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Peroxides and Macrophages in Toxicity
of Fine Particulate Matter
Epidemiologic studies have established an asso
ciation between short-term increases in ambient
levels of particulate matter and increases in mor
bidity and mortality. The biological mechanisms
underlying these associations are not well under
stood, however. Dr Debra Laskin of Rutgers Univer
sity and colleagues tested the hypothesis that
oxidants in ambient air, such as hydrogen peroxide,
may be transported by fine particulate matter into
the lungs and thus contribute to lung tissue injury.
HEI funded this study because the project could
provide insight into transportation of volatile com
pounds into the lung and provide valuable informa
tion on the health effects of particles and peroxides.
APPROACH
The investigators proposed to use ammonium sul
fate particles because of their prevalence in the
ambient air of the eastern United States and their
reportedly low toxicity in animals and humans. Rats
inhaled ammonium sulfate (450 µg/m3; particle size
0.45 ± 0.1 µm), hydrogen peroxide (10, 20 or 100 ppb),
or combinations thereof, for 2 hours on a single occa
sion. Concentrations of hydrogen peroxide and ammo
nium sulfate were approximately one to two and two
orders of magnitude greater than concentrations in
ambient air, respectively. The investigators assessed
lung tissue injury and presence of inflammatory
markers in the lung. They also assessed activation of
alveolar macrophages, which are involved in the first
line of defense against foreign materials that enter the
lung. Exposures with 18O-labeled hydrogen peroxide
were conducted to measure deposition in the lung.
Additional experiments assessed lung injury and
inflammation, after rats inhaled an organic peroxide
(cumene hydroperoxide), and investigated hydrogen
peroxide formation in an indoor environment.

RESULTS AND INTERPRETATION
Laskin and colleagues found little evidence for
lung inflammation in rats exposed to ammonium
sulfate, confirming its low toxicity. They did find
some evidence for lung inflammation and activation
of alveolar macrophages in rats exposed to hydrogen
peroxide gas alone. They consistently found
increased neutrophil influx into the lung and
increased neutrophil adherence as well as increased
tumor necrosis factor � expression in lung tissue in
rats exposed to hydrogen peroxide gas. Less consis
tent changes were observed in other inflammatory
endpoints, such as superoxide anion and nitric
oxide production and heat shock protein expression
by alveolar macrophages. Many other inflammatory
endpoints were not changed, however.
After exposure to hydrogen peroxide in combina
tion with ammonium sulfate, the investigators also
observed increased neutrophil influx and adherence
as well as increased tumor necrosis factor � expres
sion. They presented some evidence that the inflam
matory effects of combined exposure might have
been greater than exposure to hydrogen peroxide
alone. Caution is needed in interpreting these data,
however, due to a lack of quantification of certain
endpoints, such as neutrophil influx into lung
tissue and heat shock protein expression by alveolar
macrophages, and a lack of dose-response relations
for other endpoints, such as superoxide anion and
nitric oxide production by alveolar macrophages.
These results were supported by the presence of 18O
in cells and fluid from bronchoalveolar lavage after
exposure to 18O-labeled hydrogen peroxide alone and,
to a greater extent, in combination with ammonium
sulfate. These results suggest that ammonium sulfate
particles can transport hydrogen peroxide into the
lower airways and induce inflammation.

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Debra L Laskin
at Environmental and Occupational Health Sciences Institute, Rutgers University, and the University of Medicine and Dentistry of New
Jersey–Robert Wood Johnson Medical School, Piscataway, New Jersey. The following Research Report contains both the detailed Investigators’ Report and a Commentary on the study prepared by the Institute’s Health Review Committee.
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Exposure to cumene hydroperoxide had fewer effects
than hydrogen peroxide exposure on inflammatory end
points, but it is not clear whether these results are gener
alizable to other organic peroxides, which may have
different chemical reactivity and toxicity. Finally, the
investigators demonstrated that low levels of hydrogen
peroxide may form in indoor environments under
highly polluted conditions.
SUMMARY
Laskin and colleagues have shown that hydrogen
peroxide reaches the lower lung when inhaled alone

and in combination with particles, leading to some
inflammatory changes in lung tissue at concentra
tions that are one to two orders of magnitude greater
than concentrations in ambient air. Caution is needed
in interpreting these data, however, owing to a lack of
quantification of certain endpoints and a lack of doseresponse relations for other endpoints. Whether
ammonium sulfate or other particles indeed promote
transport of peroxides and other oxidants into the
lung at ambient concentrations, thereby increasing
the possibility for adverse health effects, is still uncer
tain and remains to be investigated further.
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INVESTIGATORS’ REPORT

Peroxides and Macrophages in the Toxicity of Fine Particulate
Matter in Rats
Debra L Laskin, Lisa Morio, Kimberly Hooper, Tsung-Hung Li,
Brian Buckley, and Barbara Turpin
ABSTRACT
Epidemiologists have observed a positive association
between human morbidity and mortality and the atmo
spheric concentrations of fine particulate matter (PM*),
but the mechanisms underlying the toxic effects of PM
have not been elucidated. Various components of ambient
PM have been implicated in toxicity (including ultrafine
particles, transition metals, organics and oxidants). Our
research focused on hydrogen peroxide (H2O2). We specu
lated that fine PM transports H2O2 into the lower lung,
leading to tissue injury and to accumulation and activation
of macrophages in these regions. The macrophages release
cytotoxic mediators and proinflammatory cytokines that
contribute to the pathogenesis of tissue injury.
To test this hypothesis, we conducted studies to deter
mine (1) whether tissue injury induced by aerosols is medi
ated by cytotoxic H2O2 carried into the lower lung by fine
particles and (2) whether exposure of rats to fine PM leads
to accumulation of activated macrophages in the lung.
For our studies, systems were designed to generate
model atmospheric fine PM and atmospheric peroxides
consisting of an ammonium sulfate [(NH4)2SO4] aerosol
(mass median diameter, 0.46 ± 0.14 µm) and H2O2. We also
constructed a 6-port nose-only exposure chamber. Female
Sprague Dawley rats were exposed for 2 hours to aerosols
consisting of (NH4)2SO4 (430 µg/m3), (NH4)2SO4 + 10, 20 or
100 ppb H2O2, vapor-phase H2O2 (10, 20 or 100 ppb), or

* A list of abbreviations and other terms appears at the end of the Investiga
tors’ Report.
This Investigators’ Report is one part of Health Effects Institute Research
Report 117, which also includes a Commentary by the Health Review Com
mittee, and an HEI Statement about the research project. Correspondence
concerning the Investigators’ Report may be addressed to Dr Debra L Laskin,
Rutgers University, Environmental and Occupational Health Sciences Insti
tute, 170 Frelinghuysen Road, Piscataway NJ 08854-8020.
Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri
vate party institutions, including those that support the Health Effects Insti
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.
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particle-free air. Studies using oxygen-18 ( 18O)-labeled
H2O2 were conducted to validate the transport of H2O2 into
the lower lung with (NH4)2SO4. Rats were killed immedi
ately (0 hours) or 24 hours after exposure.
Compared with control animals, inhalation of (NH4)2SO4
and H2O2, alone or in combination, had no major effect on
cell number or viability, protein content, or lactate dehy
drogenase (LDH) levels in bronchoalveolar lavage (BAL)
fluid collected either immediately or 24 hours after expo
sure. However, electron microscopy revealed that a larger
number of neutrophils in pulmonary capillaries adhered to
the vascular endothelium, especially in lungs of rats
exposed to (NH4)2SO4 + H2O2. Inhalation of (NH4)2SO4 +
H2O2 was also found to be associated with altered mac
rophage functional activity. Thus, exposing rats to
(NH4)2SO4 + 20 ppb H2O2 or 20 ppb H2O2 alone caused a
level of tumor necrosis factor  (TNF-) production by lung
macrophages that was higher than in controls. This higher
level was observed immediately after exposure and per
sisted for at least 24 hours. Greater TNF- production was
also detected 24 hours after exposure to (NH 4 ) 2 SO 4 +
10 ppb H2O2. Immediately after rats inhaled (NH4)2SO4 +
10 ppb H2O2 or 20 ppb H2O2 alone, we also observed a
transiently higher production of superoxide anion (O2)
by alveolar macrophages. Macrophages isolated 24 hours
after exposure to 20 ppb H2O2 also produced larger quanti
ties of superoxide anion. In contrast, immediately after
exposure, macrophages from rats exposed to (NH4)2SO4 +
10 ppb H2O2 or to 20 ppb H2O2 alone generated less nitric
oxide (NO). Reduced nitric oxide production was also
observed 24 hours after exposure to (NH4)2SO4 + 10 ppb
H2O2 or to 10 or 20 ppb H2O2 alone. Reduced nitric oxide
production may have been due to superoxide anion-driven
formation of peroxynitrite (ONOO) anions. In this regard,
nitrotyrosine, an in vivo marker of peroxynitrite, was
detected in lung tissue immediately after rats were exposed
to (NH4)2SO4 + H2O2 or to H2O2 alone (10 or 20 ppb). We
also found that alveolar macrophages from rats exposed to
(NH4)2SO4 + H2O2 showed a greater expression of the anti
oxidant enzyme heme oxygenase-1 (HO-1) when stimulated
with lipopolysaccharide (LPS) and interferon- (IFN-).
Similar results were observed after exposure of rats to an
organic peroxide aerosol (cumene hydroperoxide).
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Taken together, the results of our studies demonstrate that
biological effects of inhaled H2O2 are augmented by fine PM.
Moreover, tissue injury induced by (NH4)2SO4 + H2O2 may
be related to altered production of cytotoxic mediators by
alveolar macrophages. Determining the relevance of these
toxicologic results to human health will be important in
future studies for evaluating the risk of exposure.

INTRODUCTION
Epidemiologic studies have demonstrated a positive
association between PM concentrations and human mor
bidity and mortality (Dockery et al 1992; Gouveia and
Fletcher 2000; Klemm et al 2000; Moolgavkar 2000; Pope
et al 1992; Samet et al 2000a). Of particular concern is fine
PM (< 2.5 µm in aerodynamic diameter), which comprises
particles that readily penetrate the lower respiratory tract
and induce injury (Wilson and Suh 1997). A number of
studies have demonstrated that individuals with chronic
cardiopulmonary disease, influenza, or asthma are partic
ularly susceptible to serious effects from acutely elevated,
short-term PM exposures (Goldsmith and Kobzik 1999;
Pope 2000). Although toxicity may be due to a direct
action of fine PM on respiratory tissue, particle composi
tion varies extensively and toxicologic effects may also be
mediated by compounds present in or associated with fine
PM. These include semivolatile organics and water-soluble oxidants that partition into atmospheric PM by
adsorption and absorption. Understanding the mecha
nisms mediating the toxicity of fine PM is critical for
designing therapeutic strategies for abrogating or pre
venting tissue injury and for establishing exposure limits.
Fine PM is formed through combustion and through
atmospheric vapor-to-particle conversion. The major con
stituents are sulfates, nitrates, carbonaceous compounds,
water, and trace metals. Inhalation of fine PM is associated
with increased microvascular permeability, pulmonary
edema, inflammation, and in some instances, damage to
alveolar epithelial cells (reviewed by Environmental Pro
tection Agency [EPA] 1996a). Current mechanistic hypoth
eses have implicated acid aerosols, ultrafine particles,
transition metals, and organics in association with the par
ticles as mediators of tissue injury (EPA 1996b). Fried
lander and Yeh (1998) also suggested that short-lived
water-soluble reactive chemical species (including perox
ides and free radicals) may be involved in PM-induced
toxicity. According to these investigators, these species are
absorbed into particle-associated water and transported to
the lower respiratory tract where they induce injury.
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Water is a major component of fine atmospheric aerosols
in amounts that strongly depend on the relative humidity.
For example, at 80% to 90% relative humidity, greater
than 50% of fine particle mass is water (Zhang et al 1994).
Moreover, the amount of particle-associated water is likely
to increase as particles are inhaled because the relative
humidity in the respiratory tract approaches 100%. As the
water content of fine PM increases, its ability to absorb
water-soluble oxidants, to transport them to the lower res
piratory tract, and to induce injury also increases. During
transport into the lung, particles are exposed to saturated
water vapor, which increases particle-phase water concen
trations and promotes mass transfer of additional watersoluble vapors into the particle phase. This effect com
petes with decreasing vapor-phase concentrations of
water-soluble compounds, including H 2 O 2 , as these
vapors diffuse to and are removed by the water-coated sur
faces (ie, vapor deposition).
Vapor deposition reduces vapor-phase concentrations of
water-soluble compounds, which creates a driving force
for volatilization of particle-associated concentrations of
water-soluble compounds. The alveolar regions of the lung
are the recipients of water-soluble oxidants in deposited
particles plus vapor-phase material released by the parti
cles entering these regions. Thus, as suggested by Fried
lander and Yeh (1998), the adverse health effects of
inhaled fine PM may be a response to atmospheric perox
ides associated with the particles. The presence of oxi
dants such as H2O2 in the atmosphere at concentrations
known to induce cytotoxicity and tissue injury (Hyslop et
al 1988; LaCagnin et al 1990; Kim and Suh 1993) supports
this hypothesis. Biological concentrations of H2O2 (20–
120 µM) produced by inflammatory cells as a defense
against foreign substances and microorganisms (Oosting et
al 1990) are lower than atmospheric concentrations (Gunz
and Hoffman 1990; Kok et al 1990). These biological H2O2
concentrations are effective in destroying bacteria, in
inducing DNA strand breaks, lipid peroxidation and muta
tions, and in activating the hexose monophosphate shunt
and glutathione redox cycle (Oosting et al 1990; Schrauf
statter and Cochrane 1991). Thus H 2 O 2 can cause cell
damage, and inhalation of H2O2 may be toxic to the lung.
FORMATION OF ATMOSPHERIC H2O2 AND
ORGANIC PEROXIDES
Atmospheric H 2 O 2 is mainly formed through photo
chemical reactions in the presence of ozone, nitrogen
oxides (NOX), volatile organic compounds (VOCs), and
carbon monoxide (CO) and plays an important role in con
verting sulfur dioxide (SO2) to sulfate (SO42) aerosol in
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clouds and rain drops (Calvert et al 1985). Atmospheric,
ground-level H2O2 concentrations range from 0.1 to 5.0 ppb
(Lee et al 2000) and are highest in the summer due to strong
photochemical activity (Sakugawa and Kaplan 1989).
Organic peroxides such as methylhydroperoxide (MHP)
and hydroxymethylhydroperoxide (HMHP) are also present
in the atmosphere. Ambient vapor-phase HMHP concentra
tions, as high as 5 ppb, have been reported on a hot, humid,
and hazy day in Georgia (Lee et al 1993).
A major pathway of H2O2 formation is the self-reaction of
hydroperoxyl (HO2 ) radicals (Finlayson-Pitts and Pitts
1986). These radicals are primarily produced from the pho
tolysis of ozone followed by reactions with water and carbon
monoxide (Lee et al 2000). H2O2 can also be generated by the
ozonolysis of alkenes such as isoprene, isobutene and ter
pene under humid conditions (Becker et al 1990, 1993;
Hewitt and Kok 1991; Simonaities et al 1991; Sauer et al
1999). Recently, Tobias and Ziemann (2000) showed that the
major products formed by reactions of 1-tetradecene and
ozone in the presence of alcohols and carboxylic acids in
smog chamber studies are the organic peroxides, -methoxytridecyl hydroperoxide [CH3(CH2)11CH(OOH)OCH3] and
-isoproxytridecyl hydroperoxide [CH3(CH2)11CH(OOH)OCH(CH3)2]. These are low-volatility compounds that are
expected to be in the particle phase. Formation of these
organic peroxides is consistent with a mechanism involving
reactions of the alcohols and carboxylic acids with Criegee
biradicals (generic formula: RRCOO) generated in alkene–
ozone reactions.
VAPOR-PARTICLE PARTITIONING
Wexler and Sarangapani (1998) showed that water-soluble organics (with Henry law constants greater than about
0.1 M/atm), present in the vapor phase, are rapidly
removed by deposition in the upper airways. Semivolatile
chemical compounds can partition into particles through
adsorption, absorption, or condensation. While lowpolarity, semivolatile organic compounds are expected to
partition into particulate organic matter (Pankow 1994;
Liang et al 1997), water-soluble compounds partition into
aerosol water. H2O2 is highly soluble in water; hence, its
Henry law constant and the presence of available aerosol
water govern H2O2 partitioning between vapor and par
ticle phases. If the atmosphere contained no liquid water,
H2O2 would be present entirely in the vapor phase. As the
water content of an aerosol increases, however, more H2O2
will be present in the particle phase (aqueous phase).
Particle-phase H2O2 concentrations could be expected
to decrease in the airways because removal of the vapor
phase by diffusion to surfaces promotes volatilization of

particle-phase H2 O2 . However, the modeling results of
Wexler and Sarangapani (1998) show that the particle-phase
concentration of H2O2 is relatively stable in the bronchial
regions of the upper lung. Water rapidly condenses on the
particles because of the elevated humidity in the airways.
This results in rapid particle growth and dilution of the
H2O2 concentration in the particle. The dilution reduces the
partial pressure of H2O2 over the particle, leading to addi
tional absorption of H2O2 into the particle. These two com
peting effects (ie, reduced vapor concentration and
increased aerosol water concentration) are about equal in
the bronchial region. In the lower lung, where the lumen
vapor concentration is an order of magnitude lower, evapo
ration of particle-phase H2O2 becomes significant and the
released H2O2 rapidly diffuses to the surfaces. The decrease
in particle-phase H2O2 concentration is a function of par
ticle size: H2O2 in particles smaller than 0.1 µm in diameter
evaporates before the particles reach the lower lung, while
particles larger than 1.0 µm in diameter retain H2O2. Thus,
the dose of H2O2 delivered to the lower lung is expected to
include H2O2 volatized from small particles (0.1–1.0 µm) in
the lower lung as well as H2O2 present in the fraction of par
ticles that actually deposit in the lower lung.
PM constituents such as (NH 4 ) 2 SO 4 and ammonium
nitrate may influence the solubility of H2O2 in water. Lind
and Kok (1986, 1994) demonstrated that the solubility of
H2O2 in a saturated (NH4)2SO4 solution is almost a factor
of two greater than its solubility in pure water. H 2 O 2
behaves as an ionizing solvent because its dielectric con
stant is about the same as water. Hydrated (NH4)2SO4 ions,
both positive and negative, can react with H2O2 to form
adducts that augment H2O2 absorption. As a result, the
particle-phase concentration of H 2 O 2 is enhanced in
ambient aerosols in which (NH 4 ) 2 SO 4 and ammonium
nitrate are major components.
The vapor and particle distribution of H2O2 in ambient
aerosols can be predicted as follows: given a concentration
(Cppb) of vapor-phase H2O2 in air, the particle-phase H2O2
concentration (µg/m3) is equal to:
C ppb × H × 10
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× W × M r ( 1 ⁄ w )

where
H = the Henry law constant for H2O2 in water (M/atm),
W = aerosol water content (µg/m3),
Mr = molecular weight of H2O2 (g/mol), and
w = water density (g/cm3).
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Thus, once concentrations of total H2O2 and aerosol
water content are known, the H2O2 partitioning between
the vapor and particle phases can be calculated assuming
equilibrium.
Atmospherically relevant, ground-level concentrations
of total H2O2 are between 0.1 and 5.0 ppb (Tanner et al
1986; Sakugawa and Kaplan 1989, Hewitt and Kok 1991;
Lee et al 1993; Das and Aneja 1994; Tanner and Schorran
1995; Watkins et al 1995; Lee et al 2000). Aerosol water
concentrations are 10 to 50 µg/m3 (Friedlander and Yeh
1998). At 298 K, the Henry law constant is 7.36 × 10 4
M/atm (Lind and Kok 1986) and the particle-phase con
centration of H 2 O 2 is 0.04 to 1.0 ng/m 3 . As indicated
above, however, the Henry law constant for H2O2 in an
aqueous (NH4)2SO4 solution is greater by a factor of two
than the Henry law constant for H2O2 in water at satura
tion. Thus, 0.08 to 2.0 ng/m3 is a better estimate for particle-phase H 2 O 2 concentrations when (NH 4 ) 2 SO 4 is a
major PM component.
The vapor-phase and particle-phase partitioning of H2O2
and other water-soluble peroxides must be predicted in
order to assess dose and health effects because lung deposi
tion patterns differ substantially for vapors and particles.
The preceding equation predicts that most H2O2 will be in
the vapor phase. Thus, measurement of particle-phase H2O2
is difficult because levels should be expected to be very low.
Moreover, particle collection can alter equilibrium condi
tions (eg, for aerosol water), resulting in sampling artifacts.
Collected particles are also likely to react with other constit
uents in the sample stream. Thus, collection of particlephase H2O2 on a filter over time is not practical; the amount
of H2O2 in the particle phase can only be estimated.
EFFECTS OF FINE PM ON LUNG TISSUES
Exposure to inhaled PM is known to result in pulmo
nary inflammation, which is generally characterized by an
influx of neutrophils and macrophages into the lung.
These cells release mediators aimed at destroying inhaled
materials and initiating wound repair. However, these
mediators are nonspecific and many have the capacity to
potentiate tissue injury (Laskin and Pendino 1995). Alve
olar macrophages are the primary host defense against res
piratory insults. Inhaled particles and infectious agents are
phagocytized in the lower airways by alveolar macroph
ages, while both alveolar macrophages and epithelial cells
remove smaller particles and soluble materials by endocy
tosis (Kreyling 1992). After injury to the lung, alveolar
macrophages become activated and release soluble media
tors with proinflammatory and/or cytotoxic activity
(Laskin and Pendino 1995). These mediators include reac
tive oxygen intermediates, reactive nitrogen intermediates,
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and various cytokines such as TNF- and interleukin 1.
Although the activity of alveolar macrophages and their
biological mediators in normal host defense has been well
established, the role of these cells in PM-induced tissue
injury is largely unknown. The observation that expres
sion of receptors important for phagocytosis of opsonized
microbes (CD11b, CD11c) and for extracellular matrix
interaction decreases in alveolar macrophages exposed to
PM suggests that exposure to PM may impair host defense
functions of these cells (Becker and Soukop 1998). Damage
to lung macrophages is an important factor in increased
host susceptibility to airborne bacterial infection (Kaplan
1981). In this regard, alveolar macrophage-regulated
chemokine production in response to infection with respi
ratory syncytial virus, a frequent cause of viral pneumonia
in infants and the elderly, has been reported to be lower
after exposure to PM (Becker and Soukup 1999).
Lung inflammation has been observed in animals ex
posed to various types of particles, including silica (Bruch
et al 1993), carbon black (Driscoll et al 1996), titanium
dioxide (TiO2), and barium sulfate (BaSO4) (Cullen et al
2000). Other types of PM elicit changes in inflammatory cell
function, such as reduced phagocytic activity and altered
cytokine or chemokine expression (Clarke et al 2000;
Nadadur et al 2000). For example, although the number of
recoverable BAL cells and differential cell counts were
unchanged after exposure of mice to acid sulfate-coated
carbon black particles, alveolar macrophages isolated from
these animals exhibited decreased Fc receptor-mediated
phagocytosis and bactericidal activity (Clarke et al 2000).
Using microarray technology, Nadadur and colleagues
(2000) reported increased pulmonary expression of several
genes involved in inflammation [including interleukin 6,
tissue inhibitor of matrix metalloproteinases-1, fibronectin,
intercellular adhesion molecule-1, interleukin 1, and
inducible nitric oxide synthase (NOS II)] after exposure of
rats to residual oil fly ash. Thus, alterations in inflammatory
mediator production appear to be a highly sensitive indi
cator of tissue injury induced by inhaled PM.
SELECTION OF MODEL AEROSOL COMPONENTS
AND DOSES
For the majority of the studies described in this report,
(NH4)2SO4 with a mass median diameter of 0.45 ± 0.14 µm
was used as a model atmospheric aerosol. (NH4)2SO4 is a
major component of atmospheric fine PM in northeastern
United States and is highly hygroscopic. The water con
tent of (NH 4 ) 2 SO 4 particles as a function of relative
humidity is also well characterized. We used a relative
humidity of 85% to provide a known amount of particleassociated water, near the upper limit of what would be
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expected in the atmosphere. The particle size used falls in
the middle of the accumulation mode, where most of the
fine particle mass is found in atmospheric particles. It
should be recognized that atmospheric PM2.5 is somewhat
less hygroscopic than (NH4)2SO4 because it includes some
less hygroscopic organic and mineral species as well as
hygroscopic organics, nitrate, and sulfate. H2O2 partitions
between the vapor phase and particle-associated water.
The concentrations of (NH4)2SO4 and H2O2 used in our
animal exposure studies were extrapolated from concentra
tions in the atmosphere. The 24-hour average National
Ambient Air Quality Standard for PM2.5 is 65 µg/m3, and
atmospheric ground-level peak concentrations of H2O2 range
from 0.1 to 5.0 ppb (Lee et al 2000). In addition, research
described in Appendix B suggests that peak indoor H2O2
concentrations are comparable to peak outdoor concentra
tions. Dosimetry studies after ozone inhalation indicate that
structural differences between the rat and human respiratory
tracts cause about a 10-fold decrease in the efficiency of
inhaled materials to reach the lower lung of rats (Hatch et al
1994). To compensate for these differences in the present
studies, we selected (NH4)2SO4 (430 µg/m3; 215 µg/m3) and
H2O2 (10 ppb; 20 ppb; 100 ppb), levels approximately ten
fold higher than atmospheric concentrations.
We also conducted pilot studies with an aerosol con
sisting of a commercially available organic peroxide
(cumene hydroperoxide). This compound is similar to two
particle-phase organic peroxides, identified in smog
chamber experiments, that are expected to be present in
atmospheric particles (Tobias and Ziemann 2000).
To accomplish our aims, it was first necessary to
develop and characterize an aerosol generation and expo
sure system for rodents. We developed a real-time per
oxide detector to monitor H 2 O 2 concentrations in the
exposure system. This instrument was also used to mea
sure H2O2 concentrations in a realistic but manipulated
indoor environment (Appendix B).

SPECIFIC AIMS
The respiratory tract is unique in that it is directly
linked to the external environment. As a consequence, it is
particularly susceptible to damage induced by inhaled
agents. For example, inhalation of fine atmospheric aero
sols by humans and experimental animals results in
increased microvascular permeability, pulmonary edema,
and in some instances, damage to epithelial cells. These
changes are associated with an accumulation of macro
phages in the tissue. Although numerous epidemiologic
studies have demonstrated that inhalation of atmospheric

fine PM is associated with morbidity and mortality, the
mechanisms underlying the toxic effects of relatively low
levels of these materials are unknown (Moolgavkar and
Luebeck 1996). Moreover, there appears to be a discrep
ancy between the results of epidemiologic studies associ
ating atmospheric particles with human health and the
results of toxicity studies using laboratory-generated parti
cles and animal models. Peroxides carried by fine particles
may be one of the factors contributing to the adverse health
effects observed after exposure to ambient PM.
The overall objective of the present set of studies was to
analyze the role of particle-associated H2O2 and inflamma
tory macrophages in fine PM-induced tissue injury (Table
1). We hypothesized that fine PM transports water-soluble
peroxides into the lower lung, leading to tissue injury and to
accumulation and activation of macrophages in these
regions. Once activated, the macrophages release cytotoxic
mediators and proinflammatory cytokines that contribute to
the pathogenesis of tissue injury. To test this hypothesis,
experiments were conducted to: (1) determine if tissue
injury induced by aerosols is mediated by cytotoxic H2O2
carried into the lower airways by fine particles, and (2)
assess whether exposure of rats to fine PM and H2O2 results
in activation of lung macrophages (which contribute to
tissue injury).
Specific aim 1 was addressed by comparing the effects
of inhalation of H 2 O 2 -containing (NH 4 ) 2 SO 4 (215 or
430 µg/m3) aerosols with inhalation of particle-free air,
(NH 4 ) 2 SO 4 aerosols, or vapor-phase H 2 O 2 (10, 20, or
100 ppb) alone on markers of lung injury and inflamma
tion. Measurements were made of BAL fluid protein and
LDH levels as well as inflammatory cell accumulation in
the lung. Histologic sections of lung were also examined
for evidence of structural alterations and inflammation.
Dose response and time course studies are described in
Section 3 of this report. Studies using 18O-labeled H2O2,
which are described in Appendix A, provided information
on the transport of H2O2 into the lower lung, the response
of the lower lung to H 2 O 2 , and the doses of H 2 O 2 that
induce biological responses.
Specific aim 2 was addressed by analyzing the effects of
inhaling (NH4)2SO4 or (NH4)2SO4 + H2O2 aerosols on alve
olar macrophages. Histologic sections of lungs from con
trol and exposed rats were assessed for changes in the
number and morphology of macrophages and neutrophils
in the alveolar regions. Immunohistochemistry was used
to quantify production of several inflammatory mediators
and their pattern of localization. We also isolated alveolar
macrophages from exposed and control animals and mea
sured inflammatory mediator production. The effects of
inhibiting macrophage function on mediator production
and tissue injury were also evaluated. These studies,
5
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Table 1. Overview of Specific Aims and Study Design
Study Design
Methods: Generate and Characterize Model Atmospheric Fine PM and Peroxides; Establish Animal Exposure System
• Develop and characterize a system to model
atmospheric fine PM and atmospheric H2O2

(NH4)2SO4, H2O2, and particle-free atmosphere generation;
exposure monitoring (Section 1)

• Develop an exposure system for rodents

Construction of a 6-port nose only exposure chamber (Section 1)

• Quantitative real-time measurement of H2O2
concentration

Develop a real-time H2O2 detector; select collection devices;
determine detection units, validate collection efficiencies;
apply to the animal exposure system (Section 2)

• Develop and characterize a system to model an
organic peroxide aerosol

Generation of cumene hydroperoxide (Section 1)

Aim 1: Determine Whether Tissue Injury Induced by Fine PM is Mediated by Cytotoxic Peroxides Carried Into Lower
Airways by Fine Particles
• Compare the effects of inhaled (NH4)2SO4 + H2O2
to the effects of inhaled particle-free air,
(NH4)2SO4, or gas-phase H2O2 alone on lung
injury and inflammation.

Inhalation exposure of rats to particle-free air, (NH4)2SO4, H2O2
or (NH4)2SO4 + H2O2; lung lavage analysis; lung histology
(Section 3)

Aim 2: Evaluate Effect of Inhalation Exposure of Rats to Fine PM and Peroxides on Lung Macrophages
• Assess changes in the structural properties of
lung macrophages after inhalation of
(NH4)2SO4 + H2O2 aerosols by rats

Inhalation exposure of rats to particle-free air, (NH4)2SO4, H2O2,
or (NH4)2SO4 + H2O2; isolation of alveolar macrophages; cell
number; morphology (Section 3)

• Evaluate alterations in inflammatory mediator
release by lung macrophages after inhalation
of (NH4)2SO4 + H2O2 aerosols by rats

Inhalation exposure of rats to particle-free air, (NH4)2SO4, H2O2,
or (NH4)2SO4 + H2O2; isolation of alveolar macrophages;
functional assays (TNF-, superoxide anion, nitric oxide); NOS
II, COX-2 expression (Section 3)

• Analyze altered expression of heat shock
proteins by lung macrophages after inhalation of
(NH4)2SO4 + H2O2 aerosols by rats

Inhalation exposure of rats to particle-free air, (NH4)2SO4, H2O2,
or (NH4)2SO4 + H2O2; isolation of alveolar macrophages; heat
shock protein expression (Section 3)

• Evaluate the effects of inhalation exposure of
rats to a particle-phase organic peroxide

Inhalation exposure of rats to solvent control or particle-phase
cumene hydroperoxide; lung lavage analysis; isolation of
alveolar macrophages; functional assays (TNF-, superoxide
anion, nitric oxide); NOS II, COX-2 expression; heat shock
protein expression (Section 3)

Appendix A: Assess Pulmonary Deposition of Particle-Phase and Vapor-Phase H2O2
• Validate the transport of (NH4)2SO4 + H2O2
into the lower lung
Appendix B: Assess Indoor H2O2 Formation
• Assess the possible impact of ozone chemistry
on indoor residential concentrations of H2O2
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Inhalation exposure of rats to (NH4)2SO4 + 18O-labeled H2O2 or
18O-labeled H O alone; lung lavage and alveolar macrophage
2 2
isolation; detection of 18O in samples
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described in Section 3, provided information on secretory
products released by macrophages after exposure of rats to
(NH4)2SO4 fine PM + H2O2.
Addressing our specific aims required the design and
construction of systems to generate stable and reproducible
test atmospheres. A real-time H2O2 detector was also devel
oped to monitor exposure conditions during animal experi
ments. These systems are described in Sections 1 and 2.
Several additional studies were ancillary to our original
goals but provided useful insights into the human rele
vance of our results. These included measuring H2O2 con
centrations in a realistic but manipulated indoor
environment and assessing the likelihood that indoor par
ticle concentrations could exceed the PM 2.5 standard
under certain conditions. These studies are described in
Appendix B.

SECTION 1. DEVELOPMENT OF ANIMAL
EXPOSURE AND AEROSOL
GENERATION SYSTEMS
INTRODUCTION
The first part of our studies involved the design, con
struction, and characterization of animal exposure and
aerosol generation systems. The water uptake of
(NH4)2SO4 aerosol has been previously described (Lind
and Kok 1986, 1994). The vapor-particle partitioning of
H2O2 was calculated on the basis of the aerosol water con
tent, total peroxide concentration, and the Henry law con
stant for H2O2. Four test atmospheres were generated: an
aerosol containing (NH 4 ) 2 SO 4 + H 2 O 2 ; an (NH 4 ) 2 SO 4
aerosol; vapor-phase H 2 O 2 ; and particle-free air. The
aerosol generation system was adapted in later experi
ments to produce an atmosphere consisting of cumene
hydroperoxide and a particle-free solvent control.

(0.25 inches in diameter and 4 inches in length) protruding
from the stainless steel chamber. A total of 3.2 L/min of test
atmosphere was pushed into the exposure chamber. Under
these conditions, each individual exposure port was found
to receive approximately 0.5 L/min of the test atmosphere.
Excess and exhaled aerosol traveled through a polyvinyl
chloride (PVC) exhaust manifold 1 inch in diameter (Figure
1). Exposure conditions were monitored in real time in one
of the nose-only exposure ports.
Aerosol Generation
To generate the aerosol, an aqueous solution of
(NH4)2SO4 was prepared in high purity deionized water
from an ultrapurification system (resistivity > 18 M/cm;
Millipore, Bedford MA). (NH4)2SO4 particles were gener
ated from the solution using a Collison nebulizer (Raabe
1976) operated at 35 psi (Figure 2). This nebulizer uses
capillary action to pull the aqueous solution into a highpressure air stream, where the solution is atomized into
aqueous particles. The resulting particles travel through a
diffusion dryer, which reduces the particle water content,
particle size, and aerosol relative humidity by exchanging
water vapor with a flow of dry sheath air across an annular
membrane (48 inches long; MD-110-48, Perma Pure, Toms
River NJ). The particles were then given a Boltzmann
charge distribution in a 210Po neutralizer (NRD, Grand
Island NY) and, for 430 µg/m3 exposures, pushed directly
into the nose-only exposure chamber. The relative
humidity and water content of the (NH4)2SO4 particles were
controlled by changing the flow rate of countercurrent
sheath air in the diffusion dryer. The relation between
achieved relative humidity and sheath airflow rate is shown

METHODS
Exposure Chamber Design
A nose-only exposure chamber was constructed to ensure
that individual animals received a fixed dose of test mate
rial. Moreover, lower flow rates could be used with this
design because emissions from animal waste would not
contribute to the exposure. The exposure chamber was con
structed from a stainless steel cylindrical pipe, 2 inches in
diameter, 0.25 inches in wall thickness, 36 inches long, and
capped on one end. Test atmospheric particles were pushed
from the exposure chamber into 6 nose-only exposure ports
(Lab Products, Maywood NJ) through stainless steel tubes

Figure 1. Nose-only exposure chamber. Aerosol enters the chamber at
3.2 L/min and flows into the animal exposure ports as indicated by the
arrows. Exhaled air and remaining aerosol are pushed out the exhaust
manifold.
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Figure 2. Generation of test aerosols.

in Figure 3. A 1.5 L/min countercurrent sheath airflow rate
resulted in 85 ± 2% relative humidity.

distribution was controlled by the solution strength in the
nebulizer and relative humidity.

Reduced aerosol concentrations were achieved by
adding a mixing chamber and humidifier immediately
upstream of the exposure chamber (Figure 2). In the
mixing chamber, the aerosol was diluted 1:1 with dry,
particle-free air to achieve a concentration of 215 µg/m3.
Particles were mixed dry to reduce coagulation and to
prevent them from sticking to the wall of the chamber. The
resulting particles were adjusted to 85% relative humidity in
a diffusion humidifier (24 inches long; MH-110-24S, Perma
Pure) with saturated countercurrent sheath air. The total
flow rate into the exposure chamber was maintained at
3.2 L/min by exhausting excess flow. The particle size

An aerosol containing (NH4)2SO4 + H2O2 was generated
by adding H2O2 to the nebulizer solution. The total H2O2
concentration was varied by changing the concentration of
H 2 O 2 in the nebulizer solution. Partitioning of H 2 O 2
between the vapor and particle phases is a function of the
mass concentration of (NH4)2SO4 and the relative humidity.
Together, these factors determine the water content of the
particles as discussed in detail in the section on Calculation
of Aerosol Properties later in this report. The particle-phase
H 2 O 2 concentrations decrease with decreasing aerosol
water content, meaning that they decrease with decreasing
relative humidity and with decreasing concentrations of
(NH4)2SO4 in the nebulizer solution (ie, smaller particle
size). This effect occurs because the particle-associated
H2O2 partitions by absorption into the aerosol water. The
concentration of particle-phase H2O2 (mass/m3 air) can be
changed independently of particle size by changing the total
H2O2 concentration or changing the relative humidity and
thus the aerosol water content.
Generation of Particle-Free Atmospheres

Figure 3. Relation between aerosol relative humidity and sheath air
flow rate in a 48-inch diffusion dryer. Each flow rate had three measure
ments. Error bars indicate measurement uncertainty expressed as ± 1 SD
from the measurement mean.
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Vapor-phase H2O2 test atmospheres (relative humidity,
85%) were generated by bubbling 2.8 L/min of clean com
pressed air through a 250-mL glass washing bottle con
taining 150 mL of an aqueous H2O2 solution (Figure 4). An
additional 0.4 L/min of clean dry air was added to adjust the
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22.4C and 18.2C). The mass median particle diameter was
0.45 µm ± 0.10. Solvent controls were produced by
generating the same aerosol but removing the particles by
filtration before they reached the exposure chamber. Thus,
if any solvent remained in the airstream after the diffusion
dryer, its effect would be detected in the solvent blank.
Less than 1 particle/cm3 was measured in the chamber
during solvent blank runs. Particle number concentrations
of 15,720/cm 3 and 14,280/cm 3 were measured during
cumene hydroperoxide experiments.
RESULTS AND DISCUSSION
Exposure Chamber Characterization

relative humidity to 85%. The particle-free control atmo
sphere (relative humidity, 85%) was generated by using
high purity deionized water from a Millipore ultrapurifica
tion system (resistivity, >18 M/cm) in the bubbler.

Particle number concentrations at 85% relative humidity
in each individual port were measured to ensure particles
were evenly distributed. Mass concentrations were calcu
lated from numbered size distributions as explained in Cal
culation of Aerosol Properties. Table 2 shows number and
mass concentrations by particle size across each individual
port over 3 hours. No significant difference in particle
number or mass concentration was observed between ports
at a 95% confidence level according to a paired t test.

Exposure Monitoring

Aerosol Generation System Characterization

Exposure conditions were monitored continuously in a
nose-only exposure port during each experiment. A meter
(model 625, Testo, Flanders NJ) was used to measure rela
tive humidity and temperature. Particle size distribution
and number concentration were monitored using an
8-channel laser particle counter (model PMS-LASAIR1002,
Particle Measuring Systems, Boulder CO) calibrated with
latex particles having a refractive index of 1.6. Total and
integrated H2O2 were measured in one of the exposure ports
in real time using the automated fluorometric method
described in Section 2 of this report.

Atomization of an aqueous (NH4)2SO4 solution yielded
aqueous (NH4)2SO4 particles suspended in humid air. The
effect of (NH4)2SO4 solution strength on the particle mass
size distribution at 85% relative humidity is shown in
Figure 5. (NH4)2SO4 mass concentrations of 96 ± 28 to 440
± 30 µg/m3 and number concentrations of 24,000 ± 720 to
27,000 ± 1300 particles/cm3 were obtained by atomizing
0.125% to 0.5% (NH4)2SO4 solutions. For example, a 0.5%
(NH4)2SO4 solution yielded particles with a mass median
diameter of 0.45 ± 0.14 µm and a mass concentration of
440 ± 30 µg/m3 of (NH4)2SO4.

Figure 4. Generating vapor-phase H2O2 at 85% relative humidity. Particle-free air is also generated using this system.

Generation of Cumene Hydroperoxide Aerosol
Cumene hydroperoxide particles were generated in the
same manner as (NH 4 ) 2 SO 4 particles, except that the
diffusion dryer shown in Figure 2 was replaced with an
activated charcoal diffusion dryer to remove the solvent in
which the cumene hydroperoxide was dissolved. The neb
ulizer contained a solution of 1.2 mL of 88% cumene
hydroperoxide [C6H5C(CH3)2OOH] in 180 mL methanol
(Aldrich Chemical, Milwaukee WI). During the two animal
experiments, 102 ± 23 and 106 ± 21 µg/m3 of cumene hydro
peroxide PM were measured in the exposure chamber. The
PM comprised solely cumene hydroperoxide and was
equilibrated at 44% to 46% relative humidity (temperature:

The effect of diffusion humidifier sheath airflow rate on
aerosol relative humidity is shown in Figure 6. The total
flow rate into the exposure chamber was maintained at
3.2 L/min by exhausting excess flow. For example, 3.2 L/
min of particle-free air was mixed with dried (NH4)2SO4
aerosol [from a 0.5% (NH4)2SO4 solution] in the mixing
chamber to dilute the aerosol by approximately 50%. A
1 L/min flow of saturated sheath air in the diffusion humid
ifier downstream was needed to adjust the aerosol to 86% ±
2% relative humidity. The (NH4)2SO4 number and mass
concentrations were reduced to 14,000 ± 1500 particles/cm3
and 230 ± 20 µg/m3, respectively. This is a 48% reduction in
number and mass concentrations. The mass median diam
eter was unchanged (0.45 ± 0.15 µm).
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Table 2. Number and Mass Concentrations of (NH4)2SO4 Particles in Exposure Chamber Portsa
Dp (µm)b

Port 1

Port 2

Port 3

Port 4

Port 5

Port 6

Number Concentrations
0.1–0.2
0.2–0.3
0.3–0.4

1330 ± 350
1030 ± 160
14,730 ± 1830

1340 ± 800
920 ± 110
13,200 ± 1580

1100 ± 310
1050 ± 260
13,700 ± 2820

0.4–0.5
0.5–0.7
0.7–1.0

7380 ± 1920
1540 ± 620
24 ± 8

8260 ± 1360
1800 ± 1350
30 ± 30

7800 ± 870
1810 ± 1020
23 ± 22

25,500 ± 1950

25,450 ± 2370

Total

26,000 ± 700

930 ± 280
1720 ± 2130
14,380 ± 260
8140 ± 940
970 ± 690
44 ± 41
26170 ± 2390

820 ± 510
840 ± 100
14,500 ± 450
7590 ± 2630
1980 ± 700
45 ± 19
25,800 ± 1880

640 ± 510
1720 ± 2120
15,370 ± 2490
8060 ± 860
860 ± 600
120 ± 190
26,760 ± 2280

Mass Concentrations (mg/m3)
0.1–0.2
0.2–0.3
0.3–0.4

1.1 ± 0.3
4.0 ± 0.6
160 ± 20.0

1.2 ± 0.8
3.8 ± 0.7
150 ± 27.0

0.9 ± 0.3
4.1 ± 1.0
148 ± 30.0

0.8 ± 0.2
6.8 ± 8.4
155 ± 3.0

0.7 ± 0.4
3.3 ± 0.4
157 ± 5.0

0.5 ± 0.4
6.4 ± 8.7
166 ± 27.0

0.4–0.5
0.5–0.7
0.7–1.0

170 ± 44.0
84 ± 34.0
0.3 ± 0.1

200 ± 35.0
98 ± 72.0
4.6 ± 4.0

180 ± 20.0
98 ± 55.0
3.6 ± 3.5

187 ± 22.0
72 ± 6.0
6.8 ± 6.4

174 ± 60.0
108 ± 38.0
7 ± 3.0

185 ± 20.0
66 ± 6.0
18 ± 30.0

Total

420 ± 60.0

454 ± 32.0

434 ± 31.0

429 ± 25.0

450 ± 16.0

443 ± 20.0

a Particles

were generated by atomizing a 0.5% aqueous (NH4)2SO4 solution over 3 hours. Three measurements were made in each port. Data represent mean
± SD of at least 10 experiments.

b

Dp = particle diameter.

The relation between the H2O2 solution strength in the
nebulizer and total (vapor plus particle phase) H2O2 con
centration in the exposure chamber is shown in Figure 7.
Total H 2 O 2 concentrations as low as 9 ± 0.7 ppb (13 ±
1 µg/m3) and as high as 930 ± 150 ppb (1290 ± 210 µg/m3)
were achieved by atomizing solutions containing H2O2 and
(NH4)2SO4. For example, an H2O2 concentration of 0.01 M
in a 0.5% aqueous (NH4)2SO4 solution produced particles
containing 424 ± 22 µg/m3 of (NH4)2SO4 and approximately
34 ng/m3 of H2O2. The particle-phase H2O2 concentration

reported here was calculated from the aerosol water content
and the measured concentration of total (vapor plus particle
phase) H2O2 (ie, 13 ± 1 µg/m3 or 9.4 ± 0.7 ppb), as described
in Calculation of Aerosol Properties.

Figure 5. Particle mass distribution by size (85% relative humidity) for
0.125%, 0.25%, and 0.5% aqueous (NH4)2SO4 nebulizer solutions. AS =
(NH4)2SO4; M = mass concentration; Dp = particle diameter; y-axis displays the mass size distribution function.

Figure 6. Effects of air flow rate through diffusion humidifier sheath on
relative humidity. Sheath air is saturated. Three measurements were
made at each flow rate. Error bars indicate measurement uncertainty
expressed as ± 1 SD of the measurement mean.
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A bubbler was used for H2O2-only experiments (Figure 4).
The concentration of vapor-phase H2O2 was linearly related
to the H2O2 solution strength in the bubbler for the range of
concentrations generated (eg, 5 to 50 ppb in the exposure
chamber [Figure 8]). For example, a 3 mM H2O2 bubbler
solution yielded 11 ± 1 ppb H2O2 in the exposure chamber.

DL Laskin et al

Figure 9 shows the (NH4)2SO4 mass concentration in the
exposure chamber over 2 hours of (NH4)2SO4 aerosol gen
eration [0.5% aqueous (NH4)2SO4 solution in nebulizer].
The total H2O2 concentration in the chamber during vaporphase H2O2 generation using the bubbler (3 mM H2O2 in
bubbler) is also shown. Particle number concentrations
measured by the laser particle counter were below 1 particle/cm3 during generation of vapor-phase H2O2 and particle-free air. H 2 O 2 concentrations measured by the
automated H 2 O 2 analyzer were below detection limits
during the operation of particle-free air test atmospheres.
The generation systems produced stable, reproducible test
atmospheres over 2 hours. The addition of a syringe feed
could extend operation considerably.
Calculation of Aerosol Properties
(NH4)2SO4 Aerosol Particle mass concentrations were cal
culated from particle number concentrations measured with
the laser particle counter assuming a particle density (p) of
1.3 g/cm3 . The density is the mass-weighted density of
(NH 4 ) 2 SO 4 (  (NH4) 2 SO4 = 1.8 g/cm 3 ) and water (  w =
1.0 g/cm3) at 85% relative humidity:

 p = (mf (NH4)2SO4 ) × ( (NH4)2SO4 )

(1)

+ (mf w ) × ( w )

Figure 7. Total (vapor plus particle) H2O2 concentration in the exposure
chamber as a function of H2O2 in the nebulizer: (A) 0 to 1200 ppb and
(B) 0 to 60 ppb. H2O2 vapor was generated by bubbling an H2O2 solution.
Vapor and particles were generated by atomizing aqueous (NH4)2SO4 +
H2O2 nebulizer solutions. The line shows the least squares fit.

where mf is mass fraction. The mass fractions of (NH4)2SO4
and water in the aerosol were calculated using the empirical
equation of Chan and associates (1992) for the (NH4)2SO4
and water system:

mf (NH4)2SO4 = 2.27515 − 11.147 RH
+ 36.3369 RH 2− 64.213 RH 3

(2)

+56 .8341 RH 4 − 20.0953 RH5

Figure 8. Vapor-phase H2O2 concentration in the exposure chamber as
function of H2O2 solution strength in bubbler. H2O2 vapor was generated
by bubbling an H2O2 solution. The line shows the least squares fit.

Figure 9. Exposure chamber (NH 4 ) 2 SO 4 mass concentration [0.5%
aqueous (NH4)2SO4 solution in nebulizer] and vapor-phase H2O2 concen
tration (3 mM H2O2 in bubbler) measured over 2 hours (85% RH). �,
(NH4)2SO4; �, H2O2; dotted line, average value. Measurements were made
after system was conditioned for 1 hour (time = 60 minutes). Error bars
indicate measurement uncertainty expressed as 1 SD.
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where RH is relative humidity. At 85% RH, the aqueous
(NH4)2SO4 aerosol is 37% (NH4)2SO4 and 63% water by mass.
Note that the particle counter was calibrated with latex
particles having a refractive index of 1.59. The refractive
index of (NH4)2SO4 particles is 1.53 (Zhang et al 1994); the
refractive index of water is 1.0. The refractive index of
model aerosol (i) can be calculated as a volume average of
species as follows:

i =

i 1 V 1 + i 2 V 2 + … + i n Vn
V 1 + V 2 + …Vn

(3)

where in and Vn are the refractive index and volume for the
nth species in the model aerosol. For example, the refrac
tive index of a solution of 37% (NH4)2SO4 with 63% water
by mass, calculated as a volume average of the two species,
is approximately 1.38.

particle size distributions, were used to calculate the par
ticle mass, (NH4)2SO4, and water concentrations (Table 3).
The Henry law constant for H2O2 in water and the total
H2O2 concentration were used to calculate the particlephase H2O2 concentration. For example, at 85% relative
humidity, an atomizer solution of 0.01 M H2O2 and 0.5%
(wt/vol) (NH4)2SO4 yields a total particle mass concentra
tion of 1146 ± 59 µg/m3 and total H2O2 concentration of 13
± 1 µg/m3 (Table 3). This aerosol is 37% sulfate and 63%
water according to equation 2. Thus the aerosol water con
tent is 722 ± 37 µg/m3. At a temperature of 298 K (vapor
constant 0.0821 atm L/K), the fraction of H2O2 in the par
ticle phase, Fparticle-phase, is

Fparticle-phase ≅ 2.5×10 −11 HW

(4)

Particle sizes are not adjusted to account for the refrac
tive index for the measurements presented here. This
results in an underestimation of approximately 13% in
particle diameter and 44% in mass concentration.

where H is the Henry law constant for H2O2 (7.36 × 104
M/atm; Lind and Kok 1986) and W is aerosol water content
(µg/m3)(Wexler and Sarangapani 1998). In this example,
Fparticle-phase is 0.0013 ± 0.0001, resulting in a particlephase H2O2 concentration of 17 ± 2 ng/m3.

(NH4)2SO4 + H2O2 Aerosol Adding H2O2 to the aqueous
(NH4)2SO4 nebulizer solution yielded aqueous particles
containing H2 O2 and (NH4) 2 SO4 suspended in air con
taining H2O2 and water vapor. The Henry law constant,
vapor-phase H2O2 concentration, and water content of the
particles were used to calculate the particle-phase concen
tration of H2O2. The measured relative humidity and equa
tions 1 and 2 were used to calculate the mass fractions of
water and (NH4)2SO4 and the particle material density. The
mass fractions and particle density, together with measured

Lind and Kok (1986) showed that H 2 O 2 solubility
increases in concentrated (NH4)2SO4 solutions and that
the Henry law constant for H2O2 in an aqueous (NH4)2SO4
solution is greater than the Henry law constant for H2O2 in
water by a factor of 2 for 2.5 M of (NH4)2SO4 solutions. The
(NH4)2SO4 concentration is approximately 2.8 M in these
aerosols. Thus, 34 ng/m3 is a better estimate of particlephase H2O2 in the H2O2 + (NH4)2SO4 test atmosphere. Table
3 shows the H2O2 concentration in the nebulizer, the mea
sured total (vapor plus particle) H2O2 concentration in
exposure chamber, and the predicted particle-phase H2O2

Table 3. Measured Total and Calculated Particle-Phase Concentrations of H2O2a
Aqueous H2O2
in Nebulizer
(M)

(NH4)2SO4 Mass
Concentration
(µg/m3)

Total H2O2 Concentration
in Exposure Chamber
(µg/m3)

(ppb)

Particle-phase H2O2
Concentration in
Exposure Chamber
(µg/m3)

0.010
0.027
0.11

424 ± 22
435 ± 18
434 ± 17

13 ± 1b
31 ± 6b
145 ± 3b

9 ± 0.7
22 ± 4
104 ± 2

0.034 ± 0.002
0.082 ± 0.008
0.41 ± 0.02

0.29
0.53
0.77

420 ± 30
420 ± 30
420 ± 30

400 ± 17c
1,000 ± 3c
1,290 ± 210c

288 ± 12
719 ± 2
928 ± 151

1.04
2.6
3.36

a

Data represent means ± SD of at least 10 experiments.

b

Total H2O2 was measured by the online automated analyzer. Conditions were 85% relative humidity and 298 K.

c

Total H2O2 concentration was collected and measured by the integrated method.
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± 0.02
± 0.004
± 0.27
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concentration at 85% relative humidity in the exposure
chamber. The addition of H2O2 to the aqueous (NH4)2SO4
solution at these levels had a negligible influence on the
resulting particle mass and size distribution. H2O2 concen
trations of 0.027 and 0.01 M in 0.5% (NH4)2SO4 solutions
produced 435 ± 18 and 424 ± 22 µg/m3 of (NH4)2SO4, which
are not significantly different according to a paired t test.

where nA and nw are the molar concentrations of H2O2 and
water in the aerosol per cubic meter of air. Because the
mass transfer of H2O2 is small,

Only a small fraction of the H 2 O 2 is in the particle
phase. However, particle-phase concentrations of H2O2 in
the atmosphere during photochemical smog episodes are
likely to be similar to particle-phase concentrations of
individual organic compounds (eg, benzo[a]pyrene).
Moreover, the transport, fate and, therefore, effects of particle-phase atmospheric compounds are different from
those in the vapor phase.

The rate of change of the molar concentration of H2O2 in
the aerosol phase (dnA/dt) equals the total flux (J) of H2O2
out of the aerosol. Thus,

Equilibrium Partitioning Assumption An H2O2 + (NH4)2SO4
aerosol consists of particles containing water, H2O2, and
(NH4)2SO4 in an atmosphere containing vapor-phase H2O2
and water. We assumed that the partitioning of H 2 O 2
between vapor and particle phases was in equilibrium
when calculating the particle-phase H2O2 concentration.
The results of our evaluation of the validity of this assump
tion are shown in equation 5. The characteristic time
required to reach equilibrium as derived in this equation is
based on the work of Seinfeld and Pandis (1998).
The vapor-phase equilibrium concentration of H 2 O 2
(ceq) at the particle surface is related to the aqueous-phase
molality of H2O2 (mA) by
c eq = K A γ A m A

(5)

dm A
dn A
1
------------ ≅ ----------------------- --------- .
0.018n w dt
dt

(8)

dc eq K A γ A J
.
≅
0.018n w
dt

(9)

The flux from the surface of a single particle to the bulk
vapor is given by
J 1 = 4π R p D A f( Kn, α )( c eq – c ∞ )

(10)

where
Rp = particle radius,
DA = vapor-phase diffusivity of H2O2,
ceq = vapor-phase equilibrium concentration of
H2O2 at particle surface (mol/m3),
c∞ = H2O2 concentration in the bulk vapor (mol/m3),
f (Kn,) = correction due to noncontinuum effects
and imperfect accommodation (Fuchs and
Sutugin 1971),
Kn = Knudsen number, and
 = mass accommodation coefficient on
aqueous surfaces:

where
f( Kn, α ) =

KA = equilibrium constant for H2O2 (kg/m3) and
A = activity coefficient of H2O2.
The rate of change of the H2O2 molality in the aqueous
phase is related to the rate of change of the concentration
at the particle surface by
dm A
dc eq
= KA γA
dt
dt

.

(6)

0.75α( 1 + Kn)
2

.

Kn + Kn + 0.283Knα + 0.75α

(11)

For a monodisperse aerosol with a number concentration
of N (particles/cm3), the total flux away from the surface of
the aerosol (J) is
J = NJ 1 = 4π R p D A Nf ( Kn, α )( c eq – c ∞ ) .

(12)

Thus, substituting for J,

Note that
m A = n A ⁄ ( 0.018n w )

(7)

4π K A γ A R p D A Nf ( Kn, α )( c eq – c ∞ )
dc eq
.
=
dt
0.018n w

(13)
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Because the fraction of H2O2 in the particle phase is small,
c∞ remains essentially constant and the time scale ( a) for
establishing equilibrium between the vapor and aerosol
phases is given by

SECTION 2. DEVELOPMENT OF REAL-TIME
H2O2 DETECTOR
INTRODUCTION

τa =

Cw
.
4πK A γ A R p D A Nf( Kn, α)

(14)

The time scale for a polydisperse aerosol can be approxi
mated by replacing Rp by the actual number mean particle
radius in equation 14 and in the calculation of Kn (Seinfeld
and Pandis 1998).
Using values typically encountered in the exposure
chamber:
N = 14,000 particles/cm3,
Rp = 0.2 µm,
KA = 5.5 × 105 µg/m3 air (Henry law constant),
A = 1,
DA = 0.18 cm2/sec,
 = 0.12 (Seinfeld and Pandis 1998), and
Cw = 730 µg/m3 (maximum chamber concentration),
the characteristic time to achieve equilibrium between vapor
and particle-phase H2O2 concentrations is approximately
0.007 seconds, which is faster than the 0.73-second residence
time of particles in the aerosol generation system. Thus,
vapor–particle equilibrium is a reasonable assumption.
CONCLUSIONS
An inhalation exposure chamber was designed to study
the effects of H2O2 and other water-soluble gases in animal
models in order to understand mechanisms underlying tox
icity associated with fine PM. The aerosol generation
system was evaluated through repeated generation and
measurement of four test atmospheres. We found that the
aerosol generation system produced stable test atmo
spheres over a range of concentrations in the exposure
chamber. Real-time chamber conditions were characterized
by an automated H2O2 analyzer (see next section), a laser
particle counter, and a relative humidity and temperature
meter. Particle-phase H2O2 concentrations can be calcu
lated using equilibrium assumptions. Interestingly, the
rapid time to equilibrium (0.007 seconds) suggested that
separate collection of particle-phase H2O2 using a diffusion
denuder to strip the vapor phase was impractical. Overall,
this system allowed for the generation of reproducible test
atmospheres and facilitated mechanistic inhalation studies
of PM-induced toxicity.
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Quantitative measurement of H2O2 in the atmosphere is
considered important because of the role H2O2 plays in
oxidation of sulfur dioxide (SO2) to sulfuric acid (H2SO4)
aerosol in cloud droplets. In addition, knowledge of H2O2
concentrations is needed to assess human exposure. Gen
erally, the concentration of H2O2 is determined by strip
ping H 2 O 2 from the air into a solution followed by
chemiluminescence or fluorescence of the H2O2 content.
Kok and coworkers (1978) used a chemiluminescent
method to quantify H2O2 concentrations in solution. Their
analytic system is based on the oxidation of 5-amino-2,3dihydro-1,4-phthalazinedione (luminol) by H2O2 in the
presence of a Cu(II) catalyst. The sensitivity for vaporphase H2O2 is better than 1 ppb and the detection limit is
about 0.5 ppb. Lazrus and colleagues (1986) developed an
automated fluorometric method to measure H2O2 in real
time; their method was based on peroxidase-mediated
decomposition of H2O2 to water and 6,6-dihydroxy-3,3biphenyldiacetic acid. This product is fluorescent with a
peak excitation of 320 nm and emission of 400 nm. Using
this method, the H2O2 concentration is proportional to fluo
rescence intensity. Lee and Tang (1990) developed a nonen
zymatic method to measure H2O2 in aqueous atmospheric
samples. Their analytic scheme is based on the Fenton reac
tion, in which each ferrous ion reacts with H2O2 to yield
an hydroxyl radical. The hydroxyl radical is scavenged by
benzoic acid to form isomeric hydroxybenzoic acid, which
exhibits strong fluorescence. The method of tunable diode
laser absorption spectroscopy (TDLAS) developed by
Schiff and associates (1983) measures H2O2 directly in the
vapor phase. The basic operational principle of TDLAS is
measurement of vibrational absorption from a single rotational-vibrational line in the mid-infrared spectrum of a
molecule. Slemr and coworkers (1986) used TDLAS to
determine the concentration of vapor-phase H 2 O 2 in
ambient air. The highest 1-hour average was 2.1 ppb in
Ontario, Canada. Mackay and colleagues (1990) used
TDLAS to measure H2O2 concentrations ranging from 0.25
to 1.1 ppb in Glendora, California.
In the Section 2 studies, an enzymatic method similar to
that of Lazrus and colleagues (1986) was used to quantify
total H2O2 concentration by fluorescence after aqueous
stripping of H 2 O 2 . A real-time H 2 O 2 monitor was con
structed for this analysis. The peroxidase concentration, pH
range, and sampling flow rate were optimized and the fluo
rometric detector was interfaced with a computer for data
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acquisition. This real-time instrument was used to monitor
exposure conditions during our animal experiments.
METHODS
Collection Devices
Two types of devices, both designed to strip H2O2 from
air, were developed and tested. These were (1) a diffusion
scrubber (DS) and (2) a collection coil. Based on the work
described here, the collection coil was selected for use
with the real-time H2O2 analyzer.
The DS was constructed in the laboratory according to
the design of Dasgupta and associates (1998) (Figure 10A).
The DS consisted of a 60-cm porous polypropylene mem
brane tube (model X-20: 400 µm internal diameter, 25 µm
wall, 40% surface porosity, 0.02 µm mean pore size, Cel
gard, Charlotte NC) placed in the sample vapor stream,
which was controlled at 0.5 L/min. The end of the mem
brane was inserted into 500-µm polytetrafluoroethylene
(PTFE) tubing (Fisher Scientific, Pittsburgh PA) and
crimped with a copper wire, which was covered with PTFE
tape. The membrane assembly was placed in a polypropy
lene tee (Cole-Parmer, Vernon Hills IL) with the help of a
space-fitting PTFE tube (Fisher Scientific). The membrane
was circumscribed by 5-mm inner diameter PTFE tubing,

which was maintained in a linear shape by an outer glass
tube (9 mm, Friedrich & Dimmock, Millville NJ). The scrub
bing solution was pumped through the membrane tube at
100 µL/min. The H2O2 diffused to the membrane where it
was absorbed by the scrubbing solution for subsequent anal
ysis in the analytic system. Deposition of particles to the
surfaces in the DS was expected to be very low due to the
laminar vapor flow in the vertically mounted DS and the
much lower diffusion coefficient for particles.
H2O2 was scrubbed using a collection coil (Figure 10B)
consisting of a horizontal 30-turn glass coil (Skalar, Norcross GA) with an inner diameter of 2 mm. The scrubbing
solution was pumped to the collection coil at a flow rate of
100 µL/min. Ambient air was pulled through the device at
0.5 L/min, creating turbulent flow with a high surface area
for diffusion of water-soluble vapors like H 2O2 and for
impaction of particles. Air and scrubbing solution were
pumped from the collection coil into a vertical separator
tube (Skalar). The scrubbed air was pumped from the
bottom of the separator, and the scrubbing solution flowed
into the analytic system (Figure 11).
Detection Units
Fluorescence intensity was monitored at an emission
wavelength ( em) of 410 nm. Two types of fluorescence

Figure 10. The diffusion scrubber (A) and collection coil (B) with separator.
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detectors were used: (1) For optimization of the operating
parameters, we used a compact fluorescence detector
(model 474, Waters Corporation, Milford MA) with a
single monochromator for excitation ( ex = 320 nm) and an
adjustable emission wavelength. (2) For monitoring
animal exposures, we used a portable fiberoptic spectro
photometer (Ocean Optics, Dunedin FL), consisting a deu
terium light source (D-1000) with an attached cuvette
holder, a detection unit (S-2000), a 2-m fiber (600 µm), and
an installed 375-nm cutoff filter for emitted light. A 100-µL
quartz flow-through cell (Hellma Optik, Jena, Germany)
was placed in the cuvette holder. The detector was inter
faced to a laptop computer and controlled by Ocean Optics
proprietary software (Ooibase).
Reagents
All reagents, standards, and the scrubbing solution were
prepared from high purity deionized water from a ultrapu
rification system (resistivity > 18 M/cm, Millipore).
Horseradish peroxidase (HRP), type II and p-hydroxyphenylacetic acid (PHPA), purchased from Sigma Chemical
Company (St Louis MO) were the highest purity grade. The
remaining reagents [KH 2 PO 4 , NaOH, Na 4 -ethylenediaminetetraacetic acid (EDTA), 30% H2O2] were reagent

Figure 11. Experimental setup for aqueous-phase analytic system.
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grade materials from Fisher Scientific. Aqueous H 2 O 2
standard solutions were prepared by serial dilution of a
stock H2O2 standard solution. The stock H2O2 standard
solution (1%) was prepared by dilution of 30% H2O2. The
working H2O2 standard solutions and the PHPA reagent
were prepared daily.
Analytic Measurements for Testing and Optimization
Air measurements were performed consecutively with
the two collection devices. These were connected to the
outlet of the H2O2 generation system with a 1/4-inch outer
diameter PTFE tube (Fisher Scientific). All tubing (1/4-inch
outer diameter for vapor system and 1/16-inch outer
diameter for liquid phase system), connections, and valves
were made of PTFE, which minimized the formation of
H2O2 artifacts. The scrubbing solution from the two collec
tion devices was introduced to the analytic system at
100 µL/min via a switching valve (Figure 11). The valve was
used to select between the scrubbing solution flow from the
collection coil and from the denuder. The optical detection
system was based on the enzyme-catalyzed reaction of
peroxides with PHPA, which forms a fluorescent dimer
(Figure 12). The buffered PHPA (0.8 g/L PHPA with 0.6 g/L
Na4-EDTA in 0.01 M potassium phosphate buffer, pH 5.8)
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and 30 mg/L of HRP were mixed and then added to the
stream of the scrubbing solution from the collection
devices at 50 µL/min. Subsequently, an NaOH solution
(0.05 M) was introduced via a second tee at 50 µL/min to
raise the pH above 10. The mixed streams flowed
immediately from both tees into knitted reaction coils. A
12-channel peristaltic pump (Skalar) was used to control
fluid flow, with flow rates calibrated in situ.

Figure 12. Formation of fluorescent dimer from peroxidase-catalyzed
reaction of H2O2 with PHPA.

RESULTS AND DISCUSSION
Analytic Method
We investigated the relation between signal intensity
and concentration of PHPA and peroxidase solutions as
well as the pH of the fluorescence solution containing both
PHPA and peroxide. We also examined the effect of
changing the emission ( em) and excitation ( exc) wave
length of the detector on the signal. The fluorescence
detector was used for these studies. The effects of different
PHPA and peroxidase concentrations on intensity of the
fluorescence signal are shown in Figure 13. The fluores
cence signal increased with increasing PHPA and peroxi
dase concentrations and reached a maximum at
concentrations of 800 and 30 mg/L, respectively. These
concentrations were selected for subsequent experiments.
At higher concentrations, the signal sensitivity leveled off.
The fluorescence signal was also measured as a function
of the pH. The pH of the solution flowing into the detector
was adjusted between 6 and 14 by adding 0.0 to 0.1 M
NaOH. The signal showed an increase with increasing pH
up to pH 12; at greater pH the sensitivity decreased slightly
(Figure 14). The optimal pH of 12 was obtained by adding
0.05 M NaOH. In the final step, we examined the effect of
excitation and emission wavelength on signal intensity.
The results are shown in Figure 15, where the fluorescence
signal is shown as a function of excitation wavelength for a
fixed emission wavelength and as a function of emission
wavelength for a fixed excitation wavelength. The best
results were obtained at excitation and emission wave
lengths of 320 nm and 410 nm, respectively.
Detection System
To adapt the instrument for field measurements, a por
table fiberoptic spectrofluorometer and laptop computer

Figure 13. PHPA and peroxidase concentrations as related to intensity of
fluorescence signal. A. Fluorescence reagent contained 30 mg/L peroxi
dase and the indicated concentration of PHPA in a 0.01 M phosphate
buffer. B. Fluorescence reagent contained 800 mg/L PHPA and the indi
cated concentration of peroxidase in a 0.01 M phosphate buffer. The
experimental apparatus is illustrated in Figure 11. H2O2 concentration
was 1 µM, and the exc and em were 320 and 410 nm, respectively. For
flow rates and other conditions, see the Methods section.

Figure 14. Intensity of fluorescence signal as function of pH. Fluores
cence reagent contained 30 mg/L peroxidase and 800 mg/L PHPA in a
0.01 M phosphate buffer. The experimental apparatus is illustrated in
Figure 11. H2O2 concentration was 1 µM, and the exc and em were 320
and 410 nm, respectively. For flow rates and other conditions, see the
Methods section.

17

Peroxides and Macrophages in Toxicity of Fine PM

Figure 15. Relation of excitation (�) and emission (�) wavelength of flu
orescence detector to intensity of fluorescence signal. Fluorescence
reagent contained 30 mg/L peroxidase and 800 mg/L PHPA in a 0.01 M
phosphate buffer. The experimental apparatus is illustrated in Figure 11.
H2O2 concentration was 1 µM. For flow rates and other conditions, see
the Methods section.

were used. The fiberoptic device was lighter and more
compact than the fluorescence detector. To compare the
sensitivity and reproducibility of both detection devices,
we constructed calibration curves using 7 aqueous H2O2
standards (0.25, 0.5, 1, 2, 5, 10 and 25 µM). For the fluores
cence detector, single excitation and emission wave
lengths were chosen (320 nm and 410 nm, respectively)
with the counts recorded every 20 seconds. The fiberoptic
spectrometer software permitted scanning and integration
across wavelengths (380–800 nm). The optimum integra
tion time was found to be 20 seconds. Figure 16 shows the
recorded scans for the 7 aqueous H2O2 standards using the
fiberoptic spectrometer. Under optimum conditions, the
calibration graphs were linear (correlation coefficients
better than 0.99) in the range tested with both detectors
(Figure 17). A shorter integration time could extend the
linear range of the fiberoptic spectrometer. The limits of
detection of aqueous H2O2 (defined as three times the stan
dard deviation of 10 repeated scans [readings] of 0.25 µM
of aqueous H2O2) with the fiberoptic spectrometer and the
fluorescence detector, were 10 nM and 15 nM, respec
tively. These findings indicate that the fiberoptic spec
trometer was more sensitive than the fluorescence
detector. Therefore, the fiberoptic spectrophotometer was
used in all animal studies.
Collection Efficiencies

Figure 16. Scans of aqueous H2O2 solutions (0.25, 0.5, 1, 2, 5 and 10 µM)
recorded with the fiberoptic spectrometer. The experimental apparatus is
illustrated in Figure 11. For reagent compositions and flow rates, see the
Methods section.

Figure 17. Calibration graphs for aqueous H2O2 solutions recorded with
fluorescence detector (�) and fiberoptic spectrometer (�) at an integra
tion time of 20 seconds. The experimental apparatus is illustrated in
Figure 11. For reagent compositions, fluorometer settings and flow rates,
see the Methods section.
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To determine the efficiency of the collection coil for total
(vapor plus particle phase) H2O2, two independent coils
were used in series and the breakthrough of H2O2 vapor
from the first to the second device was measured. We used
the method described by Dasgupta and associates (1988) to
calculate the collection efficiencies. The efficiency of the
collection coil was greater than 99% (ie, ~100%). This is
consistent with previous studies (Kleindienst et al 1988).
To determine the collection efficiency of the DS, the
H2O2 steady state signals from the DS and from the collec
tion coil were compared when both were sampling the
same air. Vapor flow rates and the scrubbing solution flow
rates into the collection coil and into the DS were the
same. For the first measurements, a 30-cm DS was used
and the H2O2 vapor was pumped at a flow rate of 2 L/min
through the device. The collection efficiency for this DS
under the described conditions was found to be 27% ± 3%
(N = 5) for a H2O2 concentration of 1 ppbv. This rate is in
good agreement with previous studies (Dasgupta et al
1990) with a comparable denuder and similar conditions.
To improve the collection efficiency, we investigated the
effect of changing the sampling rate and the denuder
length. The Gormley-Kennedy equation predicts collec
tion efficiency for conventional diffusion denuders as a
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function of denuder length and sampling rate. According
to this equation, the collection efficiency should increase
with decreasing flow rates and increasing denuder length.
In the first experiment, 1-ppbv H2O2 vapor was pulled
through the 30-cm denuder and collection coil in parallel
at different flow rates (0.5, 1, 1.5 and 2 L/min), and the
H2O2 concentration was measured. Figure 18 shows the
collection efficiencies plotted against the vapor flow rate
for the 30 cm long denuder and the collection coil. The
denuder collection efficiency decreased with increasing
flow rates, whereas the collection coil efficiency was inde
pendent of flow rate.
In the next step, the collection efficiency was deter
mined as a function of DS length at a constant sampling
rate of 0.5 L/min. For this experiment, we constructed
scrubbers with 5 different lengths (20, 30, 40, 50 and
60 cm). The collection efficiency increased with the length
of the denuder scrubber; the collection efficiency of the
longest denuder tested (60 cm) was 95% ± 2% (N = 5)
(Figure 19). Based on these results, we recommend a
60-cm denuder and a vapor flow rate of 0.5 L/min for
future studies with the DS. A signal-to-noise ratio of 3 was
achieved at approximately 50 pptv when either the collec
tion coil or the DS was used as the collection device.

30 mg/L, respectively. The H2O2 concentration was pro
portional to the fluorescence measured with the fiberoptic
spectrophotometer (Ocean Optics) using a 20-second scan
time. The instrument was calibrated during each exposure
(real-time) with 5 aqueous H2O2 standard solutions (0.25–
8.2 µM) prepared from a H2O2 stock solution (3%) stan
dardized against a potassium permanganate primary stan
dard solution. The coefficient of determination (R2) for the
calibration curve was typically 99%. The detection limit of
the spectrophotometer was 10 nM of H2O2 with a preci
sion within 2% by measuring a 0.25-µM standard H2O2
solution (n = 10). The stripping coil was 99.95% efficient
at collecting H2O2, based on comparisons of upstream and
downstream measurements.

As a result of the experiments described here, the realtime system for H2 O2 analysis used to measure animal
exposures can be described as follows. H2O2 was scrubbed
from air (0.5 L/min) with a 30-turn glass collection coil
containing scrubbing solution at a flow rate of 100 µL/min.
PHPA and peroxidase concentrations were 800 and

The real-time peroxide analyzer was used to monitor
animal exposures by placing a probe in a nose-only expo
sure cone. During system testing, we also collected timeintegrated samples: all exposure ports but one were sealed;
H2O2 vapor was generated as described above and pushed
through the remaining exposure port into two bubblers
placed in series, each containing 100 mL of deionized dis
tilled low-endotoxin water. Detection of the fluorescent
dimer signal was linearly proportional to the H2O2 con
centration in the exposure chamber. The H2O2 concentra
tion in the second bubbler was below detection limits for
all samples, suggesting that the collection efficiency of the
first bubbler was essentially 100%. Good agreement was
found between the real-time and integrated methods. The
integrated method measured a vapor-phase H2O2 concen
tration of 18 ± 5 ppb (n = 3), and the real-time instrument
measured 22 ± 0.5 ppb (n = 4) when the bubbler solution
strength was held constant.

Figure 18. Collection efficiency of collection coil (�) and diffusion
scrubber (�, 30 cm scrubber) as function of H2O2 vapor flow rate. The
H2O2 vapor concentration was 1 ppbv. The experimental apparatus is illus
trated in Figure 11. For reagent compositions, fluorometer settings and
flow rates, see the Methods section.

Figure 19. Collection efficiency of diffusion scrubber as function of
scrubber length at H2O2 vapor flow rate of 0.5 L/min. The H2O2 vapor
concentration was 1 ppbv. The experimental apparatus is illustrated in
Figure 11. For reagent compositions, fluorometer settings and flow rates,
see the Methods section.
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SECTION 3. ACUTE EFFECTS OF INHALED
(NH4)2SO4 and H2O2 ON LUNG TISSUES
INTRODUCTION
The precise mechanism underlying the toxicity of
inhaled PM is unknown. We hypothesize that particleassociated peroxides and alveolar macrophages are impor
tant in the pathogenic process. Preliminary support for a
role of macrophages in fine PM-induced toxicity comes
from reports that various types of particles, including
carbon black and concentrated ambient PM10 (particles
with aerodynamic diameters less than 10 µm), exert effects
on these cells (eg, altered phagocytosis and increased oxi
dant production [Goldsmith et al 1998], as well as
increased production of cytokines such as TNF- [Becker
et al 1996; Dong et al 1996; Chin et al 1998]). The studies
described in this section of this Investigators’ Report were
designed to analyze the role of H2O2 in fine PM-induced
macrophage activation and tissue injury, using (NH4)2SO4
as a model particle. An overview of the experimental
approach is given in the Specific Aims section and Table 1.
METHODS
Animals and Exposures
Female, specific pathogen-free, Sprague Dawley rats
(150–175 g) were purchased from Taconic Farms (German
town NY). The animals were housed in microisolator cages
and received sterile food and pyrogen-free water ad libitum.
All animal research protocols were approved by Rutgers
University Animal Care and Facilities Committee according
to guidelines established in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
Rats were exposed to (NH4)2SO4 (430 or 215 µg/m3),
vapor-phase H2O2 (10, 20, or 100 ppb), (NH4)2SO4 + H2O2,
or particle-free air at 85% relative humidity for 2 hours.
Additional rats were exposed to room air. Based on our ini
tial characterization studies (see Section 1), we determined
that the chamber should be conditioned for 60 minutes
prior to animal exposures. Particle size and number, and
the concentrations of particles and H2O2 were measured
from empty ports at the ends of the chamber during each
experiment. We found that concentrations of particles and
H2O2 in the nose cones were approximately 30% less when
the animals were present compared with when they were
not [293.3 ± 2.8 µg/m3 (NH4)2SO4 and 6.8 ± 0.2 ppb, 14.1 ±
0.6 ppb, or 72 ± 2 ppb H2O2]. In some pilot experiments,
the animals were exposed to particle-free air for 1 hour on
each of the 2 days prior to test atmosphere exposure. The
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intent was to acclimate them to the exposure system and to
isolate any chamber-related effect. No effect was found and
the particle-free air was not continued. This period of
acclimation did not affect any measured endpoint. In two
pilot experiments, rats were exposed cumene hydroper
oxide particles (102 ± 23 µg/m3, 106 ± 21 µg/m3) or a fil
tered solvent control at 45% relative humidity for 2 hours.
BAL and Macrophage Isolation
Rats were anesthetized with sodium pentobarbital
(125 mg/kg, intraperitoneally). The lungs were perfused in
situ via the portal vein with 50 mL of warm (37C)
Ca++/Mg++-free Hank balanced salt solution (HBSS, pH
7.4) (Sigma) containing ethylene diamine tetraacetic acid
(0.5 mM) followed by 50 mL of HBSS at 16 mL/min. The
trachea was cannulated, and the lung excised en bloc and
lavaged with 50 mL (5 × 10 mL) of Ca++/Mg++-free HBSS
(pH 7.4). The first 10 mL of BAL fluid was processed sepa
rately for analysis of protein and LDH content. BAL fluid
protein content was measured spectrophotometrically
using a Biorad kit (Hercules CA). LDH was quantified
spectrophotometrically with a kit from Sigma. After cen
trifugation (300g, 10 minutes, 4C), cells collected from the
first lavage were combined with the remaining BAL fluid
and washed three times with HBSS containing 2% fetal
bovine serum (FBS). BAL cells were counted on a hemocy
tometer. Viability, as determined by trypan blue exclusion,
was found to be > 85% for all experiments. For cell differ
entials, slides were prepared using a Cytospin 2 (Shandon,
Cheshire, England) and stained with Giemsa (Fisher Scien
tific, Springfield NJ). Alveolar macrophages were 95% to
99% pure as determined morphologically and by peroxi
dase staining. Macrophages were isolated and tested for
activation as described later in this section. For histolog
ical evaluations, lung was isolated after perfusion. Lung
and trachea were removed en bloc and fixed by instillation
with 10% phosphate-buffered formalin. Paraffinembedded histologic sections (6 µm) were prepared from
the fixed tissue. Tissue sections were examined for TNF-,
reactive oxygen intermediates, and reactive nitrogen inter
mediates as described later in the Methods for Section 3.
Electron Microscopy
Lungs from a separate group of animals were perfused
with 50 mL HBSS and then inflated in situ via the trachea
with phosphate-buffered saline (PBS) containing 4%
paraformaldehyde and 1% glutaraldehyde. After 1 hour,
the lungs were excised en bloc and placed in PBS con
taining 4% paraformaldehyde and 1% glutaraldehyde for
24 hours. Lungs were then dissected into sections that
included small bronchi, bronchioles, alveolar ducts and
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the surrounding alveoli, washed with sodium cacodylate
buffer, and treated with 1% osmium tetraoxide for 1 hour
followed by ethanol dehydration in graded steps. The tis
sues were then exposed to propylene oxide and embedded
in embed 812 (Electron Microscopy Services, Ft Wash
ington PA). Ultrathin sections (80–90 nm) were stained
with uranyl acetate and lead citrate and examined with a
transmission electron microscope (model JEM 100CX,
JEOL, Tokyo, Japan).
Immunohistochemistry for TNF-� and Nitrotyrosine
Slides were incubated with 10% nonimmune rabbit or
goat serum for 20 minutes followed by incubation over
night with a polyclonal goat antimouse TNF- antibody
(1:250) (R&D Systems, Minneapolis MN), polyclonal rabbit
antinitrotyrosine antibody (1:2000) (Upstate Biotech
nology, Lake Placid NY), or the appropriate dilution of
pooled normal goat or rabbit sera. In some experiments the
antinitrotyrosine antibody was incubated with 1 mM 3
nitrotyrosine for 10 minutes prior to immunostaining. A
Vectastain Elite kit (Vector Laboratories) was utilized to
show antibody binding.
Measurement of Superoxide Anion Release
Macrophages (1.5 × 105 cells) were incubated at 37C in
balanced salt solution (128 mM NaCl, 12 mM KCl, 1 mM
CaCl2•2H2O, 2 mM MgCl2, 2 mM glucose, 3.43 mM anhy
drous Na 2 HPO 4 , 0.57 mM anhydrous NaH 2 PO 4 ) con
taining 44 µM ferricytochrome C, with or without 1 mM
superoxide dismutase (Sigma) and/or 170 nM 12-O-tetradecanolyphorbol-13-acetate (TPA) (LC Laboratories,
Woburn MA). Absorbance was determined spectrophoto
metrically at 550 nm 45 minutes later. The amount of
superoxide anion released was calculated using a baseline
value (E = 21.1 nM/cm at 550 nm) obtained from samples
containing superoxide dismutase (Pilaro and Laskin 1986).
Measurement of Nitric Oxide and
Peroxynitrite Production
Nitric oxide production by the cells was quantified by
nitrite accumulation in the culture medium using the
Griess reaction with sodium nitrite as the standard (Green
et al 1982). Cells in 200 µL of phenol red-free Dulbecco
modified Eagle medium (DMEM) (Sigma) containing 10%
FBS, 2 mM glutamine, penicillin (100 IU)-streptomycin
(100 µg), and 0.05 IU/mL porcine pancreas insulin (com
plete DMEM) were inoculated into 96-well dishes (2 × 105
cells/well). After 2 hours incubation, the cells were fed
with media in the presence and absence of 1 to 100 U/mL
IFN- (GIBCO, Grand Island NY) and/or 1 to 100 ng/mL
LPS (Escherichia coli, serotype 0128:B12; Sigma). Culture

supernatants were collected 48 hours later and analyzed
for nitrite content.
Peroxynitrite production by alveolar macrophages was
quantified using dihydrorhodamine 123 (Wizemann et al
1994; Ischiropoulos et al 1999). Cells were cultured in 8-well
slide chambers (1.5 × 105/well) with LPS (100 ng/mL) and
IFN- (100 U/mL) or medium control for 24 hours. TPA
(170 nM) was added to the wells containing the cells 30 min
utes prior to analysis. Supernatants were then removed, the
cells washed with PBS and incubated for 10 minutes at room
temperature with dihydrorhodamine 123 (0.5 mg/mL). The
cells were then washed with PBS and visualized on a fluo
rescence microscope (Insight Plus, Meridian, Okemos MI).
Western Blot Analysis
Cells were incubated overnight in 24-well dishes (5 ×
105 cells/well) in complete DMEM at 37C. The cells were
then washed twice and fed with DMEM containing LPS
and IFN- or medium control. After 24 hours incubation,
the cells were washed with PBS and lysed in buffer con
taining 10 mM Tris-HCl and 1% sodium dodecyl sulfate
(SDS), pH 7.4. Protein concentrations were determined
using the DC Protein Assay kit (Biorad, Hercules CA). Five
µg of cellular proteins were fractionated on 7.5% SDS
polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were incubated with mono
clonal anti-NOS II antibody (clone 54; Transduction Labo
ratories, Lexington KY), goat polyclonal anticyclo
oxygenase (COX)-2 antibody (Santa Cruz Biotechnology,
Santa Cruz CA), or with rabbit polyclonal anti-HO-1 anti
body, anti–heat shock protein (HSP) 70 antibody, or anti
HSP60 antibody (Stressgen, Victoria, BC, Canada), fol
lowed by incubation with an HRP-labeled secondary anti
body. Binding was visualized by autoradiography with
enhanced chemiluminescence Western blotting reagents
(Amersham Life Science, Arlington Heights IL).
Statistics
Statistical methods used to analyze our results included
student t tests, and one-way and multifactorial analysis of
variance (ANOVA) using SPSS (version 9.0, SPSS Inc, Chi
cago IL). Significant results (P 0.05) derived from one-way
ANOVA were further evaluated by multiple group compari
sons procedures, which were performed in collaboration
with the Office of Statistical Consulting at Rutgers Univer
sity. In the majority of the studies, the animals were exposed
to one of 8 test atmospheres [(NH4)2SO4 (430 µg/m3), vapor
phase H2O2 (10, 20, or 100 ppb), (NH4)2SO4 + H2O2 (10, 20,
or 100 ppb), or particle-free air] or to room air. Data for mul
tiple endpoints were collected at 0 hours and 24 hours after
exposure. An individual experiment consisted of exposing
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2 to 4 animals at a time to room air or to one of the test
atmospheres on consecutive days, using animals obtained
from the supplier at the same time for each group. Each
animal was exposed once and then killed immediately or
24 hours after exposure. While it would have been ideal to
expose animals to room air and test atmospheres on the
same day, this was not practical in terms of our equipment
or personnel. Efforts were made to assay multiple end
points for each animal to minimize the number of animals
used; however, assays were limited by the number of cells
recovered. In a typical experiment, measurements were
simultaneously made for BAL fluid cell number and via
bility, BAL fluid protein and LDH content, serum LDH,
and alveolar macrophage production of superoxide anion
and nitric oxide.
All experiments were repeated at least 3 times, and
P 0.05 was considered statistically significant. Our anal
ysis of each measured endpoint addressed comparisons of
means for 4 conditions: (1) room air versus particle-free air
at 0 hours and 24 hours; (2) particle-free air at 0 hours
versus the other seven test atmospheres at 0 hours; (3) particle-free air at 24 hours versus the other seven test atmo
spheres at 24 hours; and results for each atmosphere at
0 hours and 24 hours. Two types of simultaneous testing
procedures were performed. One applies to the first three
conditions, which involved many comparisons with the
same standard (or control). For these procedures, the Dunnett t test, implemented in SAS (version 8.1, SAS Institute,
Cary NC), was used. SAS 8.1 allows for different sample
sizes of the various exposure groups being compared with
the control; this capability was essential for these data sets.
The fourth condition involved a different sort of simul
taneous testing: 8 independent two-sample t tests were
required. In this case, the significance level at which the
individual t tests were carried out was adjusted so that the
overall procedure was significant at P 0.05. The adjust
ment was done in two equivalent ways:
1. Declare any of the 8 individual differences signifi
cant if the corresponding (one-sided) t statistic
exceeds the corresponding 0.64% critical value for
the t distribution. The 0.64% (or 0.0064) arises from
the computation:
1 – 0.0064 = (1 – 0.05 )

1⁄ 8

(15)

2. Equivalently, an individual difference is declared as
significant if its adjusted P value is less than 0.05,
where
1 – adjusted P value = (1 – ordinary P value )
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The preceding applied to the tests performed on (any) one
of the variables of interest. No attempt was made to allow for
the fact that multiple tests were performed on a total of 10
variable endpoints. The theoretical basis for the latter type
of adjustment across variables is not well understood.
RESULTS
Pulmonary Effects of Inhaled (NH4)2SO4 and H2O2
Inflammation, BAL Protein and LDH Content A n i m a l s
that inhaled H2O2, alone or in combination with (NH4)2SO4
(430 µg/m3), showed no major differences in BAL fluid
cell number or viability (Table 4), but animals that inhaled
(NH4) 2SO 4 alone showed a lower cell number than the
room air controls immediately after exposure. This differ
ence was not significant when rats were exposed to a lower
dose of (NH4)2SO4 (215 µg/m3) (not shown). Differential
staining of BAL cells revealed that the majority (95%) were
macrophages and the remainder were multinucleated cells
or small mononuclear cells. The composition of the cells
recovered in BAL fluid was unaltered by the exposures.
We also evaluated BAL fluid protein and LDH content,
which are markers of alveolar epithelial injury (Kleeberger
and Hudak 1992). BAL fluid from control animals (room air)
contained low levels of protein (Table 4). No significant
changes were observed immediately or 24 hours after expo
sure of rats to (NH4)2SO4 and/or H2O2. Similarly, no changes
were observed in LDH levels in BAL fluid with respect to the
exposure conditions or postexposure times. However,
increases in serum LDH levels were observed both immedi
ately (trend) and 24 hours after exposure to 20 ppb H2O2
(Table 4).
To determine whether inhalation of (NH4)2SO4 + H2O2
caused structural alterations in the lung, we analyzed histo
logical sections microscopically. No significant changes in
gross morphology were detected in lung sections from rats
exposed to air, (NH4)2SO4 (430 µg/m3), H2O2 (10 or 20 ppb)
or (NH4)2SO4 + H2O2 by light microscopy (not shown).
However, electron microscopy revealed an increase in the
number of neutrophils in the capillary spaces adjacent to
terminal respiratory bronchioles and in alveolar ducts in
lungs from rats after inhalation of (NH4)2SO4 + 20 ppb
H2O2 or 20 ppb H2O2 alone (Figure 20). Moreover, there
was evidence of increased adherence of the neutrophils to
the vascular endothelium (Figure 21). These effects were
more pronounced in lungs from animals exposed to
(NH4)2SO4 + 20 ppb H2O2 rather than 20 ppb H2O2 alone.
These changes were not evident in lung sections from rats
exposed to (NH4)2SO4 alone or from both air controls. No

Atmosphere

N

Total Cellsb
( 107)

Viable Cellsb
(%)

BAL Proteinb
(mg/mL)

BAL LDHb
(nmol/min/mL)

Serum LDHb
(nmol/min/mL)

Room air

21

1.2 ± 0.1

87.4 ± 0.8

0.10 ± 0.01

74.4 ± 5.3

321.6 ± 26.4

11

1.1 ± 0.1

87.2 ± 1.5

0.11 ± 0.02

80.0 ± 9.2

368.8 ± 52.9

0 Hours After Exposure
Particle-free air
(NH4)2SO4 (430
10 ppb H2O2
20 ppb H2O2
100 ppb H2O2

µg/m3)

0.1c

12
6
9
4

0.8 ±
1.1 ± 0.1
1.4 ± 0.1
1.1 ± 0.1

87.1 ± 1.7
91.5 ± 1.7
91.8 ± 1.1
89.8 ± 1.8

0.13 ± 0.01
0.12 ± 0.02
0.09 ± 0.01
0.09 ± 0.02

78.8 ± 4.8
87.8 ± 6.3
77.3 ± 4.3
70.0 ± 9.9

338.8 ± 25.9
526.8 ± 124.9
506.7 ± 129.6
320.0 ± 120.0

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2
(NH4)2SO4 + 100 ppb H2O2

10
6
7

1.1 ± 0.1
1.0 ± 0.1
1.0 ± 0.1

89.0 ± 1.6
88.2 ± 1.7
87.2 ± 2.9

0.12 ± 0.01
0.09 ± 0.01
0.10 ± 0.01

68.7 ± 2.7
86.0 ± 7.8
NM

287.7 ± 14.4
297.2 ± 39.7
NM

24 Hours After Exposure
Particle-free air

12

1.0 ± 0.1

83.4 ± 2.4

0.15 ± 0.04

71.9 ± 3.4

321.6 ± 26.4

(NH4)2SO4 (430
10 ppb H2O2
20 ppb H2O2
100 ppb H2O2

µg/m3)

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2
(NH4)2SO4 + 100 ppb H2O2

1.2c

16
18
6
4

0.8 ± 0.1
0.8 ± 0.1
0.9 ± 0.1
1.1 ± 0.1

92.2 ±
89.3 ± 1.0
82.0 ± 1.5
88.5 ± 1.0

0.12 ± 0.01
0.12 ± 0.01
0.09 ± 0.01
0.09 ± 0.01

68.4 ± 3.5
76.6 ± 9.9
86.7 ± 4.2
NM

423.0 ± 57.7
361.5 ± 55.0
943.3 ± 120.3c
NM

18
4
6

1.0 ± 0.1
1.4 ± 0.1
1.0 ± 0.1

85.4 ± 1.8
92.1 ± 1.0
87.2 ± 2.9

0.11 ± 0.01
0.13 ± 0.01
0.08 ± 0.01

76.3 ± 4.6
70.9 ± 4.4
NM

496.0 ± 84.6
396.5 ± 42.1
NM

a

BAL fluid was collected from rats at 0 or 24 hours after exposure to room air, particle-free air, (NH4)2SO4, H2O2, or (NH4)2SO4 + H2O2.

b

Each value represents the mean ± SE of the number (N) of experiments indicated. Means from animals exposed to particle-free air were not significantly different from means from animals
exposed to room air.

c

Statistical comparison by ANOVA of data from animals exposed to room air versus the experimental atmospheres, followed by multiple comparison tests, were significant at
P < 0.05.

NM = not measured.
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Table 4. Effects of (NH4)2SO4 and H2O2 on Lung Lavage Cells, Protein, and LDHa
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changes in the number or morphology of alveolar macroph
ages were observed in the tissue.
TNF-� Expression Low level staining of TNF- was ob
served in lung sections from air-exposed rats (Figure 22A)
when compared to sections stained with pooled normal
goat serum (Figure 22G,H). This was most prominent in
the epithelium. Although exposure of rats to (NH4)2SO4
(Figure 22B) or to 10 ppb H2O2 alone (Figure 22C) or in

combination had no effect on TNF- expression in lung
sections immediately after exposure, a small increase in
staining was noted in alveolar macrophages immediately
after rats were exposed to 20 ppb H2O2 (not shown). In
contrast, a marked increase in TNF- expression in lung
macrophages and epithelial cells was observed after rats
were exposed to the combination of (NH4)2SO4 + 20 ppb
H2O2. This was apparent immediately after exposure (not
shown) and became more pronounced after 24 hours

Figure 20. Electron micrographs showing neutrophil influx into rat lung. Influx is evident immediately after inhalation of 20 ppb H2O2 or
(NH4)2SO4 + 20 ppb H2O2, but not after inhalation of particle-free air. Neutrophil influx was more pronounced 24 hours after inhalation of
H2O2 than immediately after exposure. N = neutrophil. MP = macrophage. M = monocyte. TII = Type II cell. Original magnification indicated
in each panel.

Figure 21. Electron micrographs showing neutrophil adherence. Increased adherence of neutrophils to the endothelium (indicated by
arrows) is evident immediately after inhalation of (NH4)2SO4 + 20 ppb H2O2 but not after inhalation of particle-free air. Original magnifica
tion indicated in each panel. N = neutrophil.
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Figure 22. TNF- immunostaining in lung epithelial tissue. Rats were exposed to air (A and G), (NH4)2SO4 (B), 10 ppb H2O2 (C), (NH4)2SO4 + 10 ppb
H2O2 (D), 20 ppb H2O2 (E), or (NH4)2SO4 + 20 ppb H2O2 (F and H). Sections were stained with anti–TNF- antibody (A–F) or IgG control (G and H).
Original magnification, 400 .

25

Peroxides and Macrophages in Toxicity of Fine PM

Table 5. Quantitation of Alveolar Macrophages Staining
Positive for TNF-a
Atmosphere

(NH4)2SO4 + 20 ppb H2O2 (Table 5). However, these effects
were not seen at 24 hours after exposure of rats to 10 ppb
H2O2 or (NH4)2SO4 + 10 ppb H2O2.

Positive Cell Count

Room air

14 ± 3

(NH4)2SO4
10 ppb H2O2
20 ppb H2O2

7±3
10 ± 2
27 ± 5b

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2

10 ± 3
64 ± 14b

a

Histologic lung sections were prepared 24 hours after exposure of rats to
the test atmosphere. Positively stained alveolar macrophages were
quantified by light microscopy (400×). Data represent the average
number of cells ± SEM (n = 3 animals) in 30 random fields.

b

Statistical comparison by ANOVA of data from animals exposed to room
air versus the experimental atmospheres, followed by multiple
comparison tests, were significant at P < 0.05.

(Figure 22F). TNF- staining was also noted in lung sections
24 hours after exposure of the animals to 20 ppb H2O2 alone
(Figure 22E). This was confirmed by quantifying the number
of macrophages staining positive for TNF-. Thus, greater
numbers of positively stained macrophages were observed in
sections obtained 24 hours after exposure to 20 ppb H2O2 or

Production of Reactive Oxygen and Nitrogen
Intermediates by Alveolar Macrophages In the absence
of stimulation, alveolar macrophages produced relatively
low levels of superoxide anion. TPA, which is known to
induce a respiratory burst in phagocytic cells (Pendino et al
1993; Laskin et al 1994; Prokhorova et al 1994), was used to
stimulate alveolar macrophage production of superoxide
anion. Exposure of rats to (NH 4 ) 2 SO 4 + 20 ppb H 2 O 2
resulted in significantly greater TPA-stimulated superoxide
anion production by alveolar macrophages isolated imme
diately after exposure compared to macrophages from airexposed rats (Figure 23). This effect was transient; by
24 hours after exposure, levels of superoxide anion were at
or below control levels. Superoxide anion production by
cells from rats exposed to (NH4)2SO4 + 100 ppb H2O2 were
also below control levels at this time. At 24 hours after
exposure, superoxide anion production by cells from rats
exposed to (NH4)2SO4 alone was also decreased (Figure 23).
In contrast, inhalation of 20 ppb H2O2 alone resulted in sig
nificantly increased superoxide anion production by the
cells, a response that was only observed after 24 hours.

Figure 23. Superoxide production by alveolar macrophages collected at 0 or 24 hours after rats inhaled air, (NH4)2SO4, H2O2 or (NH4)2SO4 +
H2O2. Cells were incubated with medium (�) or TPA (�) prior to measurement of superoxide anion production. Data are means ± SEM from 6 to 12
experiments. Comparison of exposure to air versus experimental atmospheres by ANOVA followed by multiple comparison tests, P < 0.05.
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Unstimulated cells from control and exposed rats released
negligible quantities of nitric oxide. Previously we have
shown that alveolar macrophages generate nitric oxide after
stimulation with LPS and/or IFN- in a dose-dependent and
time-dependent fashion (Pendino et al 1993; Prokhorova et
al 1994). The effect of stimulation with LPS + IFN- was also
additive (Table 6). Exposure of rats to (NH4)2SO4 + 10 or
100 ppb H2O2 resulted in a significantly lower LPS + IFN-–
induced nitric oxide production by macrophages isolated
24 hours after exposure (Table 7) when compared with cells
from air-exposed rats. Lower production was also evident in
stimulated cells isolated 24 hours after rats inhaled 10 or
100 ppb H2O2 alone and in cells isolated 0 and 24 hours after
exposure to 20 ppb H 2 O 2 alone. Exposure of rats to
(NH4)2SO4 alone resulted in lower nitric oxide production
by LPS-stimulated macrophages.
Alveolar macrophages are known to generate nitric oxide
via the enzyme NOS II. As expected, unstimulated alveolar
macrophages from animals exposed to air or (NH4)2SO4 +
20 ppb H2O2 did not express NOS II protein as determined
by Western blotting (Figure 24A). Despite changes in nitric
oxide production, exposure of rats to (NH4)2SO4 + H2O2 had
no effect on expression of this protein after treatment of the
cells in vitro with LPS and IFN- (Figure 24B).
Superoxide anion and nitric oxide are known to react rap
idly to form peroxynitrite (Ischiropoulos et al 1992). In our
study, production of nitric oxide by macrophages from rats
exposed to (NH4)2SO4 + H2O2 was reduced when compared
to cells from air-exposed rats. Thus we speculated that these
effects may have been due to the rapid formation of perox
ynitrite, which might have depleted the supplies of nitric
oxide. To investigate this possibility, we used dihydror
hodamine 123 (Ischiropoulos et al 1999), in conjunction

with fluorescence image analysis, to quantify peroxynitrite
formation. Unstimulated alveolar macrophages from airexposed rats generated small quantities of peroxynitrite
(Figure 25). Exposure of the cells to LPS and IFN- alone or
in combination induced formation of peroxynitrite, with
LPS and LPS + IFN-, causing the greatest effect (Figure
25). Stimulated alveolar macrophages from rats exposed to
(NH4)2SO4 + 10 ppb H2O2 synthesized less peroxynitrite
than cells from air-exposed rats (Figure 26).
Histologic sections of lung tissue were examined for the
presence of nitrotyrosine residues, which are formed by
peroxynitrite-mediated nitration of tyrosine (Ischirop
oulos et al 1992) and have been used as markers of peroxynitrite-induced tissue injury (Robbins et at 2000). The
most pronounced nitrotyrosine staining was noted in
tissue taken from rats 24 hours after exposure to
(NH4)2SO4 + 10 ppb H2O2, relative to tissue taken from
rats exposed to air (Figure 27). Similar pronounced
staining was observed in lung tissue from rats exposed to
(NH 4 ) 2 SO 4 + 20 ppb H 2 O 2 (not shown). This was con
firmed by quantifying the number of macrophages
staining positive for nitrotyrosine. Thus, greater numbers
of positively stained macrophages were observed in sec
tions from rats exposed to (NH4)2SO4 + 10 or 20 ppb H2O2
or to (NH 4 ) 2 SO 4 alone (Table 8). The specificity of the
antinitrotyrosine antibody was verified by preincubating
it overnight with 3-nitrotyrosine, which indeed prevented
antibody binding (not shown).
Expression of HSPs and COX-2 HO-1, also known as
HSP32, was strongly expressed in unstimulated alveolar
macrophages from air-exposed rats (Figure 28A). After
inhalation of (NH4)2SO4 + 20 ppb H2O2, HO-1 expression
by alveolar macrophages was observed to be lower at

Table 6. Nitric Oxide Production by Alveolar Macrophagesa
LPS Treatmentb (mean ± SE)
IFN- (U/mL)
0
1
10
100
a

0
0.3 ± 0.0
0.6 ± 0.10
2.4 ± 0.4
4.7 ± 0.5

1
0.3 ± 0.1
NMc
NM
NM

10

100

5.8 ± 1.2
NM
7.7 ± 1.1
10.1 ± 0.8

11.0 ± 0.6
NM
15.2 ± 0.5
15.0 ± 0.6

Macrophages were collected 24 hours after rats were exposed to particle-free air. Cells were treated with LPS (1–100 ng/mL) and/or
IFN- (1–100 U/mL). Nitrite release (nmol/2 105 cells), a measure of nitric oxide production, was quantified 48 hours later.

b

Values are means ± SEM of 12–20 experiments.

c

NM = not measured.
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Table 7. Nitric Oxide Production in Alveolar Macophages Collected After Inhalation of (NH4)2SO4 and H2O2a
Atmosphere

N

Mediab

LPSb

IFN-b

LPS + IFN-b

Room air

9

1.3 ± 0.8

9.6 ± 1.2

4.5 ± 1.2

13.5 ± 1.1

0 Hours After Exposure
Particle-free air

5

0.3 ± 0.0

7.3 ± 0.5

1.8 ± 0.6

12.1 ± 0.8

(NH4)2SO4
10 ppb H2O2
20 ppb H2O2
100 ppb H2O2

7
6
6
4

0.4 ± 0.0
0.3 ± 0.0
0.2 ± 0.1
0.3 ± 0.0

9.2 ± 0.5
7.5 ± 0.7
5.8 ± 0.9
8.6 ± 0.6

2.6 ± 0.5
0.6 ± 0.1
0.9 ± 0.1
0.5 ± 0.2

14.3 ± 0.3
11.7 ± 0.5
9.2 ± 0.3c
12.4 ± 0.4

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2
(NH4)2SO4 + 100 ppb H2O2

5
6
5

0.4 ± 0.1
0.3 ± 0.1
0.2 ± 0.0

5.8 ± 0.7
7.7 ± 0.7
8.3 ± 1.2

1.4 ± 0.5
1.2 ± 0.2
0.4 ± 0.1

8.9 ± 1.3
13.6 ± 0.6
10.1 ± 1.4

24 Hours After Exposure
Particle-free air

16

0.3 ± 0.0

11.0 ± 0.6

2.4 ± 0.4

15.2 ± 0.5

c

(NH4)2SO4
10 ppb H2O2
20 ppb H2O2
100 ppb H2O2

21
13
13
4

0.4 ± 0.0
0.4 ± 0.1
0.6 ± 0.2
0.4 ± 0.0

8.4 ± 0.8
8.9 ± 0.6
8.8 ± 0.7
6.5 ± 0.7c

2.5 ± 0.4
1.0 ± 0.2
2.4 ± 0.6
0.7 ± 0.2

12.7 ± 0.7
11.4 ± 0.6c
12.1 ± 1.0c
8.9 ± 1.3c

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2
(NH4)2SO4 + 100 ppb H2O2

10
8
4

0.3 ± 0.0
0.8 ± 0.3c
0.4 ± 0.1

4.1 ± 0.9c
9.4 ± 0.8
8.3 ± 0.7

0.6 ± 0.1
3.3 ± 1.1
0.7 ± 0.3

7.2 ± 1.6c
13.0 ± 0.6
8.5 ± 1.7c

a

Macrophages were collected at 24 hours after exposure to room air, particle-free air, (NH4)2SO4, H2O2, or (NH4)2SO4 + H2O2. Cells were treated with media,
LPS (100 ng/mL), IFN- (10 U/mL), or LPS (100 ng/mL) + IFN- (10 U/mL). Nitrite release (nmol/2 105 cells), a measure of nitric oxide production, was
quantified 48 hours after cells were treated.

b

Values represent the mean ± SEM of the number (N) of experiments. Means from room air-exposed animals were not significantly different from animals
exposed to room air.

c

Statistical comparison by ANOVA of data from animals exposed to room air versus the experimental atmospheres, followed by multiple comparison tests,
were significant at P < 0.05.

Table 8. Quantitation of Alveolar Macrophages Staining
Positive for Nitrotyrosinea
Atmosphere

Figure 24. Western blot analysis of NOS II expression by alveolar mac
rophages. A. Cells were collected 24, 48, or 72 hours after exposure of rats
to air or (NH4)2SO4 + 20 ppb H2O2 (PM). B. Cells, collected immediately
after exposure of rats to air or (NH4)2SO4 + 20 ppb H2O2 (PM), were cul
tured for 24 hours with medium (M) or with 100 ng/mL LPS (L), 10 U/mL
IFN- (I), or LPS + IFN- (L/I). The positive control (+) for the 130-kd NOS
II protein is also shown.
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Positive Cell Count

Room air

14 ± 2

(NH4)2SO4
10 ppb H2O2
20 ppb H2O2

23 ± 4b
18 ± 3
NMc

(NH4)2SO4 + 10 ppb H2O2
(NH4)2SO4 + 20 ppb H2O2

26 ± 6b
24 ± 9b

a

Histologic lung sections were prepared 24 hours after exposure of rats to
the test atmosphere. Positively stained alveolar macrophages were
quantified by light microscopy (400 ). Data represent the average number
of cells ± SEM (n = 3 animals) in 10 random fields.

b

Statistical comparison by ANOVA of data from animals exposed to room
air versus the experimental atmospheres, followed by multiple
comparison tests, were significant at P < 0.05.

NM = not measured.
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24 hours after exposure, and the lower value persisted for
72 hours (Figure 28). Similar results were observed with
HSP60 (Figure 28A). In contrast, HSP70 was not detectable
in unstimulated alveolar macrophages collected from rats
exposed to air or (NH4)2SO4 + 20 ppb H2O2. In additional
experiments, we evaluated HO-1 expression in alveolar mac
rophages cultured with LPS and IFN-. In unstimulated
alveolar macrophages taken from air-exposed rats and cul
tured for 24 hours, HO-1 was expressed at low levels
(Figure 28B). LPS and IFN- had no major effect on HO-1
protein expression. In contrast, alveolar macrophages from
rats exposed to (NH4)2SO4 + 20 ppb H2O2 expressed signif
icantly greater levels of HO-1 in both unstimulated cells
and in cells cultured with LPS and/or IFN-. HO-1 protein
was not detected in lung tissue or in whole-lung homoge
nates from animals exposed to air (Figure 28B) or
(NH4)2SO4 + 20 ppb H2O2 (Figure 29).
COX, also known as prostaglandin H synthase, catalyzes
the synthesis of prostaglandin H2 from arachidonate. This
enzyme is a key regulator of prostanoid synthesis (Smith et
al 1996; Williams et al 1999). Two isoforms of COX have

been identified: COX-1, which is constitutively expressed
and COX-2, which is inducible and has been implicated in
the inflammatory response (Feng et al 1995; Smith et al
1996; Williams et al 1999). We found that COX-2 was unde
tectable in freshly isolated and cultured alveolar macroph
ages from animals exposed to air or (NH4)2SO4 + 20 ppb
H 2 O 2 (data not shown). Although COX-2 protein was
detected in whole-lung homogenates, no significant differ
ences were observed between samples from animals
exposed to air or (NH4)2SO4 + 20 ppb H2O2 (Figure 29).
Gadolinium Chloride Effects on Alveolar Macrophages
Gadolinium chloride (GdCl3) is a rare earth metal known to
inhibit macrophage function (Shibayama et at 1991). This
metal has been reported to abrogate ozone-induced pulmo
nary injury (Pendino et al 1995), suggesting that the toxicity
of ozone is mediated, in part, by macrophages. In pilot
studies, we gave rats intravenous GdCl3 (5 mg/kg) 24 hours
before inhalation of (NH4)2SO4 + H2O2. Unfortunately, the
results of these studies were difficult to interpret because of
animal variability. After the exposures, BAL fluid protein
levels fluctuated from 0.1 mg/mL to 9.0 mg/mL. Histological

Figure 25. Micrographs of peroxynitrite formation by alveolar macrophages isolated from air-exposed rats. Cells were cultured for 24 hours
with medium control, LPS (100 ng/mL), IFN- (100 U/mL), or LPS + IFN- followed by TPA (170 nM) for 30 minutes. The color bar represents
relative fluorescence on a four-decade log scale. Original magnification, 20 .

29

Peroxides and Macrophages in Toxicity of Fine PM

Figure 26. Micrographs showing peroxynitrite formation by macrophages. Alveolar macrophages were isolated 0 hours or 24 hours after exposure of rats
to air or (NH4)2SO4 + 10 ppb H2O2 (PM). Cells were cultured with medium or LPS (100 ng/mL) + IFN- (100 U/mL) followed by TPA (170 nM). The color
bar represents relative fluorescence on a four-decade log scale. Original magnification, 20 .
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Figure 27. Nitrotyrosine immunostaining of lung tissue. Rats were exposed to air (A), (NH4)2SO4 (B), 10 ppb H2O2 (C and D), or (NH4)2SO4 + 10 ppb H2O2
(E and F). Sections were prepared 24 hours after exposure and stained with anti-nitrotyrosine antibody (A, B, D, and F) or IgG control (C and E). Original
magnification, 400 .
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examination of lung sections from gadolinium-treated ani
mals revealed large numbers of inflammatory cells in some of
the samples. This finding suggested that this group of animals
may have been exposed to an infectious agent. Therefore,
data from these experiments are not included in this report.
Pulmonary Effects of Inhaled Cumene Hydroperoxide
Tobias and Ziemann (2000) recently reported results of
smog chamber studies in which the particle-phase products
of 1-tetradecene and ozone, in the presence of excess alco
hols and carboxylic acids, were identified by semicontin
uous collection and analysis in a thermal desorption,
particle-beam mass spectrometer. The aerosol products
were almost exclusively -alkoxytridecyl and -acyloxytridecyl hydroperoxides, which are entirely in the particle
phase at atmospheric temperature and pressure. These
results suggest that these and other alkene-ozone reactions
will yield low-volatility organic hydroperoxides that may
condense on preexisting particles or form new particles.
These organic hydroperoxides comprise additional strong
oxidants that could also contribute to PM-induced injury.
We conducted preliminary studies to evaluate the effects of
exposure to organic hydroperoxide on alveolar macrophage
function. We used cumene hydroperoxide, a commercially
available organic peroxide with a similar chemical struc
ture. Because these compounds are found entirely in the
particle phase, the exposures were conducted with particles
composed entirely of cumene hydroperoxide (no sulfate).
Inflammation and BAL Protein Content The exposure
of rats to cumene hydroperoxide particles had no signifi
cant effects on BAL cell number (Table 9). BAL fluid from
control animals exposed to room air or solvent contained
low levels of protein. No significant changes were observed

Figure 28. Western blot analysis of HSP expression by alveolar mac
rophages. A. Cells were collected 24, 48, or 72 hours after exposure of rats
to air or (NH4)2SO4 + 20 ppb H2O2 (PM). B. Cells, collected immediately
after exposure of rats to air or (NH4)2SO4 + 20 ppb H2O2 (PM), were cul
tured for 24 hours with medium (M), 100 ng/mL LPS (L), 10 U/mL IFN-
(I), or LPS + IFN- (L/I). The positive controls (+) for the 32 kd HO-1, 60
kd HSP60, or 70 kd HSP70 protein are also shown.

Figure 29. Western blot analysis of HO-1 and COX-2 expression of wholelung homogenates. Lung tissue was collected 24, 48, or 72 hours after
exposure of rats to air or (NH4)2SO4 + 20 ppb H2O2 (PM). The positive con
trols (+) for the 32 kd HO-1 or 72 kd COX-2 protein are shown.

Table 9. Lung Lavage Cell and Protein Levels After Inhalation of Cumene Hydroperoxidea
Atmosphere

N

Total Cells
( 107)

Viable Cells
(%)

BAL Protein
(mg/mL)

Room air

21

1.2 ± 0.1

87.4 ± 0.8

0.10 ± 0.01

0 Hours After Exposure
Solvent control
Cumene hydroperoxide

3
3

1.1 ± 0.1
1.4 ± 0.3

82.9 ± 3.7
87.4 ± 2.0

0.11 ± 0.01
0.11 ± 0.02

24 Hours After Exposure
Solvent control
Cumene hydroperoxide

3
3

1.3 ± 0.2
1.3 ± 0.2

88.6 ± 0.6
87.3 ± 2.9

0.07 ± 0.06
0.09 ± 0.07

a

BAL fluid was collected 0 hours or 24 hours after exposure to solvent control, cumene hydroperoxide, or room air. Each value represents the mean
± SEM of the number (N) of experiments. Means from air-exposed animals were not significantly different from unexposed animals.

b

Statistical comparison by ANOVA of data from animals exposed to room air versus the experimental atmospheres, followed by multiple comparison tests,
were significant at P < 0.05.
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Figure 30. Superoxide production by alveolar macrophages from rats
exposed to cumene hydroperoxide. Cells collected 0 hours or 24 hours
after exposure of rats to the test atmosphere were incubated with medium
(�) or TPA (�) prior to measurement of superoxide anion production. Data
are mean ± SEM of 3 experiments. Statistical comparisons (ANOVA fol
lowed by multiple comparisons testing) of particle-free air exposed ani
mals to room-air animals, or air-exposed animals to animals exposed to
experimental atmospheres showed no differences among means (P < 0.05).

immediately or 24 hours after exposure to cumene hydrop
eroxide particles.
Production of Reactive Oxygen and Nitrogen
Intermediates Unstimulated alveolar macrophages from
room air, solvent control, or cumene hydroperoxide–
exposed rats produced relatively low levels of superoxide
anion (Figure 30). TPA-stimulated alveolar macrophages
from rats exposed to solvent control or cumene hydroper
oxide showed a measurable but not significantly greater in
production of superoxide anion when compared with
unexposed animals. These effects were transient; by

Figure 31. Western blot analysis of NOS II, HSP and COX-2 expression by
alveolar macrophages. Cells were collected 0 hours and 24 hours after
exposure of rats to solvent control (SC), cumene hydroperoxide (CH), or
room air (RA). The positive controls (+) for the 130 kd NOS II, 32 kd HO-1,
60 kd HSP60, 70 kd HSP70, or 72 kd COX-2 protein are also shown.

24 hours after exposure, levels of superoxide anion were
below control levels.
In contrast, exposing rats to cumene hydroperoxide par
ticles did not affect LPS, IFN-, or LPS + IFN- stimulated
nitric oxide production when compared to animals
exposed to room air (Table 10). Interestingly, cells isolated
24 hours after exposure to the solvent control produced
significantly more nitric oxide when unstimulated and in
response to IFN- stimulation. NOS II protein expression
was greater in unstimulated cells isolated immediately
and 24 hours after exposure of rats to solvent control or
cumene hydroperoxide compared to cells isolated from
rats exposed to room air (Figure 31).

Table 10. Nitric Oxide Production by Alveolar Macrophages After Inhalation of Cumene Hydroperoxidea
Atmosphere

N

Media

LPS

IFN

LPS + IFN

Room air

9

1.3 ± 0.8

9.6 ± 1.2

4.5 ± 1.2

13.5 ± 1.1

0 Hours After Exposure
Solvent control
Cumene hydroperoxide

3
3

0.2 ± 0.0
0.3 ± 0.0

9.3 ± 0.6
7.6 ± 1.4

2.7 ± 0.4
4.4 ± 0.5

14.2 ± 0.8
14.1 ± 3.0

24 Hours After Exposure
Solvent control
Cumene hydroperoxide

3
3

5.7 ± 1.5b
0.3 ± 0.0

8.1 ± 1.5
6.7 ± 2.1

11.1 ± 1.3b
0.7 ± 0.1

13.0 ± 0.8
12.3 ± 0.7

a

Alveolar macrophages were collected 0 hours or 24 hours after exposure of rats to cumene hydroperoxide, solvent control, or room air, and treated with LPS
(100 ng/mL), IFN- (10 U/mL) or LPS (100 ng/mL) + IFN- (10 U/mL). Nitrite release (nmol/2 105 cells), a measure of nitric oxide production, was
quantified 48 hours later. Values are the mean ± SEM of the number of experiments indicated.

b

Statistical comparison by ANOVA of data from animals exposed to room air versus solvent control or cumene hydroperoxide followed by multiple
comparison tests were significant at P < 0.05.
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Expression of HSPs and COX-2 H O - 1 p r o t e i n w a s
detectable in freshly isolated alveolar macrophages from
rats exposed to solvent control (Figure 31). In cells from
rats exposed to cumene hydroperoxide particles, HO-1
protein expression was detectable but lower. Both HSP60
and HSP70 were detectable in alveolar macrophages from
rats exposed to room air, solvent control, or cumene hydro
peroxide particles. Levels of expression were not affected
by the exposures (Figure 31). COX-2 protein expression
was detected at a low level in freshly isolated alveolar
macrophages. No significant differences in COX-2 expres
sion were observed between cells obtained from rats
exposed to room air or cumene hydroperoxide (Figure 31).

DISCUSSION
These studies were designed to analyze the role of perox
ides and alveolar macrophages in fine PM-induced lung tox
icity. We hypothesized that fine PM transports peroxides into
the lower lung, leading to tissue injury and to accumulation
and activation of macrophages in these regions. To test this

hypothesis, we analyzed the effects of inhaled (NH4)2SO4 +
H2O2 on lung structure, protein leakage, and macrophage
functioning. A summary of the results is presented in Table
11. We found that exposure of rats to (NH4)2SO4 + H2O2
resulted in increased neutrophil influx and adherence to the
vascular endothelium. Moreover, alveolar macrophage pro
duction of cytotoxic mediators was altered. Although expo
sure to (NH 4 ) 2 SO 4 or H 2 O 2 alone also exerted some
biological activity, the response to the combination of these
atmospheres was, for the most part, greater. These findings
support our hypothesis and suggest that H2O2 may be a con
tributing factor in the response to inhaled PM.
Transmission electron microscopy revealed an influx of
neutrophils into the pulmonary airways after exposure of
rats to (NH4)2SO4 + 20 ppb H2O2. The majority of these
cells showed adherence to the vascular endothelium. Neu
trophil influx and adherence is the first step in the inflam
matory response to tissue injury. These findings suggest
that some degree of tissue injury has occurred. However,
this response was relatively modest: since it was not
readily detectable in histological sections and no changes
in BAL fluid protein or LDH content were observed.

Table 11. Comparison of Pulmonary Response to Inhaled PMa

Cell number
Cell viability
BAL fluid protein
BAL fluid LDH
Serum LDH
Neutrophil influx and
adherence
TNF- expression
Reactive oxygen
intermediates
(superoxide anion)

(NH4)2SO4
Alone

10 ppb

20 ppb

100 ppb

10 ppb

20 ppb

100 ppb

Cumene
Hydro
peroxide

0 hØ
24 h×
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù
Ù
NM
NM

Ù
Ù

Ù
NM

24 h×
0,24 h×

Ù
NM

Ù
NM

Ù
0,24 h×

Ù
NM

NM
NM

Ù
Ù

Ù
Ù

0,24 h×
24 h×

NM
Ù

Ù
Ù

0,24 h×
0 h×

NM
Ù

NM
Ù

24 hØ
NM
NM
Ù

0,24 hØ
NM
NM
NM

24 hØ
NM
NM
NM

24 hØ
NM
0,24 hØ
24 h×

Ù
Ù
NM
24 h×

24 hØ
NM
NM
NM

Ù
Ù
NM
NM

Reactive nitrogen intermediates
Nitric oxide production
Ù
NOS II protein expression
NM
Peroxynitrite formation
NM
Nitrotyrosine residues
24 h×

H2O2 Alone

(NH4)2SO4 + H2O2

HSP expression

NM

NM

NM

NM

NM

Ø/×b

NM

Øc

COX-2 expression

NM

NM

NM

NM

NM

Ù

NM

Ù

a

NM = not measured; Ù = not significant; ×= significant increase; Ø= significant decrease at the indicated time (0 or 24 hr after exposure) and compared
with cells from rats exposed to particle-free air.

b

Unstimulated cells showed decreased HSP (HO-1, HSP60, HSP70) expression (see Figure 29A); cells stimulated with LPS + IFN- showed increased HO-1
expression (HSP60 and HSP70 not measured) (see Figure 29B).

c

HO-1 expression was decreased; HSP60 and HSP70 were not measured.
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Neutrophil adherence has been reported to stimulate the
release of TNF- from tissue macrophages (Sredni-Kenigsbuch et al 2000). TNF- is a proinflammatory, early
response cytokine known to activate neutrophils and mac
rophages (Brouckaert and Fiers 1996). It is unique among
cytokines because it can also directly induce cytotoxicity
(Bohlinger et al 1995; Wang et al 1995). We found that
exposure of rats to (NH4)2SO4 + 20 ppb H2O2 resulted in
increased TNF- production by alveolar macrophages.
These results are in accord with reports of augmented
TNF- production by alveolar macrophages after exposure
of animals to asbestos, titanium dioxide, silica or endo
toxin (Driscoll et al 1990; Perkins et al 1993; Pendino et al
1994) and suggest that TNF- expression may be a sensi
tive marker of PM exposure. One mechanism by which
TNF- may contribute to PM-induced tissue injury is by
amplifying the inflammatory response. This could occur
through TNF- activation of autocrine and paracrine path
ways leading to the release of chemokines (eg, interleukin
8, monocyte chemotactic protein-1, macrophage inflam
matory protein-1) as well as reactive oxygen and/or
nitrogen intermediates (Driscoll et al 1997).
Reactive oxygen intermediates (eg, superoxide anion,
H2O2, hydroxyl radical) are produced by neutrophils and
macrophages to protect the body against inhaled pathogens
and to destroy foreign material. Production of these inter
mediates represents one of the early phases in the inflam
matory response to injury and is critical for nonspecific host
defense. However, excess quantities of reactive oxygen
intermediates can also cause damage to the surrounding
tissue (Oosting et al 1990). Oxidant stress and the genera
tion of reactive oxygen species have previously been corre
lated with the inflammatory response to inhaled PM (Li et al
1996; Donaldson et al 1997). Similarly, after exposure of rats
to (NH4)2SO4 + 20 ppb H2O2, we found that superoxide
anion release by alveolar macrophages transiently
increased. This may represent one early mechanism by
which macrophages contribute to fine PM-induced injury.
The reaction of superoxide anion and nitric oxide leads
to formation of peroxynitrite, a potent cytotoxic mediator
(Koppenol et al 1992; Radi et al 1992; Rodenas et al 1995).
Once formed, peroxynitrite can react with proteins, gener
ating addition and substitution products that alter their
function (Moncada et al 1991; Nathan 1992). Superoxide
anion production after exposure of rats to (NH4)2SO4 + 20
ppb H2O2 may drive the formation of peroxynitrite. Perox
ynitrite formation might account for the decreases in nitric
oxide and superoxide anion observed 24 hours after
(NH4)2SO4 + H2O2 exposure. Our detection of nitrotyrosine
residues in tissue from rats 24 hours after exposure to
(NH4)2SO4 + H2O2 supports this idea. Our results suggest

that peroxynitrite formation may also be a cytotoxic mecha
nism of (NH4)2SO4 + H2O2–induced tissue injury.
Pulmonary injury and inflammation after exposure to
fine PM involves altered gene expression and synthesis of
the inflammatory proteins, TNF-, interleukin 6, IFN-,
and transforming growth factor-, which are regulated by
the transcription factor, nuclear factor B (NF B) (Shukla
et al 2000). The finding that fine PM–induced gene expres
sion is inhibited by catalase demonstrates that NF B acti
vation is oxidant-dependent (Shukla et al 2000). After
exposure of rats to (NH4)2SO4 + H2O2, we observed a lower
expression of HO-1 protein in alveolar macrophages com
pared with cells from rats exposed to particle-free air. This
suggests that oxidant levels are upregulated in the lung
after PM exposure, which may contribute to generation of
inflammatory cytokines via activation of NF B. HO-1 pro
tein expression increased when alveolar macrophages
from (NH4)2SO4 + H2O2–exposed animals, but not animals
exposed to particle-free air, were incubated with LPS and
IFN-. These findings support the concept that alveolar
macrophages are primed to respond to inflammatory medi
ators after exposure to (NH4)2SO4 + H2O2. Our results are
consistent with reports of increased antioxidant enzyme
expression, such as HO-1, by alveolar macrophages after in
vitro exposure to diesel exhaust particles (Li et al 2000).
Injury and inflammation after exposure to fine PM may
also involve production of prostaglandins. Pulmonary
macrophages, as well as epithelial cells, are significant
sources of these mediators (Mitchell et al 1994), and higher
COX-2 gene expression has been observed after exposure
of rats to residual oil fly ash (Samet et al 2000b). In con
trast, we could not detect any significant differences in
COX-2 expression in lung tissue from animals exposed to
particle-free air or (NH4)2SO4 + H2O2. Thus prostaglandins
may not play a prominent role in the response to
(NH4)2SO4 + H2O2. Alternatively, these mediators may be
generated via COX-1, but this remains to be determined.
An unexpected finding in our studies was that H2O2
alone exerted biological effects. Modeling studies have
suggested that vapor-phase H2O2 should dissolve in the
mucus membranes of the upper airways and not reach the
lower lung or contribute to toxicity (Wexler and Saranga
pani 1998). However, we observed a higher serum LDH
and greater TNF- staining of lung tissue after inhalation
of vapor-phase H2O2 (20 ppb), and transmission electron
microscopy showed an influx of neutrophils into the air
ways. These findings are in accord with published results
indicating that oxidative injury stimulates macrophages to
release TNF- (reviewed in Driscoll 2000). Superoxide
anion production by alveolar macrophages was also higher
24 hours after rats were exposed to 20 ppb H2O2, but nitric
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oxide production by these cells was lower than production
by cells from rats exposed to particle-free air. Nitrotyrosine
residues were also detected in cells from H2O2-exposed
rats. Taken together, these findings suggest that vaporphase H2O2 does in fact penetrate the lower lung and exert
biological effects. The significance of changes in alveolar
macrophage functioning after H2O2 exposure remains to be
determined. Of interest was our observation that some bio
logical effects were observed with 10 or 20 ppb H2O2, but
not with 100 ppb H2O2. This lack of response at the highest
concentration may be due to development of tolerance as
observed after exposure to high or repeated doses of other
toxicants (Plopper et al 2001; Wesselkamper et al 2001).
A possible limitation of our studies is our choice of
(NH4)2SO4 as a model of fine PM. Because (NH4)2SO4 was
considered nontoxic (Loscutoff et al 1985), we did not
anticipate pulmonary responses to this particle. Surpris
ingly, we observed a decrease in the number of cells in
BAL fluid recovered immediately after exposure of ani
mals to 430 µg/m 3 (NH 4 ) 2 SO 4 , but not to 215 µg/m 3
(NH 4 ) 2 SO 4 . In addition, nitrotyrosine staining was
detected in lung tissue obtained 0 hours and 24 hours after
exposure. Thus, at higher doses (NH4)2SO4 induced a lim
ited biological response. The lower cell number after expo
sure to (NH4)2SO4 may be due to increased adherence of
alveolar macrophages to the epithelium, making them more
difficult to remove by lavage. This effect appears to be tran
sient because the decrease in cell number was not observed
24 hours after exposure. Related previous studies have dem
onstrated that alveolar macrophages from rats exposed to
ozone for 3 to 16 hours were more adherent to epithelial
cells, both in vivo and in vitro, than cells from air-exposed
rats (Pino et al 1992; Pearson and Bhalla 1997). Our findings
are also consistent with studies demonstrating biological
effects after prolonged exposure of animals to (NH4)2SO4
(0.5 mg/m3 for 4 to 8 months) (Smith et al 1989). Inhalation
of (NH4)2SO4 by rats and guinea pigs at concentrations 100
times greater than ambient fine PM levels (65 µg/m3) were
also reported to induce lung irritation (Chen et al 1992).
(NH4)2SO4 inhalation also induced minor reductions in
ventilation volume of rats (Loscutoff et al 1995).
Partitioning of H2 O2 between the vapor and particle
phases depends on the concentration and composition of
atmospheric PM. Atmospheric PM2.5 is expected to be
somewhat less hygroscopic than (NH4)2SO4 (the model
aerosol for this study) because it includes not only hygro
scopic species (like polar organics, sulfate, and nitrate) but
also nonhygroscopic organics and minerals. We would
expect a freshly emitted combustion aerosol to be domi
nated by low polarity organic compounds that would take
up little water. Because an aerosol such as this is trans
ported through the atmosphere, clear-sky photochemical
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and in-cloud oxidation reactions form particulate sulfate,
nitrate and organic species. These components either con
dense on existing particles, partition into existing particles,
or form new particles. These hygroscopic species dominate
the PM2.5 mass in many locations across the United States.
Thus, using (NH4)2SO4 as a model in the present studies is
reasonable. Interestingly, hygroscopic organic PM and H2O2
are also formed indoors through reactions between alkenes
and ozone, providing suitable conditions for indoor as well
as outdoor exposures (Appendix B).
In general, the biological differences after inhalation of
(NH4)2SO4 + H2O2 by rats as reported in this study are
modest. Not every type of respirable particle elicits a strong
inflammatory response, but subtle changes may be
observed. For example, although no evidence of an inflam
matory response was noted in lungs of mice acutely
exposed to carbonaceous particles surface-coated with acid
sulfate, alveolar macrophage Fc receptor-mediated phago
cytosis was reportedly decreased (Clarke et al 2000). In
another study, old mice with elastase-induced emphysema
showed lymphocytic infiltration into connective tissue
around airway blood vessels after inhalation of ultrafine
carbon, platinum, and Teflon particles although no overt
inflammatory response was evident in the lungs of healthy
young or old animals (Oberdörster et al 2000). These differ
ences in response may be attributed to particle size, age, and
genetic factors, which are thought to determine severity of
the inflammatory response to inhaled materials.
In many instances, respirable particles that are nontoxic
in the micrometer size range exert toxicity in the nanometer
range (reviewed in Donaldson et al 1998; Oberdörster 2001).
For example, in studies comparing the inflammatory poten
tial of inhaled or intratracheally instilled titanium dioxide
(TiO2) of two sizes (ultrafine, 20 nm, and fine, 250 nm), the
ultrafine particles elicited a much greater inflammatory
reaction in the lungs when compared to the larger particles
(Ferin et al 1992; Oberdörster et al 1994). Similarly, Li and
colleagues (1999) reported that ultrafine carbon black was
more inflammogenic after instillation in the rat lung than
fine carbon black of the same mass. The severity of an
inflammatory response induced by particles may also
strongly correlate with surface area (Oberdörster 1996;
Cullen et al 2000; Tran et al 2000). Recent studies of ozoneinduced airway inflammation have demonstrated that
genetic factors affect individual responses to the environ
ment (Holz et al 1999). Similar genetic variability may con
tribute to the susceptibility of individuals to injury induced
by inhalation of fine PM and peroxides. Advances in func
tional genomics, which show linkage of chromosomal
regions to various traits, have begun to provide new insights
into the influence of genetics over the inflammatory
responses of individuals (Leikauf et al 2000).
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Recent studies suggest that atmospheric organic hydro
peroxides may also contribute to PM-induced injury (Tobias
and Ziemann 2000). To test this possibility, we adapted our
system to generate particles consisting of cumene hydroper
oxide. The mass median diameter and number concentra
tion of this aerosol were similar to those of our (NH4)2SO4 +
H 2 O 2 –containing aerosol. Surprisingly, we found that
cumene hydroperoxide particles exerted less of a biological
effect than did (NH4)2SO4 + H2O2. The most pronounced
response was reduced expression of HO-1. Suppression of
HO-1 gene expression by mediators such as angiotensin II,
IFN-, transforming growth factor-1, and interleukin 10
has been described (reviewed by Immenschuh and Rama
dori 2000). The mechanisms underlying these effects are
unknown. Because HO-1 has been shown to provide cyto
protection in various models of injury (Immenschuh and
Ramadori 2000), suppression of HO-1 protein expression
after exposure of rats to inhaled peroxides may be an impor
tant response of the lung.
In summary, the present studies show that exposure of
rats to (NH4)2SO4 + H2O2 induces tissue damage and modu
lates the activity of alveolar macrophages. While additional
research is needed to draw definitive conclusions, the
results of these studies indicate that increased TNF- pro
duction and peroxynitrite formation are two plausible
mechanisms mediating the toxicity of (NH4)2SO4 + H2O2.
Our findings also suggest that vapor-phase H2O2 reaches the
lower lung and modulates macrophage function. Further,
alterations in macrophage functioning after inhalation of
(NH4)2SO4 + H2O2 may contribute to heightened individual
susceptibility to infection after fine PM exposure.
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APPENDIX A. PULMONARY DEPOSITION OF
PARTICLE-PHASE AND VAPOR-PHASE H2O2
INTRODUCTION
These studies were designed to validate the transport of
H2O2 into the lower lung when associated with
(NH 4 ) 2 SO 4 , using oxygen-18 ( 18 O)-labeled H2 O 2 . They
were conducted in collaboration with Dr Gary Hatch (EPA,
Research Triangle Park NC) and Dr Guobin Sun (formerly
at EPA, now at Curriculum in Toxicology, University of
North Carolina, Chapel Hill NC).

METHODS
Preparation of 18O-Labeled H2O2
The method for preparing 18O-labeled H2O2 was modi
fied from Barieux and Schirmann (1987). Briefly, 2-ethylanthraquinone (0.375 g, 1.5 mmol) was added to a solution
of toluene/n-octanol (1:1, 24 mL) containing 20 mg of pal
ladium black. This mixture was hydrogenated at 40C for
2.5 hours under 1 atm. Subsequent filtration of the reaction mixture removed palladium black. The solution was
oxidized by 18O2 (96%) at room temperature for 2 hours
under 1 atm. The product, H218O2, was obtained by extrac
tion with water (4.2 mL) with a yield of 70% (based on the
consumption of 18O2 added to the reaction).
Sample Collection and Measurement of 18O
Incorporation
Exposures for these experiments were conducted as
described earlier in this report, except that 18O-labeled
H2O2 was introduced into the nebulizer (particle-phase
experiments) or bubbler (vapor-phase experiments) in
place of H2O2. After the exposures, the animals were anes
thetized and killed by exsanguination. The trachea and
lungs were removed en bloc and lavaged. BAL cells and
fluid were collected and snap frozen on dry ice. The
nasopharynx was dissected and snap frozen. The trachea
and lungs were gently inflated with compressed air. While
continuing to stream compressed air, the inflated lungs
were frozen in sample jars by exposure to liquid nitrogen
vapor. The frozen lobes were wrapped in aluminum foil,
lyophilized to absolute dryness, and stored at 4C prior to
18
O analyses.
A blood sample collected prior to exsanguination was
used to create an internal plasma control for background
levels of 18O. The assay for excess 18O was accomplished
using a modification of the method of Santrock and Hayes
(1987). An elemental analyzer converted oxygen in the
dried samples to CO and measured oxygen contents of the
samples. Then the CO passed through a column filled with
I2O5 and was converted to CO2. Finally, an isotope ratio
mass spectrometer measured the fractional abundance of
18
O in the resulting CO2. This procedure was further mod
ified using an online injection system between the ele
mental analyzer and the mass spectrometer as described
by Hatch and associates (1994). The CO 2 mass ratios
(46/44 D) were initially expressed as a delta value with
respect to a known CO2 standard. This delta value was cor
rected for time-dependent drift within a sample run. Sta
tistical analyses were performed on these drift-corrected
samples. The delta values were then converted to 18O/16O
ratios using a standard curve generated with standards
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included in each sample run. To determine the excess 18O
in the exposed tissue, the mean 18O /16O ratios of plasma
samples were subtracted from those for the H218O2-exposed
tissue. The plasma samples were included in each mass
spectrometer run with tissues from exposed animals. Data
were expressed as microgram 18 O per gram dry weight
(µg/g). Each experiment used 4 animals per exposure group.
RESULTS AND DISCUSSION
18O

content in samples collected from animals exposed
to (NH4)2SO4 + H218O2 are summarized in Figure A.1. In
our initial set of experiments, we found that excess 18O
ranged from undetectable levels in BAL cells to 5.3 µg/g
dry weight in BAL fluid obtained 24 hours after the ani
mals were exposed to (NH4)2SO4 + 20 ppb H218O2. These
measurements were close to the lower limits of detection
for the assay. In subsequent experiments, animals were
exposed to higher concentrations of H218O2 in both the
vapor phase (200 ppb H 2 1 8 O 2 ) and particle phase
(NH 4 ) 2 SO 4 + 70 ppb H 2 18 O 2 . The animals were killed
immediately (0 hour) after the 2-hour exposure. We found
that exposure to vapor-phase 200 ppb H218O2 resulted in
excess 18O in BAL fluid (Figure B.1). The increase, com
pared to plasma levels, was larger in rats exposed to
(NH4)2SO4 + 70 ppb H218O2. In contrast, excess 18O was
present in BAL cells from rats exposed to (NH4)2SO4 +
70 ppb H218O2 compared to plasma, but no significant dif
ferences were observed in BAL cells from rats exposed to
200 ppb H 2 18 O 2 alone. Plasma from rats exposed to
200 ppb H218O2 was also enriched with 18O over plasma
from rats exposed to (NH4)2SO4 + 70 ppb H218O2, demon-

Figure A.1. 18O incorporation measured by mass spectrometry. Cells
and fluids were collected immediately or 24 hours after exposure of rats
to the indicated test atmosphere. Each value represents the average ±
SEM (n = 4 animals per group).
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strating some variability in the controls. No 18O enrich
ment was evident in scrapings from the nasal passage,
trachea, small airways, or lung parenchyma from these
animals or from animals exposed to room air.
Animals exposed to (NH4)2SO4 + H218O2 exhibited the
greatest enrichment of 18O in the BAL fluid and in BAL
cells compared to plasma, which is interesting because
only 3% of H 2 O 2 is thought to be associated with the
(NH4)2SO4 particles. This finding suggests that (NH4)2SO4
particles are involved in the transport of H2O2 to the lower
lung and may prevent its diffusion into and/or reaction
with other chemical or cellular components.

APPENDIX B. ASSESSMENT OF INDOOR H2O2
FORMATION
INTRODUCTION
The indoor environment is well known to contain var
ious vapors and particles. These arise from emissions from
indoor sources (Shields et al 1996), formation via indoor
reactions, and penetration from outdoors. These materials
are removed by deposition to surfaces and by ventilation
(Nazaroff et al 1993). Vapor-phase reactions of ozone (pen
etrating from outdoors) with volatile organic compounds
(emitted indoors) produce secondary pollutants, some of
which can be irritating (Weschler et al 1992). For example,
formaldehyde, acetaldehyde, and other aldehydes are
formed from the reactions of selected carpet emissions (eg,
4-phenylcyclohexene, 4-vinylcyclohexene, and styrene)
with ozone (Weschler et al 1992). Weschler and Shields
(1999) have also shown that reactions of ozone with cer
tain alkenes (such as d-limonene and -terpinene) might
be a significant source of submicron particles in indoor
environments. Because hydroperoxyl radicals are formed
through the reaction of ozone with organic compounds, it
is likely that H2O2 is also formed in the indoor environ
ment through self-reactions of hydroperoxyl radicals and
reactions of water vapor with Criegee biradicals. This is
important because H2O2 carried by submicron aerosols has
been identified as a possible contributor to PM-induced
toxicity (Friedlander and Yeh 1996).
Hewitt and Kok (1991) showed that H2O2 is a product of
the ozonolysis of -pinene, -pinene, and d-limonene in
the presence of water vapor. Unsaturated hydrocarbons
such as d-limonene and -terpinene are commonly found
in indoor odorants and cleaners (Kirk and Othmer 1983;
Weschler and Shields 1996); d-limonene is commonly
detected indoors (Brown et al 1993; Wolkoff 1995; Shields
et al 1996; Hadwen et al 1997). Commercial dipentene and
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pine oil are sources of d-limonene (Weschler and Shields
1996). Indoor d-limonene and -pinene concentrations of
6.2 ± 2.7 and 0.3 ± 3 ppb, respectively, have been measured
in 11 administrative offices (Shields et al 1996). Brown
and coworkers (1993) and Seifert and colleagues (1993)
have reported indoor d-limonene concentrations over
80 ppb. Wainman (1999) measured d-limonene concentra
tions as high as 175 ppb after applying spray wax to a
coffee table for 15 seconds. The 5-hour integrated indoor
ozone residential concentration averaged 60 ± 30 ppb
(window open), and the mean indoor to outdoor (I/O) ratio
of ozone concentrations ranged from 0.22 ± 0.09 to 0.62 ±
0.11 during the summer for 6 homes in New Jersey (Zhang
and Lioy 1994). Lee and associates (1999) measured a resi
dential I/O ratio of 0.68 ± 0.18 (window open) during
summer for 20 homes in California. Given that the 1-hour
average outdoor ozone concentration can reach 300 ppb
(Romieu et al 1998) and using an I/O ratio of 0.68, we esti
mate that indoor ozone could reach concentrations as high
as 200 ppb (worst case) during ozone episodes in some
locations (eg, Mexico City).
In addition to the photochemical formation of H2O2, the
ozonolysis of a variety of naturally occurring alkenes can
lead to the formation of H2O2 via a route not involving
hydroperoxyl radicals. Becker and coworkers (1990, 1993)
measured H2O2 yields from the reaction of ozone with ter
penes in a 130-L glass cylinder reactor (297 K, 760 mm Hg,
2–60 ppmv ozone, 5–35 ppmv alkene, and 0–15 mm
water). The molar yield of H2O2, defined as the ratio of the
H2O2 concentration to the concentration of the reacted
alkene, was 1.8% for reactions of ozone with d-limonene
at 11 mm H 2 O (~ 50% relative humidity) compared to
0.3% without water vapor. Becker and coworkers (1993)
concluded that the direct reaction of water vapor with the
Criegee biradical, the main intermediate in reactions of
ozone with alkenes, is an important pathway for H2O2 for
mation. Simonaities and colleagues (1991) measured the
molar yields of H2O2 from reactions of ozone and -pinene,
-pinene and d-limonene of 9%, 19%, and 9%, respectively
(58–406 ppb ozone, 40–900 ppb alkene, 6–13 × 103 ppm
water). Tobias and Ziemann (2000) suggested that organic
peroxides also form as a result of alkene–ozone reactions in
the presence of alcohols and carboxylic acids and that for
mation is likely to be a direct result of reaction with Criegee
biradicals.
Other organic compounds are also formed in ozonealkene reactions. For example, limonic acid, limononic
acid, limononaldehyde, and limonaketone have all been
identified as products of ozone and d-limonene reactions
(Grosjean et al 1992; Glasius et al 2000). Some of these
compounds (eg, limonic acid and limononic acid) are

highly polar, have low vapor pressures, and will condense
or absorb into preexisting airborne particles (ie, form sec
ondary organic aerosol).
We hypothesized that H2O2 is present indoors as a result
of the outdoor-to-indoor transport of H2O2 into residential
environments as well as the formation of H2O2 indoors.
We speculate that concentrations of H2O2 indoors could be
as high as 0.3% to 2.0% of the indoor d-limonene concen
tration at low and high relative humidity if sufficient
ozone is present. Assuming a 2% yield (Becker et al 1990,
1993), an indoor ozone concentration of 200 ppb (300 ppb
outdoors; an I/O ratio of 0.68), and a d-limonene concen
tration of 175 ppb (Wainman 1999), an upper limit of
3.5 ppb of indoor H2O2 concentration would be expected
to form from the ozone/d-limonene reactions. The pres
ence of other reactive organic gases, frequently higher
indoors than outdoors, is likely to further increase indoor
H2O2 concentrations. Indoor H2O2 levels will vary with
time of day, season, and precursor emission strength. For
example, the ozone concentration indoors is higher during
summer in the mid afternoon (Weschler 2000) and indoor
d-limonene is higher during cleaner applications. Thus,
we predict that peak indoor H2O2 concentrations will be at
least comparable and likely greater than peak outdoor con
centrations.
We measured the formation of H2O2 through reactions
of ozone and d-limonene at low and moderate relative
humidity in a series of experiments performed in a manip
ulated but realistic indoor environment. This work
increases awareness regarding the impact of ozone chem
istry on the residential indoor environment and the poten
tial for consumer products to yield secondary products
with altered, perhaps adverse, toxicologic properties. This
work also contributes to an improved understanding of
H2O2 exposure.
METHODS
Comparable unoccupied offices (3.1 m × 3.1 m × 3.0 m)
were used as experimental (ozone and/or d-limonene) and
control (room air only) rooms. These rooms were located on
the second floor of a three story building in suburban New
Jersey. The rooms were carpeted, had acoustic ceiling tiles
and standard office furniture, and maintained a rate of 12 to
18 air exchanges per hour when the air handling system was
operating. In each room, the door and window were closed
during the experiments. Ozone and d-limonene were intro
duced into the experimental room; another room served as a
control. An ozone generator (Quantum series 300) was used
to emit ozone at a rate of 330 to 2000 µg/min, producing an
ozone concentration of 80 to 175 ppb. d-Limonene was
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introduced by diffusion by placing 20 mL of 100%
d-limonene in an open 50 mL beaker, which produced
d-limonene concentrations of 100 to 360 ppb. We used a
commercial humidifier to increase the relative humidity in
some experiments. A reduced air exchange rate (2–4/hour)
was achieved by turning off the air supply to the rooms.
Experiments were conducted with deliberate introduction
of ozone alone (n = 1), d-limonene alone (n = 1), and ozone
with d-limonene (n = 7) at low (< 10%) and moderate (25–
35%) relative humidity and at low (2–4/hour) and high
(12–18/hour) air exchange rates.
The air exchange rate was measured by releasing SF6
(sulfur hexafluoride) into the control room and recording
its decay. SF6 was measured by a photoacoustic infrared
detection method (Bruel & Kjaer multi-gas monitor, type
1302). The ozone concentration was monitored using a UV
photometric analyzer (Dasibi model 1003-AH) with a
wavelength of 254 nm and a concentration range of 0 to
500 ppb. The precision of the ozone analyzer is within 1%
or 1 ppb, whichever is greater.
d-Limonene was measured with a passive sampler
(OVM 3500, 3M Corp) that collects volatile organic com
pounds by diffusion to a charcoal sorbent. One passive
sampler was placed near the H2O2 collection device and
the other on the windowsill. An internal standard (dxylene) was added to the sorbent prior to extraction with
1.5 mL of carbon disulfide. The extract was then analyzed
using a gas chromatograph/mass spectrometer (ion trap;
Varian Saturn II) with a 30 m × 0.25 mm (0.25 µm film
thickness) capillary column (DB5, J & W Scientific). The
spectrometer was calibrated with four d-limonene stan
dards (0.32–4.0 ng/µL). The recovery was over 95%.
Total H 2 O 2 was measured by pulling 3 L/min of air
through two 125-mL gaswashing bottles in series; each
contained 50 mL of deionized water. The second gaswashing bottle was used to check for breakthrough. A
dynamic blank (water) and a positive control (standard
2 µM of H2O2) were transported, stored, and analyzed with
the collected samples. H2O2 samples were stored on ice
and analyzed by the automated H2O2 analyzer.
Particle number concentrations in both rooms were
measured by two eight-channel laser particle counters
(Particle Measuring Systems, LASAIR model 1002). The
relative humidity and temperature were measured contin
uously using a data logger (HOBO, Onset, Pocasset MA).
The logger measures temperatures from 20C to 70C
with an accuracy of 0.7C at 21C and relative humidity
with an accuracy of 5%.
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RESULTS AND DISCUSSION
Table B.1 summarizes the experimental conditions and
results. Particle number concentrations at low air-exchange
rates exceeded the measurement limits of the laser particle
counter. The coefficient of determination (R2) for the H2O2
calibration curve was typically greater than 99%. The
detection limit of H 2 O 2 was 0.08 µM (0.2 ppb; for an
average sampling time of 183 minutes) expressed as 3 times
the standard deviation of the dynamic blank (n = 6). H2O2
was below detection limits in the dynamic water blank,
and the positive control (eg, a 2-µM standard) was 2.07 ±
0.05 µM. No H2O2 was lost during transport according to a
paired test at the 95% confidence level. The concentration
of H2O2 in the second bubbler was below detection limits
for all experiments.
Table B.2 presents H2O2 concentrations and yields (not
adjusted for depositional loss) in the experimental room at
low and moderate relative humidity and at low and high air
exchange. The yield of H2O2 is defined as the ratio of H2O2
concentration to the concentration of limiting reagent,
d-limonene or ozone, whichever is smaller. The yield of
H2O2 ranged from 0.6% to 1.9% for all experimental condi
tions. Three experiments with ozone and d-limonene and
one experiment with ozone alone were conducted at ele
vated air exchange, while four experiments with ozone and
d-limonene and one experiment with d-limonene alone
were conducted at reduced air exchange. In all nine experi
ments, H2O2 concentrations in the control room (absent
ozone and d-limonene) were below detection limits. At an
elevated air exchange, when ozone and d-limonene were
both present, the H2O2 concentration ranged from 0.58 to
0.80 ppb; when only ozone was present, the H2O2 concen
tration was below detection limits. At a reduced air
exchange, when ozone and d-limonene were both present,
the H2O2 concentration ranged from 1.00 to 1.50 ppb; when
only d-limonene was present, the H2O2 concentration was
below detection limits.
Effects of Air Exchange Rate on H2O2
The concentration of H2O2 was significantly higher at a
low air exchange rate (n = 4; 2–4/hour) when compared to
the elevated air exchange rate (n = 3; 12–18/hour) according
to a paired test at the 95% confidence level (Table B.1). The
reduced air exchange provided additional time for reactions
of ozone and d-limonene, secondary reactions, and reduced
dilution by ventilation, thus increasing H2O2 concentra
tions. At the low air exchange, particle number concentra
tions increased by as much as 40-fold, and the H 2 O 2
concentration increased by 2-fold when compared with
concentrations at an elevated air exchange rate. This obser
vation may indicate that secondary PM is a primary
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Table B.1. Summary of Experimental Conditions and Resultsa

Sampling Date

Room

Ozone
(ppb)

d-limonene
(ppb)

Total Particle
Number
(particles/cm3)

Total Particle
Mass
(µg/m3)

Temp
(C)

RH
(%)

H2O2
(ppb)

160
NM
0
ND
240
30
210
14

23
27
NM
NM
22
23
23
26

<10
<10
9
<10
28
NM
5
<10

0.71 ± 0.02
ND
0.2
ND
0.80 ± 0.01
ND
0.58 ± 0.01
ND

7,640 ± 4040
1,640 ± 930
120 ± 5
NM
21,230 ± 5840
3,100 ± 1070
4,460 ± 2370
400 ± 130

14.5 ± 7.6
3.5 ± 1.8
0.2 ± 0.01
NM
114 ± 33
11.9 ± 4.1
15.7 ± 8.4
1.4 ± 0.5

205
13
359
9
270
ND

37
32
28
27
27
28

6
<10
35
NM
20
20

123
ND
100
ND

32
NM
30
NM

11
NM
30
NM

1.2 ± 0.05
ND
1.5 ± 0.06
ND
0
ND
1.0 ± 0.04

OL
13,600 ± 6150
OL
10,800 ± 6650
1,040 ± 90
2,420 ± 230
OL

OL
171 ± 72
OL
76.3 ± 59.8
3.7 ± 0.3
8.5 ± 0.8
OL

ND
1.3 ± 0.05
ND

1,570 ± 190
OL
2,020 ± 190

6.6 ± 0.4
OL
9.6 ± 1.1

High Air Exchange Rate (12–18 per hour)
12/16/99
12/29/99
1/13/2000b
1/19/2000

A
B
A
B
A
B
A
B

125
100
100
100

Low Air Exchange Rate (2–4 per hour)
1/27/2000
2/4/2000b
2/11/2000
2/15/2000
2/16/2000b

A
B
A
B
C
B

80

C
B
C
B

175

80
0

125

a

Average sampling time = 183 minutes. A = experimental room, B = control room, C = experimental room. ND = not detected; NM = not measured; OL = out
of particle counter limits; RH = relative humidity.

b

Humidifier operated inside the experimental room.

Table B.2. H2O2 Concentrations (ppb) in a Manipulated
But Realistic Indoor Officea
Low RH
(< 10%)

Moderate RH
(28%–35%)

1.20 ± 0.05
(1.2%)
1.00 ± 0.04
(0.8%)b
0.71 ± 0.02
(0.57%)
0.58 ± 0.01
(0.58%)

1.50 ± 0.06
(1.9%)
1.30 ± 0.05
(1.3%)b
0.80 ± 0.01
(0.8%)

product and that H 2 O 2 is formed later in the reaction
sequence. Alternatively, this difference might reflect dif
ferences in surface removal rates between the two species
(PM and H2O2).
Effects of Relative Humidity on H2O2

Low air exchange
rate (2–4/hr)

High air exchange
rate (12–18/hr)

a

b

80–175 ppb ozone; 100–359 ppb d-limonene; 22–37C; 5% < RH < 35%;
2–18/hr air exchange rate. Values inside the parentheses are the H2O2
yields. The yield is defined as the ratio of the concentration of H2O2 to the
concentration of d-limonene or ozone, whichever is less as a limiting
reagent. RH = relative humidity.
Indicates experiments where d-limonene concentrations were less than
ozone concentrations.

We expected that H2O2 concentrations would increase
with increasing water vapor concentrations if the addition of
water vapor to the Criegee biradical is an important pathway
for H2O2 formation. Figure B.1 suggests that the concentra
tion of H2O2 is slightly but not significantly higher at mod
erate relative humidity (28%–35%) than that at low relative
humidity (< 10%) according to a paired test at the 95% con
fidence level. Additional studies at higher humidity are nec
essary to more fully characterize the dependence of H2O2
formation on the water content of the air.
The yields without considering deposition loss were
0.6% to 1.9%. These findings are consistent with studies of
Becker and coworkers (1990), who measured yields in the
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first, followed by a maximum in the 0.2 to 0.3 µm channel
about 15 minutes later. Number concentrations were
highest in the 0.1 to 0.2 µm diameter range. Total particle
number concentrations increased by as much as 40 fold in
the experimental room when ozone and d-limonene were
introduced. Particle number concentrations did not
increase significantly when only ozone or only d-limonene
was introduced to in the experimental room (not shown).

Figure B.1. Concentration of H2O2 at varied relative humidity in experi
mental room. Data labels are H2O2 concentration in parts per billion.

range of 0.3% to 1.8% from low to high relative humidity.
Becker and coworkers (1990) measured H2O2 yields from
the reaction of ozone with terpenes in a 130-L glass cylinder
reactor (297 K, 760 mm Hg, 2–60 ppmv ozone, 5–35 ppmv
alkene, and 0–15 mm H2O). The yield of H2O2 was 1.8% for
reactions of ozone with d-limonene at approximately 50%
relative humidity compared to 0.3% without water vapor.
Particle Observations
Figure B.2 shows the particle number concentrations mea
sured in experimental and control rooms. Prior to ozone and
d-limonene introduction, particle number concentrations
and size distributions were similar in the rooms. Shortly
after contact of d-limonene with ozone, a particle burst
occurred. This burst is evidence of secondary organic
aerosol formation (Glasius et al 2000), probably due to addi
tion of secondary organic PM to preexisting particles
(< 0.1 µm). These particles grow into a size that can be mea
sured by the laser particle counter. The particle number con
centration reached a maximum in the 0.1 to 0.2 µm channel

A similar phenomenon in which the particle number con
centration reaches a maximum in the 0.1 to 0.2 µm channel
first, followed by a maximum in the 0.2 to 0.3 µm channel
about 15 minutes later, was observed in the adjacent control
room. However, the particle number concentrations were
one tenth of the number in the experimental room (Figure
A.3). This difference suggests that particles were trans
ported from the experimental room to the control room,
primarily across the drop ceiling.
Interestingly, the H 2 O 2 measurements in the experi
mental and neighboring control rooms suggest a negligible
transport of H2O2 between the rooms. Presumably, this
implies a very low inter-room penetration factor for H2O2
compared to fine particles, because of greater deposition
and reaction during transport from the experimental and
control room. These data also suggest that transport of out
door H2O2 into indoor environments is very small.
Figure B.3 shows the number concentrations of 0.1 to
0.2 µm particles in the experimental room at a high air
exchange rate and low relative humidity, and at a high air
exchange rate and high relative humidity, respectively. At a
low air exchange rate, particle number concentrations were
beyond the measurement limits of the particle counter.
A typical evolution of particle number and mass con
centration is shown in Figure B.4. The initial increase in

Figure B.2. Particle number concentrations. A. In the experimental room after introduction of ozone and d-limonene to the experimental
room. B. In the control room after ozone and d-limonene introduction into the experimental room. Number concentrations for particles >
0.5 µm in diameter are too small to be seen in these figures.
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Figure B.3. Number concentrations of 0.1 to 0.2 µm particles. In the pres
ence of ozone (100–125 ppb) and d-limonene (160–210 ppb) at low relative
humidity (< 10%) and elevated air exchange rate (12–18/hour) on two sepa
rate days. In the presence of ozone (100 ppb) and d-limonene (215–265 ppb)
at high relative humidity (28%) and elevated air exchange rate (12–
18/hour).

number and mass concentration is probably due to addition
of secondary organic PM to preexisting particles (< 0.1 µm)
that grow into the measurement range of the laser particle
counter. Particle deposition and coagulation explain the
decrease in number concentrations from 1115 to 1135 hours.
An increase in mass concentration with stable number con
centration was observed from 1215 to 1330 hours. This sug
gests continued particle growth by absorption, adsorption
or condensation of low or semivolatile secondary products.
CONCLUSIONS
The analytic methods developed for the animal studies
were used to measure H2O2 concentrations in a realistic
but manipulated indoor environment. This appended
study revealed that peak indoor H2O2 concentrations can
be comparable to outdoor peak concentrations. H2O2 will
form indoors during photochemical smog episodes or
when indoor ozone generators are used and reactive
organics (ie, d-limonene) are emitted indoors (eg, through
the use of cleaners and deodorizers). In addition to H2O2
formation, secondary organic aerosol in excess of 10 µg/m3
to greater than 100 µg/m3 was generated by reactions of
ozone and d-limonene. It seems likely that indoor particle
concentrations would exceed the PM2.5 standard under
high indoor ozone concentration with use of d-limonenecontaining cleaners. Because people spend approximately
80% to 90% of their time indoors, human exposure to
H2O2 in indoor environments could be substantial. The
same reactions that form H2O2 also form substantial quan
tities of secondary organic aerosols. Secondary organic

Figure B.4. Particle number and mass concentrations in presence of ozone
(100 ppb) and d-limonene (215–265 ppb). Particle number and mass con
centrations decreased immediately after turning off the ozone generator.

aerosol formed from reactions of d-limonene and other alk
enes with ozone comprises polar, hygroscopic com
pounds. Such an aerosol will take up water [like
(NH4)2SO4] and enable H2O2 to partition into the particle
phase. Particle-associated H2O2 appears to be more readily
transported to the lower lung where it can cause the tissue
damage identified in the toxicologic assessments.
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air exchange rate
analysis of variance
standard atmosphere
bronchoalveolar lavage

C6H5C(CH3)2OOH cumene hydroperoxide
CO
COX
DMEM
DS
EDTA

carbon monoxide
cyclooxygenase (COX-1, COX-2)
Dulbecco modified Eagle medium
diffusion scrubber
ethylenediaminetetraacetic acid

EPA

Environmental Protection Agency
(US)

FBS

fetal bovine serum

GdCl3

gadolinium chloride

H2O2

hydrogen peroxide

HBSS

Hank balanced salt solution

HO-1

heme oxygenase-1

HRP

horseradish peroxide

HSP

heat shock protein (HSP60, HSP70)
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IFN-
I/O
K
kd
LDH
LPS
NF B
(NH4)2SO4
NOS II

interferon-

PM2.5

PM < 2.5 µm in aerodynamic diameter

indoor to outdoor ratio

PM10

PM < 10 µm in aerodynamic diameter

Kelvin
kilodalton
lactate dehydrogenase
lipopolysaccharide
nuclear factor B
ammonium sulfate
inducible nitric oxide synthase

18O

oxygen-18

PBS

phosphate-buffered saline

PHPA
PM

p-hydroxyphenylacetic acid
particulate matter

ppb

parts per billion

ppbv

ppb by volume

ppm

parts per million

ppmv

ppm by volume

PTFE

polytetrafluoroethylene (Teflon)

2

R

coefficient of determination

SDS

sodium dodecyl sulfate

SF6

sulfur hexafluoride

TDLAS
TNF-
TPA

tunable diode laser absorption
spectroscopy
tumor necrosis factor 
12-O-tetradecanolyphorbol-13-acetate
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COMMENTARY
Health Review Committee

Epidemiologic studies have established an association
between short-term increases in ambient levels of particu
late matter (PM*) and increases in morbidity and mor
tality, especially in individuals with preexisting
cardiovascular or respiratory disease (Dockery and Pope
1994; Goldberg et al 2000; Klemm et al 2000; Samet et al
2000). Despite the consistency of the epidemiologic find
ings, however, the biological mechanisms underlying
these associations are not well understood. One set of
research questions has focused on the role of particle
attributes (such as size, surface properties, and composi
tion) in causing adverse health effects. In 1996, the Health
Effects Institute issued Request for Applications (RFA)
96-1, Mechanisms of Particle Toxicity: Fate and Bioreactivity of Particle-Associated Compounds, for studies that
would improve our understanding of the characteristics of
ambient particles that may be toxicologically relevant.
Specifically, HEI was interested in research investigating
the biologic role of compounds associated with inhaled
particles (that is, their bioavailability and fate) and how
they interact with cell components across species. Deter
mining which attributes of PM are most toxic is important
in order to focus efforts to control ambient PM concentra
tions on the most toxic components.
In response to this RFA, Dr Debra Laskin of Rutgers
University and colleagues proposed to investigate the role
of hydrogen peroxide (H2O2) associated with fine PM2.5
(less than 2.5 µm in aerodynamic diameter) in causing
lung inflammation in rats. They hypothesized that fine PM
would transport hydrogen peroxide into the lower lung,
where this compound could contribute to lung tissue
i n j u r y. T h e y p r o p o s e d t o u s e a m m o n i u m s u l f a t e
[(NH4)2SO4] as a model particle of fine PM because of its
prevalence in the eastern United States and its low reported
toxicity (Loscutoff et al 1985; US Environmental Protection
Agency [EPA] 2001). Rats would be exposed to hydrogen
peroxide, ammonium sulfate, or combinations thereof.
Health endpoints would include assessment of lung tissue
injury, inflammatory markers, and activation of alveolar
macrophages, which are involved in the first line of defense
against foreign objects that enter the lung. The HEI Research
Committee decided to fund this study because they thought
that the project would provide valuable insight into

particulate transport of gaseous compounds into the lung
and would provide important information on the health
effects of peroxides.†
This Commentary is intended to aid the sponsors of HEI
and the public by highlighting both the strengths and lim
itations of the study and by placing the Investigators’
Report into scientific and regulatory perspective.
SCIENTIFIC BACKGROUND
PM is a complex, heterogeneous mixture of solid and
liquid components, also called aerosols. Primary particles
originating from combustion sources usually consist of a
carbonaceous core with chemicals (such as sulfates,
metals, and polycyclic aromatic hydrocarbons) adsorbed
to their surfaces. In addition, secondary particles form by
chemical reactions in the atmosphere of primary particles
with gases, (such as nitric oxides, ozone, and sulfur oxides,
which are strong oxidants), leading to formation of nitrates
and ammonia. The specific composition and size distribu
tion of PM varies by region, time of year, time of day,
weather conditions, and other factors. For example, sul
fates dominate the PM2.5 mixture in the eastern United
States (EPA 2001; Zheng et al 2002), whereas nitrates are
more abundant in the western United States (EPA 2001).
Hydroperoxides, compounds with the chemical formula
ROOH (in which R represents a group of carbon and
hydrogen atoms), are oxidants found in the atmosphere.
Hydrogen peroxide (formula HOOH) is the simplest hydro
peroxide. Its ambient concentrations show seasonal and
diurnal variation and also vary in response to weather con
ditions, such as humidity (Jackson and Hewitt 1999;
Largiuni et al 2002; Moortgat et al 2002), and atmospheric
levels of nitrogen oxides (Lee et al 2000). Gas phase con
centrations of atmospheric hydrogen peroxide have been
reported to range from 0.1 to 6.3 ppb by volume (Jackson
and Hewitt 1999). Ground level concentrations are typi
cally lower than concentrations at higher altitudes (Heikes
et al 1987; Lee et al 2000), with the possible exception of
heavy smog conditions (Kok et al 1978). Hydrogen per
oxide gas is soluble and can be adsorbed onto the organic
or water fraction of PM in a process termed gas-particle

†

* A list of abbreviations and other terms appears at the end of the Investiga
tors’ Report.
This document has not been reviewed by public or private party institu
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

Health Effects Institute Research Report 117 © 2003

Dr Laskin’s 3-year study, Role of Peroxides and Macrophages in Fine Particulate Matter Toxicity, began in January 1997. Total expenditures were
$448,319. The draft Investigators’ Report from Laskin and colleagues was
received for review in May 2001. A revised report, received in January 2002,
was accepted for publication in February 2002. During the review process,
the HEI Health Review Committee and the investigators had the opportu
nity to exchange comments and to clarify issues in both the Investigators’
Report and in the Review Committee’s Commentary.
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partitioning (Liang et al 1997; Choi and Chan 2002).
Hydrogen peroxide is much more readily adsorbed onto
PM than other peroxides although the majority of
hydrogen peroxide molecules in the atmosphere remain in
the gas phase (Friedlander and Yeh 1998; Wexler and
Sarangapani 1998).
Increasing evidence suggests that specific components
of PM (eg, metals) are associated with adverse health
effects (Pope 1996; Ghio and Devlin 2001). Long-term
exposure to airborne sulfates, a major component of PM,
has been associated with premature mortality (Krewski et
al 2000; Pope et al 2002). Additionally, an increase in sul
fate levels has been associated with an increase in hospital
admissions for respiratory and cardiac disease the fol
lowing day (Burnett et al 1995). However, sulfate levels
often correlate closely with PM2.5 levels and acidity, which
are also associated with adverse health effects and are
more likely causal factors (Lippmann and Thurston 1996).
In addition, toxicologic evidence generally has not found
adverse effects of ammonium sulfate, even at high expo
sure concentrations (Schlesinger and Cassee 2003).
Inhalation of high concentrations of hydrogen peroxide,
which is widely used in industrial settings, irritates the
nose and throat (Hathaway et al 1996). Occupational expo
sure limits have been set at 1 ppm, or 1.4 mg/m3, averaged
over an 8 hour workday (US Occupational Safety and
Health Association 2002), but ambient levels of hydrogen
peroxide are in the ppb range, about a hundredfold to a
thousand fold less than this standard (Jackson and Hewitt
1999). Hydrogen peroxide also is produced in the body by
alveolar macrophages as part of the respiratory burst that
occurs during early stages of the inflammatory response
(Kinnula et al 1991). Activated macrophages consume
increased amounts of oxygen (hence, respiratory burst) and
convert it to superoxide (O2). Superoxide is then rapidly
converted to hydrogen peroxide by superoxide dismutase
(Murphy et al 1995). The hydrogen peroxide produced
kills bacteria and other foreign bodies, but accumulated
amounts may become toxic to the body’s own cells. For
example, hydrogen peroxide causes cytotoxicity in human
airway epithelial cells and rat alveolar type II epithelial
cells (Rice et al 1992; Gabrielson et al 1994) and inhibits
alveolar macrophage proliferation (Patton et al 1997). In
addition, hydrogen peroxide exposure reportedly
increases capillary permeability in isolated perfused rat
lungs (Habib and Clements 1995), damages the plasma
membrane of pulmonary arterial cells (Block 1991), and
increases permeability of the alveolar cell monolayer and
alveolar type II cells (Kim and Suh 1993; Gardner et al
1997). Another study showed that hydrogen peroxide
inhibited phagocytosis and superoxide anion production
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by alveolar macrophages while cell viability was unaf
fected (Oosting et al 1990). In guinea pigs, instillation of
0.1 to 1 M hydrogen peroxide solution caused an increase
in vascular permeability (a sign of inflammation) as well as
bronchoconstriction (Misawa and Arai 1993).
Based on limited evidence of hydrogen peroxide’s
ability to associate with particles, some researchers have
hypothesized that hydrogen peroxide transported by PM
into the lower lung may contribute to the adverse health
effects of PM (Friedlander and Yeh 1998). To address this
hypothesis, Laskin and colleagues—who had previously
explored alveolar macrophage responses to ozone (Pendino et al 1994, 1995; Laskin and Pendino 1995; Laskin
and Laskin 2001)—proposed to investigate the effects of
inhaled hydrogen peroxide in combination with fine PM
on rat lung. They chose ammonium sulfate particles
because of their abundance in ambient air and their rela
tively low toxicity in toxicologic assays.

TECHNICAL EVALUATION
SPECIFIC AIMS
Laskin and colleagues addressed two major specific
aims in their study:
•

To determine whether inhaled hydrogen peroxide
contributes to PM-induced lung tissue injury;

•

To determine whether a mixture of ammonium sulfate
and hydrogen peroxide activates alveolar macrophag
es, which then contribute to lung injury.

To accomplish these aims, they built an exposure system
and a hydrogen peroxide detector. The investigators also
performed several studies using hydrogen peroxide
labeled with oxygen-18 (18O), an organic hydro-peroxide
(cumene hydroperoxide), and an inhibitor of ozoneinduced pulmonary injury (gadolinium chloride). They
also monitored formation of hydrogen peroxide in an
indoor environment.
The investigators accomplished their objectives, with
exception of the gadolinium chloride experiments, which
were not completed due to a suspected infection in the rat
colony. The experiments evaluating the formation of
hydrogen peroxide in an indoor environment were outside
the scope of the original research proposal.
APPROACH
The investigators built an exposure system to generate
aerosols (ammonium sulfate, or ammonium sulfate with
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hydrogen peroxide) and gases (hydrogen peroxide alone or
filtered air) (section 1). They also built a detector to provide
continuous measurements of hydrogen peroxide during
animal exposures (section 2). Groups of female Sprague
Dawley rats weighing 150 to 175 g were exposed for 2 hours
to ammonium sulfate particles, gas-phase hydrogen per
oxide, a combination of ammonium sulfate particles and
hydrogen peroxide, or filtered air (section 3). Additional
groups remained unexposed. The investigators obtained
bronchoalveolar lavage (BAL) fluid and lung tissue immedi
ately and 24 hours after exposure to evaluate markers of
inflammation, macrophage activation, and cell stress. Iden
tical experimental conditions were used for 18O-labeled
hydrogen peroxide (Appendix A) and cumene hydroper
oxide exposures (section 3). To assess indoor hydrogen per
oxide formation, the investigators introduced ozone with or
without the cleaning agent d-limonene into indoor offices
(Appendix B). d-Limonene is commonly found in indoor
environments and contributes to chemical reactions and
hydrogen peroxide formation (Hoffmann et al 1997).
METHODS
Aerosol Generation
Solutions of ammonium sulfate, ammonium sulfate +
hydrogen peroxide, or cumene hydroperoxide were placed
into a nebulizer to create aerosol atmospheres. Cumene
hydroperoxide was chosen because it forms particles when
aerosolized. The ammonium sulfate particle size was 0.45
± 0.15 µm in mass median diameter. Particle number, mass
concentrations, and relative humidity were adjusted by
diluting the solution in the nebulizer; dilution did not alter
the particle diameter. The cumene hydroperoxide particle
size was also 0.45 ± 0.1 µm. Hydrogen peroxide gas and fil
tered air were created by bubbling compressed air through
hydrogen peroxide liquid or water, respectively. The con
centration of hydrogen peroxide gas was linearly related to
the concentration of hydrogen peroxide in the solution.
Relative humidity was adjusted to 85% for all exposure
atmospheres except cumene hydroperoxide, which was
kept at 45% relative humidity. The investigators created a
solvent control atmosphere for the cumene hydroperoxide
experiments by filtering out all cumene hydroperoxide
particles after they left the nebulizer.
Exposure Procedures
The investigators designed and tested a six-port, noseonly rat exposure system (Li et al 2000). Exposure condi
tions were monitored continuously in two empty exposure
ports using an online hydrogen peroxide detector. The
total flow rate was 3.2 L/min, with individual exposure

ports receiving approximately 0.5 L/min. Two to four rats
were exposed simultaneously. For some experiments the
animals were acclimated to the exposure chamber for
1 hour on 2 days preceding experimental exposures.
Exposure concentrations were 430 µg/m3 ammonium
sulfate; 10, 20 and 100 ppb gas-phase hydrogen peroxide
gas; and all combinations of ammonium sulfate and
hydrogen peroxide. Exposure concentrations measured in
ports containing rats were 30% lower than in empty ports
(ie, 290 µg/m3 ammonium sulfate, and 7, 14 and 72 ppb
hydrogen peroxide). Additional experiments used
430 µg/m3 ammonium sulfate + 20 ppb 18O-hydrogen per
oxide, 430 µg/m3 ammonium sulfate + 70 ppb
18O-hydrogen peroxide, 200 ppb 18O-hydrogen peroxide,
and 100 µg/m3 cumene hydroperoxide.
Markers of Lung Inflammation
The researchers examined a variety of inflammatory
markers and indicators of macrophage activation (Commen
tary Table 1). Some endpoints were evaluated with a limited
number of exposure atmospheres or at only one of the timepoints (0, 24, 48 or 72 hours after exposure). The investiga
tors obtained BAL fluid to determine cell counts, cell
viability, and content of protein and lactate dehydrogenase
(LDH). The presence of white blood cells other than alveolar
macrophages (or protein) in BAL fluid is recognized as a
general marker of an inflammatory response; LDH is gener
ally considered to be a sensitive marker for cytotoxicity.
Macrophages were isolated and cultured for further testing.
Subsequently, lungs were removed, preserved and sec
tioned for histologic examination by light and electron
microscopy. The investigators examined lung tissue for
signs of inflammation, such as neutrophil influx and
adherence. Additional lung sections were stained with
antibodies for the inflammatory cytokine tumor necrosis
factor  (TNF-) and for nitrotyrosine, a marker for produc
tion of reactive nitrogen oxide intermediates.
Activation of Alveolar Macrophages
Macrophages were isolated from BAL fluid collected 0,
24, 48 or 72 hours after rats were exposed to experimental
atmospheres. Macrophages were cultured in vitro and
tested for production of superoxide anion, nitric oxide,
peroxynitrite anion (ONOO), and inducible nitric oxide
synthase (known as iNOS or NOS II). Increased levels of
these compounds indicate formation of reactive oxygen
and nitrogen intermediates during the respiratory burst
that occurs when macrophages are activated. Thus, NOS II
mediates nitric oxide production by macrophages; super
oxide anion and nitric oxide combine to form peroxyni
trite. In turn, peroxynitrite is involved in formation of
nitrotyrosine (Ischiropoulos et al 1992).
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Commentary Table 1. Measurement of Inflammatory Endpoints and Macrophage Activation
Endpoint

Method

Time (hr)

Inflammation
Cell number, viability In BAL
Total protein content In BAL
LDH content
In BAL and serum

0, 24

Ammonium sulfate; 10, 20, or 100 ppb
hydrogen peroxide; combinations;
filtered air
Ammonium sulfate; 20 ppb hydrogen
peroxide; combination; filtered air
Ammonium sulfate; 10 or 20 ppb
hydrogen peroxide; combinations;
filtered air

Gross morphology

Electron microscopy of lung tissue slices

0, 24

TNF- and
nitrotyrosine

Immunohistochemistry of macrophages
in lung tissue slices

24

Macrophage Activation
Superoxide aniona and In culture medium
nitric oxideb
Peroxynitritea,b

In culture medium

NOS II, HO-1, HSP 60, Protein expressionb via Western blot
HSP 70, and COX-2
a

Stimulated with TPA.

b

Stimulated with LPS and/or IFN-.

Macrophages were also tested for production of three
heat shock proteins or HSPs (HSP60, HSP70, and heme
oxygenase-1 or HO-1, also known as HSP32) as well as the
protein cyclooxygenase-2 (COX-2). HSPs are general
markers of cell stress produced in response to inflamma
tion, tissue injury, or other stressors. Research has shown
that exposure to hydrogen peroxide in vitro increases HSP
expression (Kerendian et al 1992). Macrophage production
of COX-2 is induced by proinflammatory cytokines such as
TNF- and interleukin 1 (Feng et al 1995). HSPs and COX
2 were measured in macrophages collected after exposure
to ammonium sulfate + 20 ppb hydrogen peroxide only.
Macrophage assays were performed in unstimulated mac
rophages as well as macrophages stimulated by adding
12-O-tetradecanolyphorbol-13-acetate (TPA), lipopolysac
charide (LPS), and/or interferon- (IFN-) to the culture
medium. Stimulated macrophages produce higher levels of
proteins, facilitating detection.
Statistical Analyses of Section 3
The investigators used one-way analyses of variance
(ANOVAs) followed by multiple comparisons (section 3). A
P value  0.05 was considered statistically significant. End
points were compared in the following ways: unexposed
versus filtered air at 0 and 24 hours; filtered air versus
other atmospheres at 0 and 24 hours; and each atmosphere
at 0 hours versus the same atmosphere at 24 hours. For
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Exposure Concentration

0, 24

Ammonium sulfate; 10, 20, or 100 ppb
hydrogen peroxide; combinations;
filtered air
0, 24
Ammonium sulfate + 10 ppb hydrogen
peroxide; filtered air
0, 24, 48, 72 Ammonium sulfate + 20 ppb hydrogen
peroxide; filtered air

comparisons of two or more atmospheres, the Dunnett t test
was used; for comparison of one atmosphere at two times,
independent two-sample t tests were conducted. Data from
protein expression measurements using Western blots were
not analyzed quantitatively.
Peroxide Deposition
To quantify transport of hydrogen peroxide to the lower
lung, the investigators exposed rats to inhaled hydrogen
peroxide labeled with 18O alone or in combination with
ammonium sulfate (Appendix A). They measured 18O in
BAL cells and fluid as well as in scrapings from the nasal
passage, trachea, small airways, and lung parenchyma
immediately or 24 hours after exposure. Measurements
were compared with background 18 O levels in plasma.
Higher concentrations of hydrogen peroxide (70 ppb and
200 ppb) were used in these experiments than in the main
study because 18O levels after 20 ppb hydrogen peroxide
were close to the detection limit. Four animals were used
per treatment group.
Indoor Hydrogen Peroxide Formation
In furnished, unoccupied indoor offices, the investigators
evaluated formation of hydrogen peroxide arising from 80 to
175 ppb ozone reacting with 100 to 360 ppb d-limonene
(Appendix B). Experiments were performed in one office;
another office was used as a control environment. The
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investigators introduced ozone and/or d-limonene into the
office at low (< 10%) or moderate (25%–35%) relative
humidity and low (2–4/hour) or high (12–18/hour) air
exchange rates. Hydrogen peroxide levels were measured
continuously for 2 hours after introduction of the com
pounds into the room. Air exchange rate, relative humidity,
temperature, concentrations of ozone and d-limonene, and
particle numbers were also monitored continuously.
RESULTS AND INTERPRETATION
Exposure to Ammonium Sulfate and Hydrogen Peroxide
An overview of key results is presented in Commentary
Table 2 and summarized here. (All results are compared to
filtered air exposure.) A decrease in cell number and an
increase in cell viability (but no other changes in inflamma
tory endpoints) were observed after exposure to ammonium
sulfate alone. Exposure to gas-phase hydrogen peroxide
alone caused several changes in inflammatory endpoints. In
some cases, exposure to combinations of ammonium sulfate
and hydrogen peroxide aerosol produced larger effects than
exposure to hydrogen peroxide alone.

Commentary Table 2. Signs of Inflammation and
Macrophage Activationa

Endpoint
Inflammation
Neutrophils
TNF-
Nitrotyrosine

Ammonium Hydrogen
Sulfate
Peroxide

Ù
Ù
×

Macrophage Activation
Superoxide
Ù
anion
Nitric oxide
Ø
(stimulated)
Peroxynitrite
NM
(stimulated)
HO-1 and
NM
HSP 60
a

×
×
Ù

Ammonium Sulfate
+ Hydrogen
Peroxide

×
×
×

×(24)b

×(0)b

Ø

Ø(24)

NM

Ø

NM

Ø(unstimulated)
×(stimulated)

Staining for the inflammatory cytokine TNF- was greater
in macrophages collected after exposure to 20 ppb hydrogen
peroxide. TNF- staining was even greater in macrophages
collected after exposure to a combination of ammonium sul
fate and 20 ppb hydrogen peroxide. Exposure to 10 ppb
hydrogen peroxide alone or in combination with ammonium
sulfate did not lead to increased TNF- staining. No mea
surements were made using 100 ppb hydrogen peroxide.
Production of superoxide anion, a reactive oxygen inter
mediate, was higher in macrophages collected immedi
ately after exposure to combined ammonium sulfate and
20 ppb hydrogen peroxide or 24 hours after exposure to
20 ppb hydrogen peroxide alone. However, exposure to
10 or 100 ppb hydrogen peroxide alone or combined with
ammonium sulfate did not cause significantly different
superoxide anion production at 0 or 24 hours.
Nitric oxide production from stimulated macrophages
collected at 24 hours was lower after exposure to all con
centrations of hydrogen peroxide as well as after exposure
to 10 or 100 ppb hydrogen peroxide combined with ammo
nium sulfate. In contrast, more nitric oxide was produced
by unstimulated macrophages. Nitrotyrosine staining was
also greater in macrophages collected after exposure to
ammonium sulfate alone or after exposure to 10 or 20 ppb
hydrogen peroxide in combination with ammonium sul
fate. Not all exposure concentrations were tested.
Serum LDH was higher after exposure to 20 ppb hydrogen
peroxide but unchanged for all other exposure atmospheres.
Other endpoints were not significantly different.
Exposure to Cumene Hydroperoxide

Ù, no change compared to filtered air; ×/Ø, higher / lower than with
filtered air; (0)/(24), effect occurred at 0/24 hours after exposure only;
NM, not measured.

b

After exposure to 20 ppb hydrogen peroxide, a larger
number of neutrophils was identified in capillary spaces
adjacent to the terminal respiratory bronchioles as well as in
alveolar ducts. In addition, greater adherence of neutrophils
to vascular endothelium was observed. These effects were
more pronounced after exposure to a combination of ammo
nium sulfate and 20 ppb hydrogen peroxide. No other
hydrogen peroxide concentrations were tested, however.

Effects only seen with 20 ppb hydrogen peroxide, not with 10 or 200 ppb.

Additional results: cell number and viability were higher after exposure to
ammonium sulfate alone but were unchanged with the other exposure
atmospheres. Serum LDH was higher after exposure to 20 ppb hydrogen
peroxide but unchanged with the other exposure atmospheres.

An overview of key results is presented in Commentary
Table 3. Exposure to cumene hydroperoxide aerosol induced
differences in fewer endpoints than did exposure to
hydrogen peroxide in combination with ammonium sulfate.
More NOS II was produced by macrophages from rats
exposed to cumene hydroperoxide than by macrophages
from unexposed rats, but a similar NOS II level was produced
by macrophages from rats exposed to the solvent control.
More HO-1 and nitric oxide were produced by macrophages
from rats exposed to the solvent control than by unexposed
rats and rats exposed to cumene hydroperoxide.
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Commentary Table 3. Key Findings After Cumene
Hydroperoxide and Solvent Control Exposuresa
Endpoint
Superoxide anion
(stimulated)
Nitric oxide
NOS II
HO-1

Solvent Control

Cumene
Hydroperoxide

Ù
×(24)
×
×

Ù
Ù
×
Ù,Øb

a Ù, no change compared with unexposed animals; ×/Ø,
increased/decreased compared with unexposed animals; (0)/(24), effect
observed
at 0/24 hours exposure only.
b

Decreased compared with rats exposed to solvent control but no
significant difference compared with unexposed rats.

Deposition of 18O-Labeled Hydrogen Peroxide
The investigators did not detect 18O in scrapings from the
nasal passage, trachea, small airways, or lung parenchyma
after the animals were exposed to 70 ppb 18O-hydrogen per
oxide with ammonium sulfate. Exposure to 200 ppb
18
O-hydrogen peroxide gas or a combination of ammonium
sulfate and 70 ppb 18O-hydrogen peroxide yielded higher 18O
levels in BAL fluid and BAL cells. 18O levels in BAL fluid
were greater after the combined exposure, compared with
hydrogen peroxide alone, indicating that sulfate particles
facilitated transport of hydrogen peroxide to the lower lung.

DISCUSSION
The investigators designed this study to investigate the
effects of exposure to hydrogen peroxide alone or in com
bination with particles on rat lungs. In order to carry out
their goal, they successfully built a system to generate and
monitor exposure atmospheres of hydrogen peroxide gas,
ammonium sulfate as a model of fine PM, hydrogen per
oxide in combination with ammonium sulfate particles,
and a cumene hydroperoxide aerosol.
INFLAMMATORY EFFECTS OF AMMONIUM
SULFATE ALONE
The investigators observed that exposure to ammonium
sulfate alone modestly affected BAL cell number and via
bility and yielded a higher number of macrophages staining
positive for nitrotyrosine. This finding is consistent with
other animal inhalation studies, which found some effects
of exposure to sulfates but usually only after prolonged
exposure or at concentrations above ambient levels (Loscu
toff et al 1985; Smith et al 1989; Schlesinger et al 1990;
Heyder et al 1999; Maier et al 1999). A human study using
ammonium sulfate, ammonium bisulfate, and sulfuric acid
showed no adverse effects on lung function after controlled
exposure for 2 hours per day for several days at concentra
tions intended to simulate worst case exposures during Los
Angeles smog episodes (Avol et al 1979). These studies con
firm that ammonium sulfate is unlikely to cause lung injury
at the concentrations used in the current study.

Indoor Hydrogen Peroxide Formation
Between 0.58 and 1.5 ppb hydrogen peroxide was pro
duced after introduction of d-limonene and ozone into an
indoor office environment. Introduction of either substance
alone did not lead to formation of hydrogen peroxide. Air
exchange rates and relative humidity also affected the for
mation of hydrogen peroxide: Particle numbers and
hydrogen peroxide concentrations were higher with a low
air exchange rate than with a high exchange rate. The
hydrogen peroxide concentration tended to be higher with
28% to 35% relative humidity than with 10% relative
humidity, but this difference was not significant. Particle
bursts (sudden large increases in particle number) were
observed after contact of d-limonene with ozone. Initially,
the largest number of particles was in the 0.1 to 0.2 µm size
range. Subsequently, the size distribution showed a peak at
the 0.2 to 0.3 µm size range, indicating that the particles rap
idly aggregated into larger particles upon formation. Particle
numbers did not increase significantly after introduction of
either ozone or d-limonene into the room.
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INFLAMMATORY EFFECTS OF HYDROGEN PEROXIDE
WITH AMMONIUM SULFATE
The study provided evidence of lung injury 24 hours
after exposure to hydrogen peroxide or a combination of
hydrogen peroxide and ammonium sulfate. Lung injury
was most clearly manifested by induction of the inflamma
tory cytokine TNF- in lung epithelium and macrophages.
In addition, lung capillaries showed increased numbers of
neutrophils as well as enhanced endothelial adhesion of
these neutrophils. Other changes were observed in mac
rophage production of superoxide anion (a reactive oxygen
intermediate) and in lung staining for nitrotyrosine, a
marker for reactive nitrogen intermediates. Many other
inflammatory endpoints were not changed, however.
Although these observations suggest lung injury and mac
rophage activation, interpretation of the results is compli
cated by several factors. For example, there was no evidence
for clear dose-response relations; many effects were
observed after exposure to 20 ppb but not 100 ppb hydrogen
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peroxide. This lack of a consistent dose-response relation
(ie, fewer effects observed at the highest dose) weakens the
evidence for an association between hydrogen peroxide
exposure and lung injury. The reasons for the lack of a
dose-response relation are unclear. The investigators
hypothesized that tolerance may have occurred at higher
concentrations. In pharmacologic experiments, a dimin
ished effect may be observed when concentrations increase
above an apparent optimum, resulting in an inverted Ushape to the dose-response curve. For example, alveolar
macrophages exposed to higher doses of hydrogen peroxide
(75–100 pmol/106 cells) produced less superoxide anion
than macrophages exposed to lower doses (10–
25 pmol/106 cells) (Murphy et al 1995), but whether such a
phenomenon explains the patterns observed in the current
study remains unclear. The fact that several endpoints were
assessed at only one concentration of hydrogen peroxide
also complicates generalization of the results.
The 18O in BAL fluid and cells observed after exposure to
peroxide gas demonstrated that hydrogen
peroxide can reach the lower lung and cause inflammatory
changes. This finding was unexpected because hydrogen
peroxide has been hypothesized to dissolve in the upper air
ways and not reach the lower lung (Wexler and Sarangapani
1998). Evidence for deposition was obtained with concen
trations of 200 ppb hydrogen peroxide gas and 70 ppb
hydrogen peroxide with ammonium sulfate. Some uncer
tainty remains regarding deposition of lower concentrations
(10 and 20 ppb) of hydrogen peroxide in the lower lung
because 18O was near the detection limit at those concentra
tions. In addition, the equilibrium between peroxide gas and
peroxide particles may depend on the concentration.

18O-hydrogen

The investigators observed larger amounts of 18O in BAL
fluid and cells after exposure to hydrogen peroxide and
ammonium sulfate combined than after hydrogen peroxide
alone. They also observed larger increases in neutrophil
numbers and TNF- expression after exposure to hydrogen
peroxide with ammonium sulfate than after exposure to
hydrogen peroxide gas. Both observations support the
hypothesis that peroxides are transported into the lung.
The results of histology assessments such as neutrophil
influx and adherence are not easily quantifiable, however.
Therefore it is difficult to assess objectively whether one
exposure condition caused a larger change than another.
Interpretation of macrophage activation by hydrogen
peroxide is complicated by the fact that the investigators
evaluated the effects of hydrogen peroxide in stimulated as
well as unstimulated macrophages. Adding stimulating
agents, such as TPA, LPS and/or IFN-, is often done to
increase background levels of inflammatory proteins. In the
current study, effects of hydrogen peroxide in unstimulated

macrophages were sometimes different from effects
observed in stimulated macrophages. For example, the
release of superoxide anion was not changed in unstimu
lated macrophages whereas it was higher in stimulated
macrophages obtained from exposed rats. Because TPA,
LPS and IFN- are much more potent stimulators of mac
rophages than air pollutants, the effects of hydrogen per
oxide and ammonium sulfate in stimulated macrophages
may be obscured or difficult to interpret.
INFLAMMATORY EFFECTS OF CUMENE
HYDROPEROXIDE
The fact that the investigators found more changes after
exposure of animals to the solvent than after cumene per
oxide makes these results inconsistent with some in vitro
studies that have reported changes after exposure to cumene
hydroperoxide. For example, exposure of perfused rat lungs
to either cumene hydroperoxide or hydrogen peroxide
reportedly decreased lung compliance, conductance, and
perfusate flow rate (Olafsdottir et al 1991). In another study,
cumene hydroperoxide caused a dose-dependent decrease
in the ability of rat alveolar macrophages to phagocytose for
eign matter (Hempenius et al 1992). The comparison
between cumene hydroperoxide and hydrogen peroxide in
the current study remains incomplete because the two end
points that were most affected by hydrogen peroxide expo
sure, TNF- expression and neutrophil influx into the lung,
were not assessed with cumene hydroperoxide.
Cumene hydroperoxide was chosen for this study
because it forms particles and is commercially available (it
is used in phenol production and as a polymerization cata
lyst: Tice and Brevard 1998). It may not be the most suit
able organic peroxide for such comparative experiments,
however. Organic peroxides consist of the chemical form
ROOR, with R representing a group of carbon and
hydrogen atoms, the simplest being a methyl group (CH3).
Several organic peroxides have been identified in ambient
a i r, i n c l u d i n g m e t h y l h y d r o p e r o x i d e ( C H 3 O O H ) ,
hydroxymethyl hydroperoxide (HOCH2OOH), and ethyl
hydroperoxide (CH3CH2OOH) (Lee et al 2000). Organic
peroxides are usually measured in the atmosphere as a
group because of their many different forms and difficulty
in quantifying them individually (Lee et al 2000; Moortgat
et al 2002). Concentrations of organic peroxides are highest
in areas with low levels of nitric oxides, but even in these
conditions levels are generally much lower than levels of
hydrogen peroxide in ambient air (Lee et al 2000). To date,
cumene peroxide has not been detected in the ambient
atmosphere. Therefore, the results with cumene peroxide
may not be generalizable to organic peroxides that are
present in the atmosphere.
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AMMONIUM SULFATE AS A MODEL FOR PM2.5
Because sulfate is a major component of PM2.5, especially
in the eastern United States (EPA 2001), the choice of the
relatively inert ammonium sulfate as a particle seems valid.
PM2.5 also contains metals, organic compounds and other
substances, however. Because organic and mineral com
pounds are nonhygroscopic, most ambient PM is less hygro
scopic than ammonium sulfate. Therefore, ambient PM
would be likely to transport less hydrogen peroxide into the
lung than the model particle ammonium sulfate in the cur
rent study. In addition, it remains unclear whether the
hydrogen peroxide used in the study was adsorbed onto the
ammonium sulfate particles or whether it remained a sepa
rate component within the mixed atmosphere. A study by
Jakab and colleagues (1992) showed that carbon black parti
cles were not effective transporters of formaldehyde gas,
which is soluble, to the lower respiratory tract. Those results
suggest that soluble gases may not necessarily be readily
adsorbed onto particles. In a study modeling the human
airway, Wexler and Sarangapani (1998) predicted that only
compounds with high water solubility and high Henry’s law
constant (which indicates gas/water partitioning), such as
hydrogen peroxide, would be sufficiently adsorbed onto PM
to be carried into the respiratory regions of the lung. How
ever, their models showed that these compounds would be
diluted by a factor of 20 before reaching the lower lung due
to the high humidity in the respiratory tract. Whether dilu
tion due to humidity would have consequences for the final
concentration of hydrogen peroxide delivered to the lung
epithelium in this study remains to be determined.
STATISTICAL ANALYSES
The statistical design was appropriate for this study.
However, the quality of the analysis could have been
improved by increasing and balancing the sample size of
exposure groups and collecting data for all exposure atmo
spheres and concentrations. The number of experiments
per exposure category ranged from 4 to 21 with 2 to 4 rats
per experiment, creating large disparities among the
number of data entries for each group. These disparities
reduced statistical power and thereby the likelihood of
finding significant differences. In addition, some end
points (such as neutrophil influx and tissue staining for
TNF- and nitrotyrosine) are hard to quantify. Whether
one exposure condition produces greater staining than
another remains largely subjective, complicating interpre
tation of the results. Importantly, ANOVAs assume that sta
tistical variation follows a normal distribution with
constant variance. The validity of these assumptions is
suspect and is not addressed in the report.
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SUMMARY AND CONCLUSIONS
Laskin and colleagues found evidence for lung inflam
mation and activation of alveolar macrophages in rats
exposed to hydrogen peroxide gas as well as in rats
exposed to hydrogen peroxide in association with ammo
nium sulfate at concentrations that are one to two orders of
magnitude greater than concentrations in ambient air. The
most consistent effects were increased neutrophil influx,
neutrophil adherence, and TNF- expression in lung
tissue. The presence of 18O in BAL cells and fluid con
firmed that hydrogen peroxide alone penetrated the lower
lung and, to a greater extent, in combination with ammo
nium sulfate. These results suggest that ammonium sulfate
particles can transport hydrogen peroxide into the lower
airways and induce inflammation. Some evidence sug
gested that the effects of combined exposure were greater
than exposure to hydrogen peroxide alone. Caution is
needed in interpreting these data, however, due to a lack of
dose-response relations for some endpoints (eg, super
oxide anion and nitric oxide production by alveolar mac
rophages) and a lack of quantification of other endpoints
(eg, neutrophil influx and HSP expression by alveolar mac
rophages). In addition, many other inflammatory endpoints
did not change after exposure to hydrogen peroxide with or
without ammonium sulfate. Whether ammonium sulfate or
other particles indeed promote transport of peroxides and
other oxidants into the lung at ambient concentrations,
thereby increasing the possibility for adverse effects, is still
uncertain and remains to be investigated further.
Exposure to cumene peroxide had less of an effect than
hydrogen peroxide exposure, but these results may not be
generalizable to other organic peroxides. Finally, the inves
tigators demonstrated that low levels of hydrogen peroxide
may form in indoor environments under highly polluted
conditions. Potential health effects of indoor exposure to
peroxides remains subject to further investigation.
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