
before significant conversion to “OH occurs. Comprehensive experimental and modelling analyses
are required to unravel the exact mechanism and extent of radical formation from SOA in epithelial
lining fluid. However, this is out of the scope of the present work. For these reasons, the
contribution of SOA to "OH production in this work may constitute an upper estimate.

Section S6: H,0O» and "OH source apportionment in ELF

In this study, the source apportionment of H2O: in the ELF could not be achieved with traditional
flux analyses, i.e. comparing chemical and diffusion fluxes, due to the inherit coupling of chemical
reaction and diffusion in multiple compartments. Instead, we performed a sensitivity analysis and
compared five scenarios (endogenous transport of H20., inhalation of ambient H202, ‘NO2, Os,
and PM2.5), in which only a single source was present in the model at a time, to the scenario with
all sources. For instance, to estimate the H>O> concentration attributed to endogenous transport of
H20>, the sources from ambient H.O2, O3, NO2 and PM2.5 were turned off. We followed the same
approach for each of the five sources. Note that this approach was only possible because non-linear
effects were almost non-existent, i.e. the total H.O2 concentration was very close to the sum of the
H20, generated in each single-source scenario. Thus, dividing the H.O concentration in each
single-source scenario over the H»O. concentration considering all sources gives a good
approximation of the apportionment of sources.

For source apportionment of the hydroxyl radical ("OH), a traditional flux analysis could be
performed due to negligible diffusion of the reactive radical across compartment boundaries. The
production of "OH is mainly attributed to Fenton(-like) reactions of H>O, and SOA with iron in
the model.

The H20> consumption by enzymes in the cell layer affects the source apportionment of *OH
production and H2O- concentration (Fig. S7b). Increase of the enzyme concentration leads to a
decrease in contribution of Fenton chemistry (H20./Fe) to "OH production, shifting the
contribution towards the Fenton-like reactions involving SOA (SOA/Fe). Figure S4b shows a
stronger influence of endogenous H>0O- in the H20. concentration in the ELF at low enzyme
concentrations. The endogenous and gas-phase H>O. contributions converge with increasing
enzyme availability.

Section S7: Discussion of model sensitivity and limitations

The model presented in this work, KM-SUB-ELF 2.0, describes chemical mechanisms and
transport of ROS within the respiratory tract, aiming to investigate the influence of ambient and
endogenous H>O> as well as main air pollutants in ROS production. Due to the complexity of the
respiratory tract, KM-SUB-ELF 2.0 outlines the essential processes to provide a first estimate on
evaluating the parameters influencing ROS production. A key model parameter is the effective
membrane permeability of H2O2 (uetr. Figures 2a and Sla show the concentrations of H2O in all
model compartments as a function of wesr. The concentrations in atmosphere and blood in the model
are not affected, but the ELF and cellular concentrations are strongly influenced by wuesr. The
reported range of cellular H2O2 (1-10 nM) constrains this important model parameter. The value
of uefr also affects the "*OH source (Fig. S7a): at the best guess value for uerr, “"OH production is
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mainly due to Fenton chemistry of peroxides contained in SOA, while at very high or very low
Letf, Fenton chemistry of H20: is the dominant "OH source.

It is important to note that the "OH yield from SOA is a challenging topic, requiring further
investigation and thus contributing to the uncertainty of the calculations. This topic is discussed in
detail in Sect. S5, but a more in-depth investigation is out of the scope of this study.

Another important parameter influencing the ROS levels in the respiratory tract is the cellular
concentration of H2O,-scavenging enzymes. Figure S1b shows a linear dependence of H20-
concentration in the cells and a similarly strong dependence of H2.O> concentration in the LLF,
which levels off towards very high enzyme concentrations.

The concentration of PM2.5 determines the production of "OH in the ELF, as shown in Figure 3B
and D. The concentrations of H20. in ELF and respiratory tract gas phase, however, are not
affected by PM2.5 concentrations (Figs. S1c, S3c). PM2.5 becomes a significant source of H20-
only at the highest concentrations investigated in this study (1000 pg/m3; Fig. S4c), which are
exceedingly high even for the most polluted cities on Earth.

We finally note that the biological mechanisms contributing to ROS production and consumption
are strongly simplified in the model. Future work is needed to include biological sources of
superoxide and their stimulation with PM2.5.%° The model structure of the respiratory tract could
be further subdivided, for example into extrathoracic, bronchial, and alveolar space (Fig. S9),
which likely experience different concentrations of deposited PM2.5 and inhaled water-soluble
trace gases such as H202, NO; and Os. Preliminary calculations separating upper and lower
respiratory tract show that between 10-90 % of ambient gas-phase H2O2 will be consumed in the
extrathoracic space (nasal cavity to trachea) alone, depending on factors such as geometry, ELF
volume, H>O»-scavenging enzyme concentrations, and membrane permeability in the upper
respiratory tract. The exhaled H20, concentrations in this early test simulation were strongly
increased, due to a higher saturation of the extrathoracic ELF with H202, coming much closer to
values reported for exhaled breath condensate. We expect that the upgraded model structure and
inclusion of macrophages as additional endogenous ROS sources will reconcile the agreement with
these measurements, and decrease the importance of ambient H20- for the deep lung. However,
this model upgrade is still in development, outside the scope of this work, and will be addressed
in future publications. Nevertheless, this work provides important insights in the evaluation of
toxicity of the main air pollutants and the effect of endogenous processes to ROS levels in the
respiratory tract.

Section S8: Contribution of ambient and endogenous H>O» to ROS in the ELF

In the model KM-SUB-ELF 2.0, the concentration of H2O2 in ELF can be either determined by
transport of endogenous H202 (endogenous H20> regime), inhalation of ambient H2O: (ambient
H20, regime) or both (transition regime). Which regime is active depends on the effective
membrane permeability uefr, with the ambient H.O2 regime dominating the H.O. concentration in
ELF when rerr < 1-:10° cm s?, while the endogenous H.O, regime dominates the H.O;
concentration in the ELF when uerr > 1x10° cm s (Figs. 2 and S3). At 1x10° cm s, the best
guess for membrane permeability in this study, we observe a transition between both regimes.
Figure S5 illustrates the regimes of H>O> supply: in the ambient-H20. regime, only changes in
ambient H20. concentrations change the H.O> concentrations in the ELF. Likewise, in the
endogenous H.O, regime, only changes in blood H2O2 concentrations change the H20:
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concentrations in the ELF. In the transition range between both regimes, both concentrations are
important. Note that, while membrane permeability of H.O> affects the regime of H20. supply,
"OH production in the ELF is dominated by PM2.5 constituents regardless of uesf in the model.
Note also that additional endogenous sources of ROS, such as superoxide production by

macrophages in the ELF or a larger production rate of H2O> by epithelial cells, may tip the scales
fully in favor of endogenous sources of H.O..
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Fig. S1. H202 concentrations in respiratory tract compartments. H,O> concentration in blood
(red line), epithelial lining fluid (ELF; black line), and cells (orange line) as a function of various
model parameters: (a) effective membrane permeability coefficient of H2O, (b) H20.-scavenging
enzyme concentration in cells, (c) ambient PM2.5 and NO, concentration, and (d) cellular H20-
production rate in a standard pollution scenario (PM2.5=30 pg m3, NO2=30 pg m-3, 03=30 ppb,
H20,=1 ppb) unless otherwise indicated. Effective permeability and enzyme concentration are the
parameters with the strongest sensitivity, while cellular H202 production rate only becomes
sensitive at large values. The parameters used in the standard scenario in this study are marked
with a vertical dashed line.
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Fig. S2. Comparison of inhaled and exhaled H202 concentrations. Inhaled and exhaled H20-
concentrations as a function of various model parameters: (a) effective membrane permeability
coefficient of H20>, (b) H202-scavenging enzyme concentration in cells, (c) ambient PM2.5 and
NO: concentration, and (d) cellular H2O, production rate in a standard pollution scenario
(PM2.5=30 pug m, NO2=30 pg m=, 03=30 ppb, H202=1 ppb) unless otherwise indicated. Inhaled
H20, concentrations are always larger than exhaled concentrations. The parameters used in the
standard scenario in this study are marked with a vertical dashed line.
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Fig. S3. Comparison of ambient and respiratory tract gas-phase concentrations. The ambient
(dotted lines) and respiratory tract (solid lines) gas-phase concentrations of H,O. (blue), Os
(purple), and NO> (black line) as a function of various model parameters: (a) effective membrane
permeability coefficient of H20,, (b) H202-scavenging enzyme concentration in cells, (c) ambient
PM2.5 and NO: concentration, and (d) cellular H2O2 production rate in a standard pollution
scenario (PM2.5=30 pug m, NO2=30 ug m, 0s=30 ppb, H202=1 ppb) unless otherwise indicated.
All respiratory tract / exhaled concentrations are significantly below their ambient / inhaled
concentrations due to reactive uptake to the epithelial lining fluid. The parameters used in the
standard scenario in this study are marked with a vertical dashed line.
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Fig. S4. Source apportionment of H202 sources in the ELF. The contribution of ambient H20-
(blue line), endogenous transport of H20- (red line), ozone (purple line), and PM2.5 (black line)
as a function of various model parameters: (a) effective membrane permeability coefficient of
H20,, (b) H2O»-scavenging enzyme concentration in cells, (c) ambient PM2.5 concentration, and
(d) cellular H20; production rate in a standard pollution scenario (PM2.5=30 pg m, NO2=30 ug
m3, 03=30 ppb, H20,=1 ppb) unless otherwise indicated. The dominant sources are ambient H20;
and endogenous transport of H20-, but the contributions are strongly influenced by the effective
membrane permeability and H>O»-scavenging enzyme concentration in cells. The parameters used
in the standard scenario in this study are marked with a vertical dashed line.
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Fig. S5. Comparison of the influence of inhalation of ambient H202 and transport of
endogenous H202. H>O> concentration (panels a, ¢, €) and *OH production (panels b, d, f) in ELF
are displayed as a function of ambient and blood H20> concentrations and for three different values
of the effective membrane permeability coefficient of H2O2. A higher effective membrane
permeability of H.O2 enhances the influence of endogenous transport of H20, which is evident
from the increasingly vertical contour lines. While the system is clearly in the ambient-H20-
regime in panels (a) and (b), it is fully in the endogenous-H20> regime in panels (e) and (f).
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Fig. S6. Comparison of the influence of inhalation of ambient H202 and PM2.5 concentration.
H>0> concentration (panels a, c, €) and "OH production (panels b, d, f) in ELF as a function of
ambient and PM2.5 concentrations and for three different values of the effective membrane
permeability coefficient of H.O2. The value of the effective permeability coefficient has only very
little effect on the general result that *OH production is dominated by PM2.5 concentrations, while
H20. concentration is hardly affected by PM2.5 concentrations.
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Fig. S7. Source apportionment of *OH sources in the ELF. The contribution of Fenton
chemistry of H2O> (blue line), Fenton chemistry of SOA (purple line), and non-Fenton chemistry
of SOA (black line) as a function of various model parameters: (a) effective membrane
permeability coefficient of H20,, (b) H20,-scavenging enzyme concentration in cells, (c) ambient
PM2.5 concentration, and (d) cellular H20. production rate in a standard pollution scenario
(PM2.5=30 pg m3, NO,=30 pg m=3, 03=30 ppb, H20,=1 ppb) unless otherwise indicated. The
dominant sources are Fenton chemistry of H2O2 and SOA, but the contributions are strongly
influenced by the effective membrane permeability and H.O-scavenging enzyme concentration
in cells. The parameters used in the standard scenario in this study are marked with a vertical
dashed line.
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Fig. S8. Source apportionment of “OH sources in the ELF as a function of agueous SOA
chemistry. Effect of effective permeability and H202-scavenging enzyme concentration in cells
on "OH production. The contribution of Fenton chemistry of H202 (blue line), Fenton chemistry
of SOA (purple line), and non-Fenton chemistry of SOA (black line) as a function of various model
parameters: (a) effective membrane permeability coefficient of H,O2, (b) H20.-scavenging
enzyme concentration in cells. The results are given for a range of "OH yield of SOA (0.3-3 % h"

1).
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Fig. S9. Proposed model structure for follow-up study. To improve the model, we suggest a
sub-division of the respiratory tract. Shown here is a schematic representation of the respiratory
tract in three parts: extrathoracic, bronchial and alveolar space. Geometry of those three spaces
will be different with the extrathoracic space having the largest layer thicknesses but least overall
surface area, and the alveolar space the smallest layer thicknesses but largest surface area,
respectively (schematic not to scale). The gas-phase compartments will be connected through a
fast flux according to the breathing rate.
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Supplementary Tables

Table S1. Chemical reactions included in the model.

Reaction Compartment | Rate constant Unit Reference #

‘NO + O3 — ‘NO, + O, Gas 2.05-10 em3 s-1 56,57 1
‘NO2 + O3 — "NO3 + O, Gas 4.85-10Y em® st 56,57 2
‘NO + NO 3"NO; + *NO; Gas 8.93-10% em3 s—1 56,57 3
"NO + 'NO; — "NO; + ‘NO; Gas 2.57-101 em3 st 56,57 4
‘NO2 + 'NO3 — 'NO + 'NO; + O, Gas 7.73-10716 em® st 56,57 5
"NO; + "NO3 — N20s Gas 1.21-1012 em3 s—1 56,57 6
‘OH + O3 —» HOZ" + O Gas 8.20- 10 em?® st 56,57 7
‘OH + H20; — HO2" + H20 Gas 1.73-1012 em3 -1 56,57 8
HOZ + O3 — "OH + 0, + O; Gas 824-10° | gt 5057 9
‘OH + HO2" — H20 + O3 Gas 1.08- 1010 cm? s-1 56,57 10
HO;" + HO,* — H,0; + O, Gas 5.09 - 1012 em® st 56,57 171
HO," + HOy' — H;0; Gas 350-102 | i gt 5057 12
‘OH + 'NO — HONO Gas 8.91-1012 cm3 s-1 56,57 13
‘OH +* NO, — HNO3 Gas 8.91-10%? em® st 56,57 14
‘OH + NO3" — HO:" + ‘NO; Gas 2.00- 101 em?® st 56,57 15
HO;" + 'NO — "OH +* NO; Gas 8.24 - 1012 em3 s—1 56,57 16
HO." + ‘"NO; — HO;NO; Gas 6.87 - 10%® em® st 56,57 17
HO2NO; — HO;" + 'NO; Gas 2.49 - 107 = 5057 18
‘OH + HO2NO; — NO;" +H,0 + O, Gas 2.96 - 1012 em® st 56,57 19
HO," + "NO; — "OH + "NO, Gas 400102 | o ot 57 20
"‘OH + HONO — ‘NO; + H,0 Gas 5.78 - 1012 em3 51 56,57 21
‘OH + HNO; — "NO;3 +H,0 Gas 1.37-108 em3 s—1 56,57 29
N20s — "NO; + "NO3 Gas 1.83- 107 1 5057 23
HO,NO; — "NO; + HO," Gas 2.49-10% st 56,57 24
Cl + O3 — products Gas 1.00- 103 cm®s7? 58 25
SPB + ‘OH — SPB-0x Surfactant 1.70- 101 em3 s—1 59-61 26
POG + ‘OH — POG-0X Surfactant 170-101 | st 2 ”7
SPB + O3 — SPB-0x Surfactant 1.00- 10 em3 st 62,63 28
POG + 03 — 0.17 H,0; Surfactant 1.66- 1016 cm? 571 64,65 29
a-Toc +'OH — a-Toc-0x Surfactant 4501013 cm3 571 6 30
a-Toc + O3 — o-Toc-0X Surfactant 1.20- 1078 cm3 571 67 31
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H,0
0"+ HO, — H,0, + OH + O,

1.70 -

10»13

ELF cm3 st 26,68 32

HO, + HO; — H20; + O2 ELF 1.40-101 em3 s-1 68 33
02"+ 0" + 2H* — H,0; + O3 ELF 3.82-107 cm3 51 68 34
H,0; + ‘OH — HO, + H;0 ELF 550- 10 | ot o -
‘OH + "OH — H:0; ELF 8.60 - 101 em3 s—1 70 36

'OH + O0," — Oz + OH" ELF 1.30- 101 cm3 st 59 37

“OH + HO; — H,0 + O ELF 120-100 | o ot 7 38
H202 + HO2 — "OH + Oz + H:0 ELF 4.98-10% em3 s—1 7 39
Fe?* + O, + 2H" — Fe** + H,0, ELF 3.10-10 em3 s-1 26,68 40
Fe?* + HO, + H' — Fe% + H,0; ELF 199-105 | ol st 2 i
Fe?* + H,02 — Fe?" + 'OH + OH- ELF 4.30-1018 em3 s—1 73 42
Fe?* + ‘OH — Fe* + OH' ELF 530-10% | o gt 4 43
Fe?* + H,0, — Fe** + H,0 ELF 9.50- 1018 em3 s—1 2% a4
Fe** + H,0; — Fe?* + HO, + HY ELF 3.32-10% em3 s—1 73 45
Fe* + HO, — Fe?* + O, + H' ELF 330 100 | 3ot es 16
Fe™ + Fe** — Fe®* + Fe?* ELF 6.60 - 108 cm3 s-1 75 47
Fe** + Asc — Fe?" + Asc’ ELF 1.10- 107 em3 s—1 2 48
Fe** + Asc — Fe¥ + Asc’ ELF 7.60-101° em3 51 2 49
Fe** + 0 — O, + Fe* ELF 5.20- 10 cm3 s-1 2 50

Cu* + HO '5Cu?* + Ho0; ELF 2.30- 1072 cm? 571 2 51
Cu* + 0 23 Cu?* + H,0, + OH- ELE 580-10% | o oot 2% 5
Cl?* + HO; — Cu* + Oy + H' ELF 160-100 | o st 26 =3
Cu?* + 0" — Cu* + O ELF 8.30- 102 em3 51 2 54
Cu?* + Asc — Cu* + Asc’ ELF 1.40- 1078 em® st 2 55
Cu*+ 0, — Cu?* + O ELF 6.90 - 1020 cm? -1 2 56

Cu* + Hz0, — Cu?" + "OH + OH- ELF 2.40-10% cm? -1 2 57
Cu* + H02 — Cu®* + OH + OH" ELF 5.00 - 10°° em3 s-1 2 58
Cu* + Cu® — Cu?* + Cu?* ELF 5.80 - 1012 em3 51 2 59
Cu?* + H,0, — Cu* + Op" + H* ELF 3.80- 102 em3 51 2 60
PQN + Asc — PQN" + Asc’ ELF 1.20-10% em3 s—1 76 61
PQN"+ 0, — PQN + 0" ELF 460100 | oot » 62
PQN" + Oz~ 25 PQN + H,03 ELF 330-10% | cm3gt 2% 63
NQNI2 + Asc — NQN12" + Asc’ ELF 150-10%° | op3 st 7 64
NQN12 + 0, — NQNI2 + 0, ELF 460-10° | oot % 65
NQN1Z' + Oz -5 NQN12 + H,0; ELF 330107 cm? 571 2 66
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10—21

NQN14 + Asc — NQN14" + Asc’ ELF 6.30 - J— 76 67
NQN14" + O, — NQNI4 + 05" ELF 460107 | oot 2 68
NQN14 + Oz 225 NQN14 + H,0, ELF 330-10% | p3gt 2 69
UA + O3 — Products ELF 9.60 - 10 em® st 67 70

UA + "OH — Products + OH" ELF 1.20 x 101 em® st 77 71
GSH + "OH — Products + OH" ELF 1.50- 101 em3 st 78 72
GSSG + ‘OH — Products + OH ELF 150101 em® st 27 73
Asc + Asc 5 Asc + DHA ELF 5.00-10% | ¢p3 gt 7 74
Asc+ 07 15 Asc + Hy0; ELF 510-10% | ¢p3s-t 2 75
Asc + HOz — Asc’ + H20; ELF 2.65- 10" em® -1 80 76
Asc + ‘OH — Products + OH" ELF 1.80- 101 emd s—1 81 77
Asc + "0z — Products ELF 9.10- 10" emd s—1 67 78

1.25 GS' + 0.5 O3 — Products ELF 9.60 - 100 em® -1 67 79
1.25 GSH + 0.5 O3 — Products ELF 9.60 - 102 em? s—1 67 80
GS0O + GSOO — 0.56 O, + Products ELF 6.79-10° | gt 2 a1
02"+ GSH — GSO" + OH ELF 3.32-107% em3 -1 83-85 82
NO;" + GS* — GSNO; ELF 498102 | it o a3
GSOO" + NO; — GSOONO; ELF 249-107 | o gt 2 84
GSOONO; — GSOO" + NO; ELF 750 - 107 1 2 a5
NO + GS — NOy + GS' ELF 400-108 | it o 36
NO;" + GSH — NOz + GS" + H* ELF 1.66 - 10 em® st 87 87
GSOO" + GSH — GSO' + GSOH ELF 332-10° | gt o 38
GSO + NO;, — GSOONO ELF 747102 | gt o 39
GSOONO — Products ELF 7.00 - 102 51 86 90

GS' + GS — GSSG™ ELF 15910 emd s—1 86,88 91
GSSG™ — GS' + GS ELE 1.60 - 10° g1 86,88 92
GSSG™ + 0, — GSSG + 02~ ELF 8.30- 1012 em® st 86,88 93
GS +GS — GSSG ELF 830 102 | cp3gt o 04
GSOH + GSH — GSSG + H,0 ELF 120-10%° | o3¢t 80 95
GSO* + GSO" — Products ELF 9.96 - 10 em3 s-1 86 96
GS + H,0; — GSOH + OH" ELF 160102 | op3 gt 89 97
GS" + Asc — GSH + Asc’ ELF 1.00 - 102 em3 s—1 90,91 98
UA + NO; — UA" + NOZ ELF 3.00- 10 em3 st 92,93 99
Asc + NO;* — Asc’ + NOy ELF 5.80- 10 em3 s—1 92,93 100
UA" + Asc — UA + Asc’ ELF 1.70- 101 em3 s—1 91 101
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GS + UA — GSH + UA" ELF 500109 |zt o7 102
02" + NOz' — 0:NOO" ELF 7.50 - 1012 em® st 86,94 103
0:NOO" — NO; + Oz ELF 7.00- 107 1 o 104
O:NOO" — 02" + NO2* ELF 1.10 g1 86 105
NO, + NO; — N;O, ELF 750-108 | o3t 27 106
N204 — NO7" + NOy’ ELF 6.90 - 103 51 27 107
N2O4s 25 NOs + NO5 + 2H* ELF 1.00 - 10° -1 56 108
0,7+ O3 FE)»‘OH + 20, + OH" ELF 2.50-10%? cm3 s—1 95 109
HO, + O3 —»'OH + 20, ELF 1.66- 107 I o 110
NO; + *OH — NO;" + OH" ELF 8.80 - 1012 em® st 94 111
"OH + NOz — NOg + H’ ELF 750-10% | paet o 112
"OH + NO, — ONOOH ELF 750 102 | 3t o 113
ONOOH — NO;" + ‘OH ELF 3.00- 107 o1 86 114
ONOOH — NOy + H* ELF 7.00- 107 o1 8 115
ONOO" + GSH — NO, + GSOH ELF 1.10- 108 em3 -1 9% 116
GSO" + NO, — GSOONO ELF 7501012 | 3 -1 % 117
GSOONO —5Products ELF 7.00 - 107 s71 8 118
ONOOH + Asc — Imy ELF 1.66-101 em? s—1 97 119
Im; — ONOOH + Asc ELF 5.00 - 102 g1 o7 120
Im; — Im; ELF 4.00 - 107 1 a7 121
Im; — Imy ELF 5.00 g1 97 122
Im;, + Asc — Asc + DHA + NO; + H0 ELF 1.66- 101 em3 s-1 97 123
Im2 — Asc + NO3z + H* ELF 8.50 - 10" em® st o7 124
ONOOH + UA — UA™ + NO; +
Products ELF 2.60 - 107 cm3 st s 125
07 +S0D ' 0.5 H0, + SOD ELF 2.65- 1072 cm? 571 7 126
H>0, + catalase — H,O + 0.5 O, +
catalase ELF 3.20- 10 cm3 st 2 127
"OH + organic matter — oxidized organic
atter ELF 1.66 - 10*2 em3 s—1 77,98 128
— H20, Cells 1-10% em™3s~! | thisstudy | 129
H202 + enzymes — H,0 + O + enzymes Cells 3.32-10% em3 s—1 27 130
O +S0D ' 0.5 H,0, + SOD Cells 2.65-10°% cm® 71 27 131
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Table S2. Concentrations of gas-phase pollutants considered in the examined pollution scenarios
(Fig. 3). The NO- levels represent a 1:1 mass ratio with PM2.5 levels?’.

Remote | Rural Indoor | Heavily cleaned indoor | Clean urban | Polluted urban
Os (ppb) 15 9 20 10 [200] 10 [200] 30@ 75 101
H20, (ppb) | 0.21202 | 05 | (.9 [103.104] 280 [10%] 10 20
NO: (ppb) 2.1 4.2 5.3 5.3 15.9 31.9
PM2.5 4 [106] 8 [107,108] 10 [109] 10 [109] 30 [2] 60 [110,111]
(ng-m™)

Table S3. Overview of important and default input parameters for KM-SUB-ELF 2.0 in the

standard pollution scenario.

Parameter Value Unit
PM2.5 concentration 30 ug m3
NO; concentration 30 ug m
O3 concentration 30 ppb
Concentration of ambient H,0, 1 ppb
Concentration of blood H,0» 5 uM
Effective membrane permeability of H,0, 1x10° cms?
H,0; production in the cell layer 1x10% cm3s?
Concentration of H,O»-scavenging enzymes in cells 10 uM
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Table S4. Input parameters of the model KM-SUB-ELF 2.0.

Parameter Value Unit
Henry’s law equilibrium constant of O3 1.0 - 1072 M atm?
Henry’s law equilibrium constant of H,O, 9.1-10* M atm'?
Henry’s law equilibrium constant of "OH 29 M atm'?
Henry’s law equilibrium constant of HO,' 6.8 - 10 M atm?
Particulate mass fraction of Cu?* 3.1-107* -
Particulate mass fraction of Fe?* 8.1-1073 -
Particulate mass fraction of quinones 1.9-107° -
Particulate mass fraction of SOA 0.33 -
Water soluble fraction of Cu?* 0.40 -
Water soluble fraction of Fe?* 0.10 -
Water soluble fraction of quinones 0.10 -
Water soluble fraction of SOA 0.10 -
Particulate exposure time 2 h
ELF catalase concentration 5 pM
ELF superoxide dismutase concentration 1000 pM
ELF glutathione concentration 108 uM
ELF ascorbate concentration 40 uM
ELF uric acid concentration 200 uM
ELF a-Tocopherol concentration 0.7 uM
ELF SP-B1.5 concentration 5000 uM
ELF POG concentration 13000 uM
ELF organic matter concentration 40000 uM
PM2.5 accumulation time 2 h
PM2.5 deposition factor 0.45 -
Functional residual capacity of respiratory tract 2750 cmd
Tidal volume 1500 cmd
Duration of breath 3.67 sec
ELF pH 7 -
ELF volume 20 cmd
Respiratory tract surface area 8.9 -10° cm?
Respiratory tract temperature 310 K
Cellular concentration of H,0O,-scavenging 10 M
enzymes
H.0; effective membrane permeability coefficient 1-107° cmst

(4-107°—40-107%)

H,0; production in the cell layer 1-10 cm3s?
Thickness of cell membrane 1-107* cm
Ambient H,O, concentration 1 ppb
Blood H,0, concentration 5 uM
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Table S5. Literature values for H,O2 ambient and indoor concentrations.

Concentration (ppb) Region Reference

1.0 Indoor Li et al., 2002 [03]

0.1-15 Workplace Christensen et al., 2000 12

0.1-5 California Kok et al., 1978 [

0.5 North Carolina Das & Anjela, 1994 4

2.0 Beijing He et al., 2010

<15 Nagoya Watanabe & Tanaka, 1995 (]

0.5-4.5 Remote Beijing Weihan et al., 1998 [']
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