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Ozone reacts with carbon black to produce a fulvic acid-like
substance and increase an inflammatory effect
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Abstract

Exposure to ambient ozone has been associated with increased human mortality. Ozone exposure
can introduce oxygen-containing functional groups in particulate matter effecting a greater
capacity of the particle for metal complexation and inflammatory effect. We tested the postulate
that 1) a fulvic acid-like substance can be produced through a reaction of a carbonaceous particle
with high concentrations of ozone and 2) such a fulvic acid-like substance included in the PM can
initiate inflammatory effects following exposure of respiratory epithelial (BEAS-2B) cells and an
animal model (male Wistar Kyoto rats). Carbon black (CB) was exposed for 72 hours to either
filtered air (CB-Air) or approximately 100 ppm ozone (CB-O3). CB exposure to high levels of
ozone produced water-soluble, fluorescent organic material. Iron import by BEAS-2B cells at 4
and 24 hr was not induced by incubations with CB-Air but was increased following co-exposures
of CB-0O3 with ferric ammonium citrate. In contrast to CB-Air, exposure of BEAS-2B cells and
rats to CB-Og3 for 24 hr increased expression of pro-inflammatory cytokines and lung injury
respectively. It is concluded that inflammatory effects of carbonaceous particles on cells can
potentially result from 1) an inclusion of a fulvic acid-like substance after reaction with ozone and
2) changes in iron homeostasis following such exposure.
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Introduction

The human lung is regularly exposed to a wide variety of particles with a respirable diameter
(<10 um). A shared clinical, physiological, and pathological presentation associated with
exposure to disparate particles supports a common mechanism in the lung. Accordingly, a
single pathway has been proposed through which the effects of all particles are generated.12

Inorganic particles including oxides and oxide minerals have oxygen-containing functional
groups at their surface such as silanols (-Si-OH) in silica and silicate particles. The
inhalation of particles with such surfaces comprised of oxygen-containing functional groups
introduces an electronegative interface following their deprotonation at physiologic pH
values. Among the cellular cations available for complexation by the particle surface, iron is
kinetically favored as a result of its electropositivity, high affinity for oxygen-containing
functional groups, and relative abundance. Following endocytosis of an inorganic particle,
surface functional groups react with intracellular iron producing a coordination complex that
results in a functional deficiency of the metal within the cell.1 Comparable to exposure to a
metal chelator, the response to the functional metal deficiency associated with particle
exposure can include oxidative stress, cell signaling, transcription factor activation, and
release of pro-inflammatory mediators prior to apoptosis 311, This can eventually culminate
in the development of tissue inflammation and fibrosis 112, Exposure to other compounds
and agents with an equivalent capacity to complex metal cations induces a comparable
inflammatory and fibrotic injury in humans 13-15,

The complexation of cell iron is also relevant to particulate matter (PM) containing organic
compounds (e.g. ambient and emission air pollution particles). Surface functional groups in
this PM can include alcohol, diol, epoxide, ether, aldehyde, ketone, carboxylate, ester,
phenol, and catechol groups. Following exposure, organic particles also complex metal
available in cells and tissues via these surface functional groups.?

Humic substances (HS) are heterogeneous, amorphous, organic materials found in all
terrestrial and aqueous environments. Three different fractions of HS exist: humic acid,
fulvic acid, and humin. Humin is the fraction of HS that is insoluble in water at any pH
value. The humic acid fraction is insoluble in water under acidic conditions (pH<2) but
soluble at higher pH values. Fulvic acid is that fraction of HS soluble in water under all pH
conditions and remains in solution after removal of humic acid by acidification.
Tropospheric aerosols are suspensions of small solid and/or liquid particles in air that have
negligible terminal fall speeds. A substantial mass fraction (up to 90%) of tropospheric
aerosols is comprised of natural organic matter which chemically resembles HS with a
mixture of aromatic, phenolic, and acidic functional groups, and was therefore designated
“humic-like substances” (HULIS) 16-18, This material shares chemical characteristics with
HS but differs in having a smaller molecular weight and lower aromaticity; it more closely
approaches fulvic than humic acid 8. In one study, about 3% of ambient air particulate
matter (PM) was estimated to be HULIS 1°. Combustion products including wood smoke
and diesel exhaust particles (i.e. emission air pollution sources) similarly included HULIS
which approximated 8% and 5% respectively®-21, As a result of having a variety of
oxygen-containing functional groups (e.g. carboxylic and phenolic groups), HULIS
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complexes metal cations 2225, The high content of oxygen-containing functional groups in
HULIS favors the formation of complexes with numerous metals but the absolute value of
the stability complex with iron is the greatest 26,

Comparable to air pollution particles, exposure to ambient ozone has been associated with
increased lung inflammation and human mortality (including non-accidental and
cardiovascular mortality) 27-39. Ozonation of carbonaceous PM significantly enhances the
inflammatory response to the particle.31 The mechanism for the enhanced inflammatory
effect is postulated to be an alteration of particle chemistry by ozone from a nontoxic to a
toxic form. Such interaction between carbonaceous particles and ozone is supported by
epidemiological, controlled exposure, animal, and /7 vitro investigation.32-3> The interaction
between ozone and PM is proposed to result in a particle with a greater capacity to induce
iron sequestration resulting in an increased disruption in metal homeostasis and subsequent
inflammation and fibrosis. We tested the postulate that 1) a fulvic acid-like substance can be
produced through a reaction of a carbonaceous material with high concentrations of ozone
and 2) such a fulvic acid-like substance included in the PM has a capacity to participate in
the inflammatory effects following exposure to ozone by disrupting cell iron homeostasis.

All reagents were from Sigma Co. (St. Louis, MO) unless specified otherwise. Carbon black
(CB) was from Columbian Chemicals Company (Marietta, GA; CAS Registry Number:
1333-86-4; mean particle size provided as 0.042 micron). For cell and animal studies,
suspensions of CB in cell media and normal saline were sonicated (on ice) to disaggregate
the particles. Immediately prior to exposure, the particle was dispersed using a vortex
agitator. Suwannee River fulvic acid (I1) (SRFA) was obtained from the International Humic
Substances Society (IHSS; St. Paul, MN).

Reaction of carbon black with filtered air and ozone.

CB (200 mg) was placed between two 47 mm Teflon filters (Teflo, Pall Life Sciences, Port
Washington, NY) within a filter holder (Savillex, Eden Prairie, MN). The particle was
exposed to either 1) filtered air at 16 cubic cm/minute for 72 hr (CB-Air) or 2)
approximately 100 ppm ozone in zero air (scrubbed of contaminants) at 16 cubic cm/minute
for 72 hr (CB-03). During the reaction, flow was directed against gravity to establish a
fluidized bed. The resultant particles were stored in a test tube at room temperature and used
within four weeks of exposure.

Analysis of materials.

Fluorescence excitation-emission matrix (Lumina Spectrometer, Thermo Scientific) and
attenuated total reflection-infrared (ATR-IR) spectra were obtained. Fluorescence excitation-
emission matrix spectra covering Agy = 200-600 nm and A = 220-620 nm in 5 nm
intervals were obtained with a Thermo-Scientific Lumina Fluorometer. Fluorometer
parameters included an excitation/emission slit size of 10 nm and an integration time of 10
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ms. For ATR-IR scans, in order to minimize solvent interferences, all samples were
evaporated to dryness. CB-Air, CB-03, and SRFA were analyzed as solids.

BEAS-2B cells (an immortalized line of normal human bronchial epithelium) were obtained
from the laboratory of Dr. Curtis Harris, maintained in serum-free growth medium (KGM,
Clonetics, San Diego, CA) in T75 tissue culture flasks, and employed for /in vitro
investigations. Cells (passages 68-85) were grown to 90-100% confluence on uncoated
plastic twelve-well plates in KGM which is essentially MCDB 153 medium supplemented
with 5 ng/ml human epidermal growth factor, 5 mg/ml insulin, 0.5 mg/ml hydrocortisone,
0.15 mM calcium, bovine pituitary extract, 0.1 mM ethanolamine and 0.1 mM
phosphoethanolamine. Cytotoxicity was assayed using release of lactic dehydrogenase.

Cell iron concentrations.

BEAS-2B cells were exposed to 100 pg/mL CB-Air, CB-O3, and SRFA in media for 4 hr.
After removal of the CB-Air, CB-Og3, and SRFA, the media was replaced and cells were
exposed to ferric ammonium citrate (FAC), used because it is both buffered and
physiologically relevant, for 4 hr incubation. After completion of the incubation, the media
was removed and the cells were washed with HBSS and scraped into 1.0 mL 3 N HCI/10%
trichloroacetic acid (TCA). After hydrolysis at 70° C for 24 hr with precipitation of heme in
the 10% TCA, iron (non-heme) concentration in the supernatant was determined
(A=238.204 nm) using inductively coupled plasma optical emission spectroscopy (ICPOES;
Model Optima 4300D, Perkin Elmer, Norwalk, CT).

Cell ferritin concentrations.

BEAS-2B cells were exposed to 100 pg/mL CB-Air, CB-O3, and SRFA in media for 4 hr.
FAC was added to a final concentration of 200 uM and the incubation continued for 24 hr.
After the media was removed, cells were washed with HBSS, scraped into 1.0 mL HBSS,
and disrupted using five passes through a gauge 25 needle. The concentrations of ferritin in
the lysates were quantified using an immunoturbidimetric assay (Kamiya Biomedical
Company, Seattle, WA).

Interleukin (IL)-8 and IL-6 release.

BEAS-2B cells were exposed to 100 pg/mL CB-Air, CB-O3, and SRFA in media for 4 hr.
FAC was added to a final concentration of 200 uM and the incubation continued for 24 hr.
IL-8 and IL-6 concentrations in cell media were measured using a multiplex assay kit (MSD,
Rockville, MD).

Animal exposures.

All procedures related to care and handling of animals were performed in accordance with
regulations stipulated by the American Association for Accreditation of Laboratory Animal
Care (AAALAC) and all experiments were approved by the Animal Care and Use
Committee of the National Health and Environmental Effects Research Laboratory at the
U.S. Environmental Protection Agency. Wistar Kyoto (WKY) rats were employed as a result
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of frequent utilization as an animal model in the field of air pollution. Following anesthesia
with isoflurane, 12-week-old male rats (Charles River Laboratories, Raleigh, NC) weighing
278 + 26 g (mean = standard deviation) were intratracheally instilled with 1000 pL saline/kg
body weight saline, 2000 ug/kg body weight CB-Air in saline, or 2000 pg/kg body weight
CB-Og3 in saline. After 24 hr, rats were euthanized (>200 mg/kg intraperitoneally; Fatal-Plus,
Vortech Pharmaceuticals, Dearborn, MI). The trachea was cannulated and lavaged with
calcium- and magnesium-free phosphate buffered saline at 37° C (28 mL/kg body weight/
0.6). The lavage included three in-and-out washes with the same aliquot of buffer followed
by transfer to ice. The left lung was filled with 10% formalin at total lung capacity and
stored for pathology.

Total cell counts in the lavage fluid were quantified using a coulter counter and cell
differentials were determined after preparation of a cytospin slide. After centrifugation of the
lavage fluid (600 g x 10 min), biochemical assays included albumin, total protein, LDH, and
gamma-glutamyl transferase (GGT) (KONELAB, Thermo Electron Oy, Finland).

Following fixation, lung tissues were processed for paraffin embedding. Serial 6-um sections
through the lung tissues were placed on charged slides (A. Daigger & Co, Vernon Hills,
Illinois) and routinely stained with 1) hematoxylin and eosin and 2) Perls’ Prussian blue for
histopathology review. Digital images were captured from slides scanned on the Aperio Scan
Scope AT2 instrument (Aperio; Leica Biosystems Inc, Buffalo Grove, Illinois) using
ImageScope software, version 12.3 (Aperio). Formatting of images for publication was
completed using Adobe Photoshop CC version 19.1.0 (Adobe Systems Inc, San Jose, CA).

Data are expressed as mean values + standard deviation (SD) unless specified otherwise. The
minimum number of replicates for all measurements was six unless specified otherwise.
Differences between multiple groups were compared using one- and two-way analysis of
variance. Two-tailed tests of significance were employed. Significance was assumed at
p<.05.

Fluorescence excitation-emission matrix spectra.

The fluorescence spectrum of CB-Air is demonstrated (Figure 1A). This is compared to
fluorescence spectra of CB-O3 (Figure 1B). Finally, a spectrum for SRFA is provided
(Figure 1C). The scans show that exposure of CB to high levels of ozone produced
fluorescent organic material. Furthermore, the spectra of the CB-O3 and the SRFA share
peaks indicating similarities of fluorophores between CB-O3 and SRFA.

Attenuated total reflection-infrared spectra.

The attempts to obtain ATR-IR spectra on CB-Air were unsuccessful as a result of the small
amount of organic material in samples. The ATR-IR spectra with the CB-O3 were

considered low quality but important features were noted. This can be compared to the ATR-
IR spectrum with SRFA. Common infrared absorbances and functional groups between CB-
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O3 and SRFA are summarized (Table 1). The scans show that the exposure of CB to high
levels of ozone produced an organic material which shares functional groups with fulvic acid
including C=C and C-H from aromatic systems and C=0 from carboxylic acids, ketones and
aromatic systems. A difference between CB-O3 and the SRFA samples is the absence of a
strong alkane C-H peak in the CB-Og spectra.

Inflammatory effect of cell exposures.

In BEAS-2B cells, there was no significant cytotoxicity following 24 hr exposure to 100
ug/mL CB-Air, CB-03, and SRFA. Cell exposure to either CB-Air or CB-O3 alone did not
alter cell iron concentration, reflecting low concentrations of metal in the CB particles and
the media (Figure 2A). BEAS-2B cell exposure to FAC for 4 hr resulted in an elevation in
cell iron concentration, supporting increased iron import (Figure 2A). Iron import at 4 hr
increased even further with inclusion of CB-O3 and SRFA with FAC (Figure 2A). Twenty-
four hr exposures to media, CB-Air, CB-O3, and SRFA with and without FAC demonstrated
the same pattern of metal uptake (Figure 2B). Iron concentrations in BEAS-2B cells did not
change after exposures to media, CB-Air, CB-O3, and SRFA but did not increase with
inclusion of FAC. Those BEAS-2B cell exposures which included either CB-O3 or SRFA
along with FAC elevated cell metal to the greatest levels. The quantity of cell ferritin, an iron
storage protein, was measured at 24 hr. The levels of ferritin were increased following
exposure of BEAS-2B cells to FAC but those values following exposures of CB-O3 and
SRFA with FAC were greatest, mirroring import of iron at both 4 and 24 hr (Figure 2C).
Inclusion of CB-O3 with the FAC significantly elevated the ferritin level to values greater
than concentrations of this storage protein following CB-Air and FAC, supporting an
interaction between CB and ozone which mediated changes in cell iron homeostasis.

Release of pro-inflammatory mediators by respiratory epithelial cells exposed to media, CB-
Air, CB-03, and SRFA with and without FAC was determined. Exposure of BEAS-2B cells
to CB-Air for 24 hr did not increase the concentrations of either IL-8 or IL-6 in the
supernatant relative to media (Figures 3A and 3B). However, exposure to CB-O3 elevated
the release of both pro-inflammatory mediators by the cells and this was comparable to
exposure to SRFA (Figures 3A and 3B). Incubation of BEAS-2B cells with FAC alone had
no significant effect on cytokine release at 24 hr (Figures 3A and 3B). Similarly, cell
incubations with both CB-Air and FAC did not significantly change the concentrations of
released IL-8 and IL-6 (Figures 3A and 3B). However, co-exposure of the BEAS-2B cells to
FAC and either CB-O3 or SRFA significantly decreased supernatant levels of the
interleukins relative to exposures to CB-O3 and SRFA alone (Figures 3A and 3B).

Inflammatory effect of animal exposures.

Relative to instillation of saline, rats exposed to CB-Air did demonstrate an elevation of a
lavage biochemical endpoint (i.e. GGT) supporting lung injury (Figures 4A-4D). However,
exposure of the rats to CB-Os at the equivalent dose significantly increased all lavage
indices of inflammatory injury (i.e. albumin, total protein, LDH, and GTT) relative to CB-
Air (Figures 4A-4D). Exposure to CB-Air elevated the lavage percentage of neutrophils but
CB-Og3 increased both lavage neutrophils and eosinophils (Figures 4E and 4F).
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Histopathologic evaluation of lung tissue revealed that all animals treated with CB-Air and
CB-03 showed small, black, punctate particles scattered throughout the lung (Figures 5 and
6) which were either extracellular and free within the alveolar space or were intracellular
within alveolar macrophages. Occasionally, large aggregates of particles were present in the
terminal bronchi and alveolar ducts of animals in the CB-Og3 group (Figure 6C). In general, a
greater number of particles and particle aggregates were noted in animals exposed to CB-Os.
Large, multifocal areas of macrophage infiltrates were present in areas with increased
particles and macrophage aggregates were more frequent in those rats instilled with CB-O3
(Figure 7A). Perivascular and peribronchial granulocytic infiltrates were present in the CB-
Air but increased in the CB-O3 groups (Figure 7B). There were no infiltrates in those
animals instilled with saline. Bronchioalveolar lymphoid aggregates (BALT) were increased
in the CB-O3 relative to the CB-Air group (Figure 8B) and germinal centers were more
prevalent and prominent (Figure 8C).

Discussion

CB is a paracrystalline carbon with few surface oxygen-containing functional groups;
elemental analysis confirms oxygen content as usually 5% or less 36. The product of the
reaction between CB and ozone (CB-O3) revealed fluorescence excitation-emission matrix
spectra different from CB and resembling a reference fulvic acid. The ATR-IR scan of CB-
O3 also resembled fulvic acid with oxygen-containing functional groups. These data indicate
that ozone has a capacity to change a carbonaceous material by introducing additional
oxygen-containing functional groups, including carboxylates. After reacting with ozone,
carbonaceous products have been demonstrated to have increased surface functionalization
37-41 The resultant oxygenated groups were largely carboxylates, but other moieties (e.g.
aldehyde and ketonic) can be observed. High-resolution X-ray photoelectron spectroscopy
and Fourier transform-infrared spectroscopy previously confirmed that the surface oxygen
introduced on the CB after reaction with ozone is most frequently present in carboxylic acid
groups 42. A smaller formation of phenols, lactones and quinones was noted after reaction of
the CB with ozone*3. Soot, a mixture of elemental carbon and organic compounds, can
similarly be oxidized with a generation of polar surface groups including carboxylates 44
Such oxidation generates oxygen-containing functional groups, increasing the polarity of
soot surfaces, thus increasing water-solubility 45-47 Oxidation of hexane soot formed
carboxylates which were the only water-soluble organic compounds generated. It has also
been demonstrated that fulvic acid can further react with ozone to generate aliphatic
carboxyl and carbonyl compounds #8. In the atmosphere, elevated ozone levels can be
associated with increased concentrations of dicarboxylates 4°.

In the respiratory tract, inorganic particles demonstrate a capacity to accumulate iron from
available cell sources, reflecting the ability of surface functional groups to complex host
metal 9051, After exposure, carbonaceous particles (e.g. coal, cigarette smoke and wood
smoke particles) also complex metal available in cells and tissues via oxygen-containing,
surface functional groups 12:19:52-54 Quantification of total acidity and carboxylates on these
carbonaceous particles can demonstrate a presence of functional groups with a capacity to
complex metals 22. In this study, the reaction of the CB with O yielded a product with
increased numbers of oxygen-containing functional groups, including carboxylates,
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predicting a greater capacity to complex iron and disrupt homeostasis of this metal. In
support of this, exposure of respiratory epithelial cells to CB-O3 increased cell iron
concentrations and ferritin to higher levels, relative to CB-Air, after incubations with FAC.
This is comparable to a reference fulvic acid recognized to have high concentrations of
carboxylic, phenolic, and other oxygen-containing functional groups. Following exposure,
this carbonaceous material will be endocytosed. With such intracellular transport, cell
sources of iron can be complexed by the oxygen-containing functional groups included in
the particle. The interaction between the particle and the cell will result in a deficiency of
iron. Subsequently, metal is imported to meet the demands of the cell and the particle. A
new equilibrium is attained with higher concentrations of cell iron. Some portion of this
increased metal is stored in ferritin and cell levels of this storage protein also increase.

Comparable to other compounds with a capacity to sequester iron from the host cell, the
response to the functional metal deficiency following CB-O3 will include oxidative stress,
cell signaling, transcription factor activation, and release of pro-inflammatory mediators3-11,
This response can be observed following human exposure to PM which contains
carbonaceous compounds®25, The sequestration of iron, and an associated deficiency of
cell metal after exposure to the standard fulvic acid, initiates pathways leading to injury and
disease®36-62_ Accordingly, while CB-Air did not change the release of pro-inflammatory
mediators, CB-Og3 significantly increased IL-6 and IL-8 levels. Exposure to other xenobiotic
agents with an equivalent capacity to complex metal cations induces a comparable
inflammatory response in humans3-15, Reflecting this increased capacity to initiate
inflammation, animals exposed to CB-O3 demonstrated a significantly greater inflammatory
injury relative to those exposed to CB-Air. Lavage indices revealed more significant
disparities than did inspection of the lung tissue itself.

Prior investigation has demonstrated that exposure to CB does not increase inflammatory
endpoints and it is frequently employed as a control particle 3, In a prior animal study,
exposure to CB did not cause lung inflammation while ozone did 31. However, exposure to
both CB and ozone significantly enhanced the inflammatory response 31. The mechanism for
the enhanced inflammatory effect was postulated to be an alteration of the chemistry of the
particulate by ozone from a nontoxic to a toxic form. Such interaction between particles and
ozone is supported by epidemiological, controlled exposure, animal, and /n vitro
investigations 31-35.64 The results of this investigation suggest that a modification of CB by
ozone (e.g. carboxylation to a HULIS) may participate in such an interaction with changes
in lavage endpoints and increased 1) macrophage infiltrates, 2) perivascular and
peribronchial granulocytic infiltrates, and 3) BALT present histologically in the CB-O3
exposed animals relative to the CB-Air group exposed animals. Dissimilarities in particle
number and diameter in the lungs of animals exposed to CB-Air and CB-O3 may indicate
differences in clearance although how a reaction of PM with ozone could change this
endpoint is not obvious. In cultured cells, an interaction of ozone and CB has been
demonstrated using electron microscopy methodology which results in a greater penetration
and subsequent number of particles %°. This was postulated to result from a damage of
biological membranes by ozone allowing increased particle entry into biological systems.
However, while not previously reported, the observation of a greater number and larger
particles after animal exposure to CB-Og, relative to CB-Air, may reflect an artifact of
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intratracheal delivery. Treatment of the CB with 0zone can possibly modify the hydrophobic
character of the particle, allow its greater dispersion in aqueous buffer/medium, and result in
a greater dose delivery to cells and animals. Interactions between ozone and CB must be
further investigated using both cell and animal models.

It is concluded that inflammatory effects of carbonaceous particles on cells can result from
1) the inclusion of a fulvic acid-like substance following reaction of carbonaceous PM with
ozone and 2) changes in iron homeostasis following such exposure. This observation of a
production of a fulvic acid-like substance following the reaction between ozone and
carbonaceous particles has a distinct significance. As a result of its water-solubility, fulvic
acid-like substance in CB-Og3 is predicted to have some ability for transport into the blood
with ensuing systemic distribution!8. The capacity of these substances to initiate iron
sequestration may change oxidative stress, signaling, transcription factor activation, release
of pro-inflammatory mediators, apoptosis, inflammation, and fibrosis in extrapulmonary
tissues. This supports potential associations of 0zone exposure with extrapulmonary disease
including coronary artery and cerebrovascular diseases 3°.
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Figure 1.
Fluorescence excitation-emission matrix spectra of carbon black treated with air (CB-Air)

(A), carbon black treated with ozone (CB-O3) (B), and Suwanee River fulvic acid (SRFA)
(C). The exposure of CB to high levels of ozone produced water-soluble, fluorescent organic
material with similarities of fluorophores with SRFA. The diagonal line towards the right
lower corner is an instrument artifact due to light scattering.
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Figure2.
Cell non-heme iron concentrations following 4 (A) and 24 (B) hr exposures of BEAS-2B

cells to media, carbon black treated with air (CB-Air), carbon black treated with ozone (CB-
O3), and Suwanee River fulvic acid (SRFA). Incubations were without and with 200 pM
FAC. Exposures to CB-Air, CB-O3, and SRFA did not impact cell non-heme iron relative to
media at either time point. Exposure to FAC increased cell non-heme iron but co-exposure
with CB-O3, was associated with significantly increased non-heme iron concentrations at
both 4 (A) and 24 (B) hr. Exposures of BEAS-2B cells to FAC increased cell ferritin levels
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after 24 hr relative to media alone (C). However, co-exposure of CB-O3, and SRFA with
FAC was associated with significantly elevated cell ferritin concentrations (C). Two-way
ANOVA indicated that both addition of FAC and exposure group significantly impacted cell
non-heme iron. Among the cell exposures with addition of FAC, one-way ANOVA
demonstrated: * significant increase relative to exposure of BEAS-2B cells to media only
and ** significant increase relative to all other exposures.
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Figure 3.
Release of IL-8 and IL-6 after 24 hr exposure of BEAS-2B cells to media, carbon black

treated with air (CB-Air), carbon black treated with ozone (CB-03), and Suwanee River
fulvic acid (SRFA). Exposure to CB-O3, and SRFA significantly increased the release of
IL-8 and IL-6. FAC treatment significantly diminished this response. One-way ANOVA
demonstrated: * significant increase relative to all other exposures and ** significant
increase relative to media exposure.
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Lavage indices of injury and inflammation following animal exposures to normal saline,
carbon black treated with air (CB-Air), and carbon black treated with ozone (CB-O3). There
is evidence of both injury and inflammation following both CB-Air and CB-O3 but both are

significantly greater following CB-03. One-way ANOVA demonstrated: * significant

increase relative to exposure of animals to saline only and ** significant increase relative to
all other exposures.
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LN

Figure5.
Scanned images of lung pathology following animal exposures to carbon black treated with

air (CB-Air; A) or ozone (CB-Og; B). There are increased numbers of particles and the
particles are larger in size in CB-O3 (B) animals compared to CB-Air (A) animals. Tissues
were stained with Prussian blue to better illustrate the particles. Original scans at 1x.
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Figure®6.
Scanned images of lung pathology following exposures to carbon black treated with air (CB-

Air; A) or ozone (CB-Og; B). Figures 6A and 6B are higher magnification images (original
scans at 40x) of figures 5A and 5B, respectively. Particles in A are indicated with arrows.
There was an increased number and size of particles in CB-O3 (B) lungs compared to CB-
Air (A) lungs. Figure C illustrates the scattered larger particles in CB-O3 lungs (original
scan at 20x). The larger aggregates were predominately in the terminal bronchi and alveolar
ducts. Tissues were stained with Prussian blue to better illustrate the particles.
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Figure7.
Scanned images show examples of macrophage infiltrates within alveoli (A; arrows) and

perivascular and peribronchiolar interstitial inflammation (B) in animals exposed to CB-Os3.
Edema is present in the perivascular and peribronchiolar regions of inflammation.
Macrophages and granulocytic infiltrates were increased in the CB-O3 group compared to
the CB-air group. Original scans at 40x; stain is hematoxylin and eosin.
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Figure8.
Photomicrographs of bronchioalveolar lymphoid aggregates (BALT) in animals exposed to

CB-Air (A) and CB-O3 (B). BALT was increased in the CB-O3 (B; arrows) group relative to
the CB-Air group (A; arrows) and CB-O3 lungs typically had prominent germinal centers
(C; arrows). A and B original scans at 2x while C original scan at 14x; stain is hematoxylin
and eosin.

Toxicol Pathol. Author manuscript; available in PMC 2021 January 15.



Page 22

Ghio et al.

Author Manuscript

PIOE DIAINY JOATY 33UBMNG = <u_w_mQ

3U0Z0 U)IM Pajeal) Yoe|q uoged = mo.m_omv

c0ct
L8ET
74
€TLT
[4414
C8EE

(wu ury) LS

L8TT-68TT
3UON

6€9T-vEIT
£2.T-00LT

1162

v/E€-70EE
(wuury) fo-g0

spioe ‘ayl3 00

auR|v H=D

olewoly 0= pue 9=0

sapAyaple ‘spiae o1jAX0aued ‘sauoiay 0=0
J1eWOoIY H-O

sp1oe o11Axoqued ‘sjouayd ‘s|oyod|y H-0
dnoJb reuoipun4 puog

T alqeL

Author Manuscript

sa|dwes Buowre syead uondiosqy paselju] uowwo) Jo Arewuwns

Author Manuscript

Author Manuscript

Toxicol Pathol. Author manuscript; available in PMC 2021 January 15.



	Abstract
	Introduction
	Methods
	Materials.
	Reaction of carbon black with filtered air and ozone.
	Analysis of materials.
	Cell culture.
	Cell iron concentrations.
	Cell ferritin concentrations.
	Interleukin (IL)-8 and IL-6 release.
	Animal exposures.
	Statistics.

	Results
	Fluorescence excitation-emission matrix spectra.
	Attenuated total reflection-infrared spectra.
	Inflammatory effect of cell exposures.
	Inflammatory effect of animal exposures.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1



