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Atmospheric pollutants represent an important source of oxidative and nitrosative stress to both
terrestrial plants and to animals. The exposed biosurfaces of plants and animals are directly
exposed to these pollutant stresses. Not surprisingly, living organisms have developed complex
integrated extracellular and intracellular defense systems against stresses related to reactive
oxygen and nitrogen species (ROS, RNS), including 03 and NO2. Plant and animal epithelial
surfaces and respiratory tract surfaces contain antioxidants that would be expected to provide
defense against environmental stress caused by ambient ROS and RNS, thus ameliorating their
injurious effects on more delicate underlying cellular constituents. Parallelisms among these
surfaces with regard to their antioxidant constituents and environmental oxidants are presented.
The reactive substances at these biosurfaces not only represent an important protective system
against oxidizing environments, but products of their reactions with ROS/RNS may also serve as
biomarkers of environmental oxidative stress. Moreover, the reaction products may also induce
injury to underlying cells or cause cell activation, resulting in production of proinflammatory
substances including cytokines. In this review we discuss antioxidant defense systems against
environmental toxins in plant cell wall/apoplastic fluids, dead keratinized cells/interstitial fluids of
stratum corneum (the outermost skin layer), and mucus/respiratory tract lining fluids.- Environ
Health Perspect 1 06(Suppl 5):1241-1251 (1998). http.//ehpnetl.niehs.nih.gov/docs/1998/Suppl-5/
124 1-1251cross/abstract.html
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Atmospheric pollutants, largely arising as
primary and secondary products of
combustion, represent an important
source of environmental oxidative stress to
terrestrial plants, animals, and other
organisms. As such, widespread attempts
have been made to evaluate plant and
mammalian responses to environmental
oxidants, of which 03, one of a number of
potential environmental surface oxidants,
has perhaps been the most studied. Many
studies have focused on documenting such

important end points as crop yield, forest
decline, and human health (1-4).
Recently, many pathobiologic studies
have focused on the involvement of reac-
tive oxidative species (ROS) (5) and the
biologic antioxidant protective mech-
anisms induced by oxidative stress,
especially with regard to antioxidant
enzyme induction in the context of toler-
ance, e.g., ascorbate-specific peroxidases,
catalase and superoxide dismutases in
plants (6-8), and glutathione peroxidase,
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superoxide dismutases (SOD), and catalases
in animals (9-11).

However, it is the outermost tissues of
plants and animals that are initially directly
exposed to gaseous environmental toxi-
cants, including environmental oxidants.
Their extracellular antioxidant defenses
will be the first to encounter insult and
may, in fact, be solely responsible for
antioxidant defense in situations in which
environmental oxidative stress fails to reach
levels that penetrate these defenses to reach
underlying cell membrane surfaces. Thus,
in a sense, it is failure of this defense sys-
tem that brings oxidants to the surface of
underlying plasma membranes, causing
injury to plant or animal cells.

The aim of this review is to highlight
certain parallels between the antioxidant
mechanisms responsible for protecting
diverse environmentally exposed biosur-
faces. Although there are numerous other
environmental oxidants that contribute to
surface oxidative stress (e.g., oxides of
nitrogen, cigarette smoke, radiation), our
focus will be on 03 as a representative
environmental oxidant and on the antioxi-
dants with which it can be expected to
react at plant, skin, and respiratory tract
surfaces. Although in most circumstances
the oxidant can be expected to be neutral-
ized, products of reactions with con-
stituents of the extracellular fluids, e.g.,
cytotoxic aldehydes produced by reactions
of 03 with extracellular lipids (12-14),
may be largely responsible for cell or tissue
injury by environmental toxins.

Structural Considerations
The similarities of the interfaces between the
environment and plant and animal tissues
are simplistically depicted in Figure 1. In
plants, uptake of environmental toxins can
be expected to occur mainly at the cell wall
surface and, via the stomata, within the
extracellular apoplastic fluids (15-17). The
skin and the respiratory tract are the animal
organs most direcdy exposed to oxidant air
pollutants. Although numerous studies have
documented the effects of oxidants on
lungs, and have to some extent directed
attention to the importance of the respir-
atory tract lining fluids (RTLFs) (18-22),
only a few studies have described possible
oxidative pollutant effects on cutaneous
tissues (23-26).

RTLFs vary in different levels of the
respiratory tract. The thickness of these lay-
ers has only been estimated, not rigorously
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whereas in the distal bronchoalveolar
regions, RTLF depth is only 0.2 to 0.5 pm
(18,27-29). The composition of RTLFs
also varies widely, with mucins present in
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Figure 1. In (A) plants, environmental oxidants first react with components of the leaf surface, stomata, and extra-
cellular apoplast before encountering the plasma membranes of the underlying cells. The apoplastic fluid contains
substantial amounts of ascorbic acid. In animals, the inhaled environmental oxidant first encounters the (B) skin or
the (C) RTLFs, and their contained antioxidants, including ascorbic acid.

Table 1. Human respiratory tract lining fluids.a

Thickness, pm Surface area, cm2 Volume, ml Turnover

Nasal 5-10 180 0.15 ?>1000x/day
Airways 1-10 4500 3.5 ?>20x/day
Alveoli 0.5-0.2 885,000 9 ???

'Based largely on morphologic data (18).

upper RTLFs, whereas lower RTLFs
contain surfactant proteins and lipids.
Modeling studies have suggested that
upper airway mucus does not flow evenly
but preferentially concentrates along
troughs or grooves (30). The quantitative
description of antioxidants present at any
given level of the respiratory tract is -com-
promised by the complex gel-sol nature
of the upper RTLFs and the probability
that the mucin-containing gel layer is cov-
ered by a lipid layer that may be derived
in part from the lower bronchoalveolar
regions (30-33).

All three surfaces, plants, skin, and
respiratory tract, represent important sites
of environmental-biosystem interaction as
sites of continuous reactive absorption of
oxidant pollutants. Thus, in plants and
animals, extracellular compartments can
be considered an important sink for
atmospheric oxidants, screening out to
some extent the effects of oxidants on the
underlying cells.

Extracellular Antioxidants
of Plants
Plants are no different from other aerobic
organisms in that they are exposed to envi-
ronmental toxins and have evolved to cope
with oxidative stress (5,34,35) and in fact
must cope with being 02-producing
organisms. Their antioxidant enzymes,
such as ascorbate peroxidase (an H202-
scavenging system more important in
plants than in animals), catalases, and
superoxide dismutases, are upregulated in
response to several stresses, including
oxidative air pollutants such as 03 (6-8,
36,37). Other protective antioxidant
mechanisms may indude thioredoxin (38).
Analogous to animal cells (39), almost any
injury to plant cells can be expected to
have the same consequence, i.e., the gener-
ation of oxidative stress. Thus, a general
response to any injury would be expected
to include an augmentation of antioxidant
defense systems. However, with environ-
mental oxidative stress, it is the extracellu-
lar constituents of the plant cell wall and
apoplastic fluid that will first come into
contact with oxidative challenge, and it is
this compartment that can be expected to
demonstrate parallels with animal skin and
respiratory tract.

The biochemical and molecular
mechanisms underlying 03 toxicity in
plants have begun to be unraveled in
recent years (5-7,16,17,34,40-52), co-
incident with increased understanding of
the complexity of antioxidant defense

Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998

CROSS ET AL

quantified. For example, as shown in
Table 1, RTLF depth (both sol and gel
layers) in the upper respiratory tract has
been estimated to range from 1 to 10 pm,
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OXIDATIVE STRESS AT PLANTAND ANIMAL BIOSURFACES

systems employed by plants (53) and,
parenthetically, the increasing appreciation
of the nutrient value of plant antioxidants
to animals (39,54-56). As depicted in
Figure IA, once 03 enters the apoplast
through stomata, it reacts quickly with bio-
molecules (including water) located there,
and some of it may be converted into sec-
ondary ROS such as superoxide anion radi-
cals (02-), hydroxyl radicals ('OH),
H202, and singlet 02 (57-61). Inves-
tigators have hypothesized, based on physi-
cal, anatomical, and kinetic considerations,
that only under unusual conditions, or
extremely high doses (much higher than
usual air pollution levels), would 03 per-
meate to the underlying plasma mem-
branes (62). 03 can react with some
apoplastic biomolecules to generate toxic
species (e.g., lipid peroxidation products)
that could initiate damage to plasma mem-
brane lipids and proteins. Such events
could account for the decreased photosyn-
thesis, electrolyte leakage, and accelerated
senescence associated with exposure to
toxic levels of 03 (47,48).

It has been known for over three decades
that ascorbate protects plants against 03
injury (40), and, more recently, that
mutants deficient in ascorbate metabolism
pathways are sensitive to oxidants induding
03 (52). Ascorbate reaches up to 5-mM
concentrations in apoplastic fluids
(17,41,43,45,63). It has been calculated
that this apoplastic ascorbate could provide
an efficient protection against most ambient
environmental 03 concentrations (43). Of
course, there are some important variables,
also applicable to both animal cutaneous tis-
sues and the respiratory tract, that must be
taken into account. These include: a) the
rate of ascorbate transport into the apoplas-
tic fluid; b) the amount of 03 reaching
apoplastic fluid via the stomata (e.g., stom-
ata, like animal airways, have variable
resistances, and if this resistance is increased,
less 03 can be expected to penetrate into the
apoplastic space); c) other reactions of
ascorbate within the apoplastic fluid (e.g.,
utilization by the ascorbate peroxidase
system and possible recycling of vitamin E
in underlying plasma membranes); and
d) possible regeneration of oxidized
ascorbate by plasma membrane reductive
mechanisms (64). With regard to the latter,
it should be recognized that although ascor-
bate transport system(s) across the
plamalemma of animal cells is a well-docu-
mented phenomenon (65,66), ascorbate
transport system(s) across the plant
plasmalemma are only beginning to be

described (67,68) and, in fact, knowledge
about the precise pathways and metabolic
controls of ascorbate biosynthetic path-
ways is still incomplete (52). Importantly,
dehydroascorbate (and perhaps more
importantly monodehydroascorbate)
reductase systems are more active in plant
cells than in animal cells, although the
specific reductase systems are multiple and
vary in their adaptive responses to
oxidative stress (69,70).

In addition to ascorbate, the apoplastic
compartment contains a variety of other
potential reactants for 03 and its reactive
products, including phenolic compounds
and peroxidases. Analagous to the case for
animals, it can be expected that much will
be learned about plant antioxidant
processes in the next decade via extensive
experimental applications of transgenic
plant technology (71,72). For example, if
03 yields H202 in the aqueous phase of the
apoplast, peroxidases found there or in the
outer cell wall material, which is rich in
peroxidases involved in lignin synthesis,
could be protective via direct utilization of
H202 (8). However, peroxidases may also
represent a potential target for 03 and can
sometimes act as free radical generators,
e.g., oxidation of thiols and NADH by
plant peroxidases (38).

It is still an open question as to the
mechanism by which 03 damages plants, or
indeed the respiratory tract. Again analo-
gous to recently postulated mechanisms of
respiratory tract 03 injury (12-14), it is
possible that hydrocarbons emitted by
plants will react with 03, yielding highly
toxic peroxides, oxides, radicals, and other
species. Two other possible parallels
between plant and animal surfaces should be
mentioned. All three surfaces (plant cell
wall, skin stratum corneum, and respiratory
tract mucus) contain lipids that could react
with environmental oxidants as sacrificial
targets, although 03 reactions with surfac-
tant proteins and lipids in the lower RTLFs
could potentially have important patho-
physiologic consequences (12-14). For
example, plant outer cell wall surfaces
contain waxes that react with 03 (73-75).
A second parallel is that 03 damage to

skin and to lung initiates activation of
inflammatory immune processes, in part
via production of chemokines and
cytokines by keratinocytes and respiratory
tract epithelial cells (RTECs) in skin and
respiratory tract, respectively. These
inflammatory immune system activations
include generation of ROS and RNS at
animal surfaces, augmenting the oxidative

stresses imposed by the environmental
oxidant such as 03. A somewhat similar
process exists at the surface of plant cells,
e.g., one effect of pathogens (including 03)
on plants is the triggering of the hyper-
sensitivity response, which involves many
components that are analogous to the
NADPH-oxidase system of the animal
phagocyte, e.g., an oxidative burst (76).
This response normally defends against
pathogens invading the plant (77-82) and
may also be important in several signal
transduction systems leading to modifica-
tion of gene expression and may be involved
in the induction of tolerance (83-85).
However, overexuberance of this or related
intracellular oxidative plant processes can
also contribute to plant cell death (85,86).

Barrier Antioxidants of Skin
The cutaneous tissues of animals, along with
the respiratory tract, represent the organs
most directly exposed to environmental tox-
ins such as 03. In fact, 03 may be among
the most reactive chemicals to which the
skin is routinely exposed in the environ-
ment. As schematically depicted in Figure
1B, the barrier compartment of the skin, the
stratum corneum, is the site of the air/cuta-
neous tissue boundary. It comprises a
unique system of structural, anucleate cells
(corneocytes) embedded in a lipid-enriched
intercellular matrix (87), forming stacks of
bilayers that are rich in ceramides, choles-
terol, and free fatty acids (88). This
lipid-protein biphasic structure of the
stratum corneum, having a thickness of only
10 to 20 pm, is believed to be the crucial
determinant of the barrier function of the
skin (88-91).

It is interesting to note that following
acute injury to epidermal constituents
a) local depletions of both enzymatic and
nonenzymatic antioxidants may occur
(92), b) that epidermal lipogenesis is
stimulated, presumably to facilitate repair
of barrier function (93), and c) important
in considering skin responses to reactive
environmental oxidants, outer noncellular
layers of stratum corneum are continuously
being shed. Thus, as these elements react
with oxidants, they will desquamate, some-
what analogous to constituents of respira-
tory tract mucus in which reactants are
removed from respiratory tract surfaces via
ciliary clearance mechanisms.

In recent studies we exposed hairless
mice to a single high dose of 03 (10 ppm
for 2 hr) and observed increased levels of
malondialdehyde (MDA), a parameter of
lipid peroxidation, in the whole skin,
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although we were unable to detect depletion pmol/mg, p < 0.00 1), and MDA levels
of antioxidants. However, topically applied increased from 3.7 ± 0.3 to 4.5 ± 0.2
vitamin E was substantially depleted after pmol/mg wet weight (p< 0.01) (25).
similar exposure to 03 (23). Based on these 03-induced lipid peroxidation in the
considerations, we hypothesized that the stratum corneum may be harmful to skin
oxidative effects of 03 in skin occur mainly in two ways. First, oxidation and degrada-
in the outer layers, and investigated the tion of stratum corneum lipids could affect
effects of a single dose of 10 ppm 03 for the barrier function of the stratum
2 hr on three different layers of skin: upper corneum, as these lipids play an important
epidermis, lower epidermis/papillary dermis, role in barrier integrity (87-91).
and dermis. Using this approach, Thiele Perturbations of this outermost skin lipid
et al. (24) demonstrated that this high 03 and protein architecture have been sug-
level significandy depleted vitamins C and E gested as important trigger factors for a
and induced MDA formation in the upper number of dermatoses (e.g., psoriasis,
epidermis, induding the stratum corneum atopic dermatitis, and irritant dermatitis)
but not in underlying layers (24). (87). The increase in MDA in the stratum

Using techniques based on sequential corneum following 03 exposure presum-
analysis of the layers of the stratum ably involves oxidation of polyunsaturated
corneum by tape stripping (87), we were fatty acids (PUFAs) such as arachidate and
able to analyze the biologic effects of03 on linolenate. This process may lead to signifi-
the outer layers of skin, using much lower cant changes in the lipid composition of
concentrations of 03 (e.g., 1 ppm 03). the stratum corneum, which could con-
The sequential tape-stripping method ceivably affect epidermal function, perhaps
removes approximately 20 ± 5 jig/cm2 to an extent limited by desquemation of
corneum per tape-strip procedure. As dead cells.
shown in Figure 2, stratum corneum vita- Second, the increased formation of lipid
min E was depleted after in vivo exposure oxidation products in upper skin layers
to 03, and MDA formation was increased could trigger injurious responses in adjacent
in a dose-dependent manner (25). skin layers. Reaction of 03 with unsatu-
Furthermore, repeated low-level 03 expo- rated lipids occurs via addition reactions
sures resulted in cumulative oxidative (and breakdown to hydroperoxides, aldehy-
effects in the outermost stratum corneum des, and H202) rather than via radical-
layers. Compared to skin not exposed to mediated lipid peroxidation per se (94).
03 (oc-tocopherol: 8.95 ± 1.3 pmol/mg wet Similarly, in the respiratory tract, 03 tox-
weight, y-tocopherol: 3.00 ± 0.3 pmol/mg), icity is believed to result from the effects of
exposure to 1 ppm 03 for 2 hr on each of a cascade of products that are produced in
6 consecutive days resulted in vitamin E the reactions of 03 with primary target
depletion (oc-tocopherol: 2.90 ± 0.6 molecules that lie close to the air/tissue
pmol/mg, p< 0.00 1; y-tocopherol: 0.5 ± 0.1 interface (12-14,19,94). Particular atten-

tion has been paid to the reaction of 03
with lipids, although it is uncertain if this is

10- the major damage caused by 03 in biologic
. systems (95-97). 03 itself is generally

8- .' believed to be too reactive to penetrate far
.* iXinto tissue; only a small fraction of environ-

,6*; mentally relevant doses of 03 is believed to
pass unreacted through a bilayer mem-

E4 brane, and none may pass through a cell
E*\Y(19). Secondary (or tertiary) 03-induced2 [2- [ a-Tocopherol \ lipid oxidation products, which have a

---Malondialdehyde * [~odaIevelower reactivity and longer lifetime than 03
O 1'00 15 1 itself, may transmit the effects of 03

ppm 0 x 2 hr beyond the air/tissue interface. Because of3 their relative stability (at least when com-
Figure 2 03 depletes vitamin E and induces MDA for- pared to many free radical species), lipid
mation in the stratum corneum in a dose-dependent oxidation and peroxidation products, e.g.,
manner. oc-Tocopherol (a) and malondialdehyde (*) (hydroxy) aldehydes and cholesterol oxides,
determinations in pmol/mg wet weight extracts of have the potential to damage cells at distant
stratum corneum of hairless mice exposed to the indi- sites not directly exposed to 03 (98).
cated dose of 03 for 2 hr. *p< 0.05; **p< 0.001. n= 4 in Analogous with the respiratory tract
each group (22). surfaces, significant oxidative injury to the

outermost layers of the skin can be
expected to initiate localized inflammatory
immune processes, resulting in the recruit-
ment of phagocytes and their cell-specific,
tightly regulated NADPH-oxidase systems
for generating oxidants, thus amplifying the
initial oxidative processes. In fact, the live
keratinocytes underlying the corneocytes
can themselves generate ROS, although
quantitatively less than phagocytes, via their
own sets of oxidative enzymes, including
their plasma membrane NAD(P)H-oxidase,
cytochrome P450, xanthine oxidase,
monoamine oxidase, cyclooxygenase, and
lipoxygenase systems (99, 100). These sys-
tems can be turned on, to a degree, by
cytokines, thereby adding further oxidative
stresses at skin biosurfaces.

As in the case of 03, there is evidence
that ultraviolet (UV) light-induced skin
damage, another environmental stress rele-
vant to plants and to skin, is mediated in
part by secondary products of oxidative
processes (101,102). The formation of 03
in the troposphere requires the presence of
UV radiation, a known inducer of oxida-
tive stress in skin (101). Because the 03
exposures carried out in our studies were
performed in the dark in a stainless steel
chamber, and the animals were kept in the
dark until killed, the observed oxidative
stress effects were not influenced by UV
irradiation. However, in urban pollution,
the concomitant exposure to 03 and UV
radiation in photochemical smog poten-
tially could cause synergistic oxidative
stress effects in skin (e.g., UV can cleave
H202 to two *OH by homolytic fission,
and many biomolecules can act as photo-
sensitizers to generate oxidants after expo-
sure to UV light). Although this synergy
might also be important in plants and pos-
sibly in exposed skin, it seems irrelevant to
the respiratory tract.

The inverse relationship observed in
this study for vitamin E and MDA concen-
trations in stratum corneum following
exposures to increasing 03 concentrations
(Figure 2), together with data that suggest
that vitamin E may ameliorate UV radia-
tion effects on keratinocytes (103) and on
the skin (104-106), suggests a key role for
this antioxidant in the prevention of oxida-
tive damage in the skin. It may also be
important in plants and in the respiratory
tract (107,108). Furthermore, vitamin E
acts as a penetration enhancer by inter-
calating within the lipid bilayer region of
human stratum corneum, altering the char-
acteristics of the membrane and affecting
permeability (109). Thus, both vitamin E
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content and lipid composition play major
roles in permeability barrier homeostasis
of the stratum corneum. It has recently
been reported that ascorbate is also
important in maintaining barrier lipid
composition in reconstructed human epi-
dermis (110). Interestingly, oc-tocopherol
appears to be more readily depleted by 03
than y-tocopherol, in accordance with
findings in other tissues (107), which
suggests a higher antioxidant activity for
oc-tocopherol (25). These findings may
have implications for the pathophysiology
of skin disorders, such as atopic dermati-
tis, that reportedly occur with increasing
frequency in air-polluted areas (111).
Finally, it should be noted that both
ascorbate (112,113) and cysteine deriva-
tives (114) including glutathione (115)
appear to protect skin cells against UV
radiation-induced oxidative stress.

Oxidative modification of biomolecules
is believed to be a critically important step
in the pathogenesis of tissue injury occur-
ring secondary to exposure to environ-
mental oxidants (116). The easy
accessability of cutaneous tissues for bioas-
say purposes suggests that the stratum
corneum could serve as a dosimeter for
assessing environmental oxidative damage
such as that caused by 03. Such biomark-
ers have already been described for the case
of 03 reactions at respiratory tract surfaces
(117). A review of biomarkers of oxidative
damage to lipids, proteins, and DNA has
recently been published (118).
Respiratory Tract
Lining Fluids
The respiratory tract is covered by a thin
fluid layer (RTLF) that forms an interface
between the underlying RTECs and the
external environment. The RTLFs thus
constitute a first line of defense against
inhaled toxic gases such as So2, 03, 'NO2,
and cigarette smoke. As schematically illus-
trated in Figure 3, constituents of these
RTLFs can react with pollutants such as
03 and may detoxify them to protect the
underlying RTECs.

Studies with solutions of various
antioxidants, and also with human blood
plasma as a model extracellular fluid resem-
bling RTLF, have demonstrated that 03
reacts readily with ascorbate, urate, and
thiols (119-122). Exposure of plasma to
03 resulted in rapid depletion of its major
water-soluble antioxidants, ascorbate and
urate, at similar rates (120,121). As urate
appears to be the most predominant low
molecular mass antioxidant in proximal

and nasal RTLFs (123,124) (see below),
it has been hypothesized that urate may
provide the most significant antioxidant
defense against 03.

There is much evidence that reactive
gases such as inhaled 03 and 'NO2 react
with RTLF components and may never
reach the underlying RTECs, at least in
areas where they are covered by RTLFs
(12,19,61,125,126). It follows that toxic
actions of 03 or 'NO2 toward RTECs are
mediated, at least in part, by products of
reaction of these inhaled toxins with con-
stituents in RTLFs rather than by the
direct interaction of these oxidant gases
with RTECs. In the case of 03, such toxins
may include not only products from reac-
tions with water, but also lipid hydroper-
oxides, cholesterol ozonization products,
ozonides, aldehydes, and other oxidation
products of antioxidants or proteins, as
illustrated in Figure 3 (12-14).

As 03 and 'NO2 are relatively insoluble,
interactions of these inhaled gases with
RTLFs are primarily governed by reactive
absorption, i.e., the more oxidizable the
substrate that is present in RTLFs, the more

03 will be absorbed by the RTLFs
(122,126). Therefore, inhaled 03 or 'NO2
may be effectively removed by antioxidants
present in the more abundant, proximal
RTLFs to protect more distal RTLFs and
RTECs. However, reaction of 03 or 'NO2
with these antioxidants may generate sec-
ondary oxidants (e.g., 102, 'OH) (127,
128), which may injure RTECs in the
upper respiratory tract, or result in cell
activations designed to augment defense
systems (e.g., increase vascular permeabil-
ity, increase mucin secretion), or initiate
inflammatory immune processes (129).

Because antioxidants in RTLFs may
form the first line of defense against
inhaled oxidants, it is important to under-
stand the nature, chemistry, and fate of
these antioxidants. Interest in the role of
RTLF antioxidants in protecting against
environmental oxidant pollutants has
been stimulated by several observations.
For example, uric acid, an important
extracellular antioxidant, is thought to be
secreted by the same upper RTECs that
secrete mucin (123,124), and lower
RTECs secrete a-tocopherol together

Respiratory tract Respiratory tract lining
epithelial cells fluid surface

Figure 3. 03 reactions with constituents of RTLFs. Note that as inspired 03 iS inhaled, its concentration is
decreased secondary to its chemical reactions with the more proximal RTLFs. LH, lipid; LOOH, lipid hydroperoxide.
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with surfactant (130), the latter being
itself a target for oxidative injury
(131-134). Bronchoalveolar RTLFs con-
tain glutathione (GSH) in considerable
excess of plasma levels and may contain
more ascorbic acid than plasma (at least in
some species) (18,135). Mucin itself
(136-138), together with proteoglycans
such as heparin sulfate and hyaluronic acid
(139,140), has significant antioxidant
properties, and in fact many toxicant irri-
tants, including oxidants, can stimulate
mucin secretion (141). In the case of
mucins, both the abundant sugar moieties
and the cysteine-rich domains would be
expected to provide a rich antioxidant pool
(136). It is regrettable that we know so lit-
tle about the specific antioxidant functions
of the respiratory tract mucins.

Interest in the antioxidant functions of
the RTLFs has been further aroused by the
observation that the GSH content of the
lower RTLF appears to be subnormal in
AIDS (142), idiopathic pulmonary fibrosis
(143), cystic fibrosis (144), acute respira-
tory disease syndrome (145), and in lung
allograft patients (146) but appears supra-
normal in cigarette smokers (147) and
asthmatics (148). These observations have
stimulated clinical research studies of
aerosolized GSH treatments. Although
these studies have shown that GSH can be
effectively delivered to RTLFs, it has been
difficult to demonstrate efficacy, and GSH
can induce significant bronchospasm, at
least in mild asthmatics (149). It has been
speculated that variations in the composi-
tion of RTLFs could contribute to the
interspecies and human variability in sensi-
tivity to respiratory tract injury by inhaled
oxidants (18,150,151).

As in other extracellular fluids
(152-153), the antioxidants in RTLFs are
variable in nature (Table 2) and include
low molecular mass antioxidants, metal-
binding proteins, certain antioxidant
enzymes, and several proteins and unsatu-
rated lipids that may act as sacrificial
antioxidants. The oxidant dose reaching
the underlying respiratory tract epithelial
cells is almost certainly influenced by the
RTLF volume (including surface area and
thickness) and composition, and by the

Table 2. Antioxidant species in respiratory tract lining
fluids.
Low molecular mass antioxidants
Metal-binding proteins such as lactoferrin
Antioxidant enzymes such as SOD and peroxidases
Sacrificial reactive proteins and unsaturated lipid

turnover rate of the various antioxidants
present in the RTLFs (18,149).

Several investigators have attempted to
determine antioxidant concentrations in
human RTLFs, which are commonly col-
lected by nasal or bronchoalveolar lavage
techniques. As summarized in Table 3,
both nasal and bronchoalveolar RTLFs
contain ascorbate, urate, and GSH as major
water-soluble antioxidants. Moreover, it is
readily apparent that nasal RTLFs contain
relatively high levels of urate, whereas GSH
appears to be the predominant low molecu-
lar mass antioxidant in distal RTLFs.
Calculation of RTLF dilution by these
lavage procedures has been attempted with
the use of various dilution markers such as
urea concentration. Measurements of urea
are based on the hypothesis that extracellu-
lar urea concentrations are similar in all
compartments, so that dilution of RTLF
urea can be calculated by simultaneous
measurement of plasma urea. This proce-
dure is, however, hindered by the fact that
instillation of urea-free saline causes a high
concentration gradient, resulting in rapid
diffusion of intracellular, interstitial, or
intravascular urea into the lavage fluid.
This compromises quantitation of RTLF
dilution by sequential lavage procedures,
which have commonly been used in
studies of RTLF antioxidants (156-158).
RTLF dilution by commonly performed
lavage procedures has been estimated to be
about 100-fold, and lower RTLF (ELF)
concentrations ofGSH have been reported
to be in the range of 100 to 500 pM
(135,144,159). Extrapolation of this dilu-
tion to reported ascorbate and urate con-
centrations would yield lower RTLF
ascorbate levels of 50 to 180 pM and urate
levels of 30 to 130 pM, i.e., similar to or
lower than in plasma (Table 3).
We have attempted to quantitate

bronchoalveolar RTLF (ELF) levels of
the various antioxidants in humans by

performing a single-cycle bronchoalveolar
lavage procedure on twelve healthy
nonsmoking volunteers, as described by
Peterson et al. (160). This procedure can
be performed rapidly (within 1 min) and
therefore minimizes the diffusion of urea
into the instilled saline so that RTLF dilu-
tion by this lavage procedure can be more
accurately determined. The results indi-
cated that RTLF levels of ascorbate are
similar to those in plasma (40 ± 18 pM vs
63 ± 20 pM), whereas urate levels were
somewhat lower (207 ± 157 pM vs
379 ± 167 pM) and GSH levels were much
higher (109 ± 64 pM vs 1.0± 0.7 pM). Our
results are in general agreement with most
studies, and demonstrate that urate, rather
than GSH, is the most abundant distal
RTLF antioxidant (161).

Measurements of urea have also been
used to estimate RTLF dilution by nasal
lavage procedures (158). Collection of nasal
RTLFs by instillation of 5 ml saline into
one nostril for 10 sec has thus been esti-
mated to result in approximately 10-fold
dilution of nasal RTLFs (158). This implies
that local antioxidant concentrations, as esti-
mated from reported nasal lavage levels
listed in Table 3, may range from 2 to 20
pM ascorbate, 20 to 250 pM urate, and 0 to
15 pM GSH. This suggests that antioxidant
levels in nasal RTLFs are lower compared
to bronchoalveolar RTLFs (especially true
for GSH, and to a lesser extent ascorbate),
but of course they contain considerable
quantities of high molecular weight mucins,
themselves potent antioxidants (136).

ELFs also contain several antioxidant
enzymes and other proteins, as summarized
in Table 4. Recently, it has become clear
that lung cells secrete antioxidant enzymes
such as extracellular glutathione peroxidase
(162) or extracellular CuZn superoxide dis-
mutase (SOD) (ecSOD or SOD-3) (163),
which may contribute to the antioxidant
defense in RTLFs. Recently, intracellular

Table 3. Approximate values for the concentrations of nonenzymatic antioxidants in human plasma compared to
respiratory tract lining fluid lavages.

Antioxidant Plasma, pMa BALF, pMb NLF, PMc
Ascorbic acid 30-150 05-1.8 0.1-1.5
Glutathione < 2 1.2-6.7 0.0-1.3
Uric acid 160-450 0.3-1.3 1.5-17.0
Bilirubin 5-20
oc-Tocopherol 15-40 0.02-0.05
P-Carotene 0.3-0.6
Ubiquinol-l0 0.4-1.0
Albumin-SH -500 -0.7
aPlasma values derived from Halliwell and Gutteridge (152) and Stocker and Frei (153). bBALF values largely derived
from Hatch (18). CNLF data derived from Pacht et al. (145), Hatch et al. (18), Peden et al. (124), Housley et al. (154),
and Testa et al. (155).
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CuZnSOD (SOD-1) has been detected in
bronchoalveolar lavage fluid (BALF) in
addition to very small amounts of SOD-3
(164). Although some investigators have
considered catalase (165-167) to be physio-
logically important in the RTLFs, there
remains uncertainty whether it plays a sig-
nificant role in the antioxidant defenses of
RTLFs. It is possible that cytolysis, occur-
ring as a natural process during cell turnover
or occurring subsequent to lavage proce-
dures themselves, contributes to the overall
levels of extracellular enzymatic antioxidants
demonstrated to be found in RTLFs. This
holds true for GSH and ascorbate as well, as
intracellular concentrations of these low
molecular weight antioxidants are generally
much higher than those found extracellu-
larly. Because of its significant concentration
in upper RTLFs, it is likely that secreted
lactoferrin has a significant antioxidant
function by binding iron and inhibiting
iron-dependent free radical reactions.

Table 4. Antioxidant proteins known to be present in
respiratory tract lining fluids.a

Metal-binding proteins Other antioxidant proteins
Lactoferrin Catalase
Ceruloplasmin SOD-1

SOD-3
Transferrin Glutathione reductase
Albumin Glutathione peroxidase

Ceruloplasmin (ferroxidase
activity)

Albumin (e.g., -SH
activity)

8These proteins either bind metal ions in safe forms
unable to catalyze damaging free radical reactions or
possess other antioxidant properties (152,165,166).

Studies with blood plasma (as a model
extracellular fluid) have indicated that
exposure of plasma to 03 or NO2 results
in rapid depletion of ascorbate and urate,
suggesting that these antioxidants provide
the major defense system against 03
(95,168). A recent study with a composite
mixture of RTLF antioxidants has demon-
strated that exposure to ambient 03 con-
centrations results in depletion of primarily
urate and ascorbate and to a lesser extent
GSH. Moreover, these antioxidants pre-
vent oxidative modification of proteins pre-
sent in the mixture (22). It follows that
urate and ascorbate provide a protective
screen against inhaled 03, and that GSH is
relatively less effective (122,126).
A recent study with human volunteers

has demonstrated that exposure to 2 ppm
NO2 for 9 hr results in transient depletion
of RTLF ascorbate and urate (169). RTLF
GSH levels were not depleted but rather
increased, again suggesting that ascorbate
and urate are major reactants with inhaled
oxidants and form the major first line of
antioxidant defense in the respiratory tract.

What's Ahead?
Mechanistic understanding of plant and
animal cell responses to environmental
oxidant pollutants have blossomed over the
past decade and continue to grow, receiv-
ing strong impetus from emerging acade-
mic disciplines of molecular environmental
toxicology and driven by such resources as
the National Institute of Environmental
Health Sciences Environmental Genome
Project. Existing plant (15) and animal
models (22,126,128), and others to be

generated, should provide important
systems for studying the role of surface
antioxidant species in modulating environ-
mental effects on cell-signaling systems and
gene expression pathways. The use of cell
culture models for studying environmental
oxidant effects, whether they are plant or
animal cells, must recognize both the role
of antioxidant species external to cellular
surfaces in modifying potential end points
in vivo, and also the role of extracellular
antioxidants in maintaining intracellular
levels of such important antioxidants as
ascorbic acid and tocopherols. When
extrapolations are made from data gener-
ated in such clean systems as in vitro pri-
mary, secondary, and immortalized cell
culture systems exposed to environmental
oxidants, allowances must be made for the
contributions of extracellular agents at the
environment-biosystem boundary under
in vivo conditions. Finally, there is no
doubt that studies of the effects of environ-
mental oxidants on plant (71,72) and
animal transgenics (170) in which compo-
nents of antioxidant defense systems have
been over- or underexpressed will con-
tribute to the understanding of mecha-
nisms of oxidative stress at plant and
animal biosurfaces.

In condusion, it is hoped this review will
hopefully entice investigators to consider
that surface biosystems could be playing an
important role in their studies. Further
scrutiny of similarites between the responses
of plants, skin, and respiratory tract to
insults such as 03 can potentially contribute
to the further understanding of mechanisms
of oxidative environmental stress.

REFERENCES AND NOTES

1. Krupa SV, Manning WJ. Atmospheric ozone: formation and
effects on vegetation. Environ PoIlut 50:101-137 (1988).

2. Menzel DB. Ozone: an overview of its toxicity in man and
animals. J Toxicol Environ Health 13:183-204 (1984).

3. Lippman M. Health effects of ozone. J Air Pollut Control
Assoc 39:672-695 (1989).

4. Committee of the Environmental and Occupational Health
Assembly of the American Thoracic Society. Health effects of
outdoor air pollution. Am J Respir Crit Care Med 153:3-50
(1996).

5. Elstner EF, Obwald W. Air pollution: involvement of oxygen
radicals [Mini review]. Free Radic Res Comms
12-13:795-807 (1991).

6. Batini P, Ederli L, Pasqualini S, Antonielli M, Valenti V.
Effects of ethylenediurea and ozone in detoxificant ascorbic-
ascorbate peroxidase system in tobacco plants. Plant Physiol
Biochem 33:717-723 (1995).

7. Pitcher LH, Zilinskas BA. Overexpression of copper/zinc
superoxide dismutase in the cytosol of transgenic tobacco
confers partial resistance to ozone-induced foliar necrosis.

Plant Physiol 110:583-588 (1996).
8. Willekens H, Chamnongpol S, Davey M, Schraudner M,

Langebartels C, Van Montagu M, Inze D, Van Camp W.
Catalase is a sink for H202 and is indispensable for stress
defence in C3 plants. EMBO J 16:4806-4816 (1997).

9. Freeman BA, Crapo JD. Free radicals and tissue injury. Lab
Invest 47:412-426 (1982).

10. Wiese AG, Pacifici RE, Davies KJA. Transient adaptation to
oxidative stress in mammalian cells. Arch Biochem Biophys
318:231-240 (1995).

11. Remacle J, Raes M, Toussaint 0, Renard P, Rao G. Low lev-
els of reactive oxygen species as modulators of cell function.
Mutat Res 316:103-122 (1995).

12. Pryor WA. Mechanisms of radical formation from reactions
of ozone with target molecules in the lung. Free Radic Biol
Med 17:451-465 (1994).

13. Pryor WA, Bermudez E, Cueto R, Squadrito GL. Detection
of aldehydes in bronchoalveolar lavage of rats exposed to
ozone. Fundam Appl Biol 34:148-156 (1996).

14. Hamilton RF, Jr, Li L, Eschenbacher WL, Szweda L, Holian

Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998 1247



CROSS ET AL.

A. Potential involvement of 4-hydroxynonenal in the response
of human lung cells to ozone. Am J Physiol 274:L8-L16
(1998).

15. Ramge P, Badeck F-W, Plochl M, Kohlmaier GH. Apoplastic
antioxidants as decisive elimination factors within the uptake
process of nitrogen dioxide into leaf tissues. New Phytol
125:771-785 (1993).

16. Luwe M, Heber U. Ozone detoxification in the apoplasm and
symplasm of spinach broad bean and beech leaves at ambient
and elevated concentrations of ozone in air. Planta
197:448-455 (1995).

17. Polle A, Wieser G, Havranek WM. Quantification of ozone
influx and apoplastic ascorbate content in needles of Norway
spruce trees (Picea abies L., Karst) at high altitudes. Plant Cell
Environ 18:681-688 (1995).

18. Hatch GE. Comparative biochemistr of the airway lining fluid.
In: Treatise on Pulmonary Toxicology. Vol 1: Comparative
Biology of the Normal Lung (Parent RA, ed). Boca Raton,
FL:CRC Press, 1992;617-632.

19. Pryor WA. How far does ozone penetrate into the pulmonary
air/tissue boundary before it reacts? Free Radic Biol Med
12:83-88 (1992).

20. Cross CE, van der Vliet A, O'Neill CA, Louie S, Halliwell B.
Oxidants, antioxidants, and respiratory tract lining fluids.
Environ Health Perspect 102(Suppl 10):185-192 (1994).

21. Cross CE, van der Vliet A, Eiserich JP, WongJ. Oxidative stress
and antioxidants in respiratory tract lining luids. In: Oxygen,
Gene Expression, and Cellular Function (Clerch LB, Massaro
DJ, eds). New York:Marcel Dekker, 1997;367-398.

22. Mudway IS, Kelly FJ. Modeling the interactions of ozone with
pulmonary epithelial lining fluid antioxidants. Toxicol Appl
Pharmacol 148:91-100 (1998).

23. Thiele J J, Traber MG, Podda M, Tsang K, Cross CE, Packer L.
Ozone depletes tocopherols and tocotrienols topically applied to
murine skin. FEBS Let 401:167-160 (1997).

24. Thiele J J, Traber MG, Tsang K, Cross CE, Packer L. In vivo
exposure to ozone depletes vitamins C and E and induces lipid
peroxidation in epidermal layers of murine skin. Free Radic Biol
Med 23:365-391 (1997).

25. Thiele J J, Traber MG, Polefka TG, Cross CE, Packer L. Ozone
exposure depletes vitamin E and induces lipid peroxidation in
murine stratum corneum. Invest Dermatol 108:753-757
(1997).

26. Thiele JJ, Traber MG, Re R, Espuno N, Yan L-J, Cross CE,
Packer L. Macromolecular carbonyls in human stratum
corneum: a biomarker for environmental oxidant exposure?
FEBS Lett 422:403-406 (1998).

27. Bastacky J, Goerke J, Lee CY, Yager D, Kenaga L, Koushafar H.
Hayes TL, Chen Y, Clements JA. Alveolar lining liquid layer is
thin and continuous: low-temperature scanning electron
microscopy of normal rat lung. Am Rev Respir Dis 147:A148
(1993).

28. Mercer RR, Russell ML, Crapo JD. Mucous lining layers in
human and rat airways. Am Rev Respir Dis 145:A355 (1992).

29. Morgenroth K, Bolz J. Morphological features of the interaction
between mucus and surfactant on the bronchial mucosa.
Respiration 47:225-231 (1985).

30. Sims DE, Horne MM. Heterogeneity of the composition and
thickness of tracheal mucus in rats. Am J Physiol
273:L1036-L1041 (1997).

31. Girod S, Zahm J-M, Plotkowski C, Beck G, Puchelle E. Role of
the physicochemical properties of mucus in the protection of
the respiratory epithelium. Eur Respir J 5:477-487 (1992).

32. Kim KC, Singh BN. Hydrophobicity of mucin-like glycopro-
teins secreted by cultured tracheal epithelial cells: association
with lipids. Exp Lung Res 16:279-292 (1990).

33. Rose MC. Mucins: structure, function, and role in pulmonary
diseases. Am J Physiol 263:L413-L429 (1992).

34. Melhorn H, Wellburn AR. Man-induced causes of free radical
damage to plants: 03 and other gaseous pollutants. In: Causes
of Photooxidative Stress and Amelioration of Defense Systems
in Plants (Poyer CH, Mullineaux PM, eds). Boca Raton,

FL:CRC Press, 1994;155-175.
35. Sharma Y, Davis K. Effects of ozone on antioxidant responses in

plants. Free Radic Biol Med 23:480-488 (1997).
36. Vansuyt G, Lopez F, Inze D, Briat J, Fourcroy P. Iron triggers a

rapid induction of ascorbate peroxidase gene expression in
Brassica napus. FEBS Lett 410:195-200 (1997).

37. Willekens H, Van Camp W, Van Montagu M, Inze D,
Langebartels C, Sandermann H. Ozone, sulfur dioxide, and
ultraviolet B have similar effects on mRNA accumulation of
antioxidant genes in Nicotiana plumbaginifolia L. Plant Physiol
106:1007-1014 (1994).

38. Halliwell B. Chloroplast Metabolism: The Structure and
Function of Chloroplasts in Green Leaf Cells. Oxford,
UK:Clarendon Press, 1984.

39. Halliwell B, Gutteridge JMC, Cross CE. Free radicals, antioxi-
dants and human disease: Where are we now? J Lab Clin Med
119:598-620 (1992).

40. Menser A. Response of plants to air pollutants. III: A relation
between ascorbic acid levels and ozone susceptibility of light-
preconditioned tobacco plants. Plant Physiol 39:564-567
(1964).

41. Castillo F, Miller P, Greppin H. Waldsterben: extracellular bio-
chemical markers of photochemical oxidant air pollution dam-
age to Norway spruce. Experientia 43:111-115 (1987).

42. Castillo F, Greppin H. Extracellular ascorbic acid and enzyme
activities related to ascorbic acid metabolism in Sedum album L.
leaves after ozone exposure. Environ Exp Bot 28:231-238
(1988).

43. Chameides WL. The chemistry of ozone deposition to plant
leaves: role of ascorbic acid. Environ Sci Technol 23:595-600
(1989).

44. Hewitt N, Kok G, Fall R. Hydroperoxide in plants exposed to
ozone mediates air pollution damage to alkene emitters. Nature
344:56-58 (1990).

45. Kangasjarvi J, Talvinen J, Utriainen M, Karjalainen R. Plant
defence systems induced by ozone. Plant Cell Environ
17:783-794 (1994).

46. Anttonen S, Sutinen ML, Heagle AS. Ultrastructure and some
plasma membrane characteristics of ozone-exposed loblolly pine
needles. Physiologia Plantarum 98:309-319 (1996).

47. Schraudner M, Langebartels C, Sandermann H Jr. Plant
defence systems and ozone. Biochem Soc Trans 24:456-461
(1996).

48. Sandermann H Jr. Ozone and plant health. Annu Rev
Phytopathol 34:347-366 (1996).

49. Runeckles VC, Vaartnou M. EPR evidence for superoxide anion
formation in leaves during exposure to low levels of ozone. Plant
Cell Environ 20:306-314 (1997).

50. Pell EJ, Schlagnhaufer CD, Arteca RN. Ozone-induced oxida-
tive stress: mechanisms of action and reaction. Physiologia
Plantarum 100:264-273 (1997).

51. Runeckles VC, Vaartnou M. EPR evidence for superoxide anion
formation in leaves during exposure to low levels of ozone. Plant
Cell Environ 20:306-314 (1997).

52. Conklin PL, Pallanca JE, Last RL, Smirnoff N. L-Ascorbic acid
metabolism in the ascorbate-deficient Arabidopsis mutant vtcl.
Plant Physiol 115:1277-1285 (1997).

53. Alscher R, Hess J, eds. Antioxidants in Higher Plants. Boca
Raton, FL:CRC Press, 1993.

54. Block G, Patterson B, Subar A. Fruit, vegetables, and cancer
prevention: a review of the epidemiological evidence. Nutr
Cancer 18:1-29 (1992).

55. Furst P. The role of antioxidants in nutritional support. Proc
Nutrit Soc 55:945-961 (1996).

56. Odin AP. Vitamins as antimutagens: advantages and some pos-
sible mechanisms of antimutagenic action. Mutat Res
386:39-67 (1997).

57. Hoigne J, Bader H. Ozonation of water: role of hydroxyl radi-
cals as ozonizing intermediates. Science 190:782-784 (1975).

58. Koppenol WH. The reduction potential of the couple O3/O3--.
Consequences for mechanisms of ozone toxicity. FEBS Lett
140:169-172 (1982).

1248 Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998



OXIDATVE STRESS AT PLANTAND ANIMAL BIOSURFACES

59. Grimes HD, Perkins KK, Boss WF. Ozone degrades into
hydroxyl radical under physiological conditions. Plant Physiol
72:1016-1020 (1983).

60. Byvoet P, Balis JU, Shelley SA, Montgomery MR, Barber MJ.
Detection of hydroxyl radicals upon interaction of ozone with
aqueous media or extracellular surfactant: the role of trace
iron. Arch Biochem Biophys 319:464-469 (1995).

61. Kanofsky JR, Sima PD. Reactive absorption of ozone by aque-
ous biomolecule solutions: implications for the role of
sulfhydryl compounds as targets for ozone. Arch Biochem
Biophy 316:52-62 (1995).

62. Laisk A, Kull 0, Moldau H. Ozone concentration in leaf
intercellular air spaces is close to zero. Plant Physiol
90:1163-1167 (1989).

63. Polle A, Rennenberg H. Significance of antioxidants in plant
adaptation to environmental stress. In: Plant Adaptation to
Environmental Stress (Fowden L, Mansfield T, Stoddart J,
eds). New York:Chapman & Hall, 1993;263-283.

64. Luthje S, Doring 0, Heuer S, Luthen H, Bottger M.
Oxidoreductases in plant plasma membranes. Biochim
Biophys Acta 1331:81-102 (1997).

65. Go[denberg H, Schweinzer E. Transport of vitamin C in ani-
mal and human cells. J Bioenerg Biomembr 26:359-367
(1994).

66. Banhegyi G, Braun L, Csala M, Puskas F, Mandl J. Ascorbate
metabolism and its regulation in animals. Free Radic Biol Med
23:793-803 (1997).

67. Horemans N, Asard H, Caubergs RJ. Transport of ascorbate
into plasma membrane vesicles of Phaseolus vulgaris L.
Protoplasma 194:177-185 (1996).

68. Horemans N, Asard H, Caubergs RJ. The ascorbate carrier of
higher plant plasma membranes preferentially translocates the
fully oxidized (dehydroascorbate) molecule. Plant Physiol
114:1247-1253 (1997).

69. Hideg E, Mano J, Ohno C, Asada K. Increased levels of mon-
odehydroascorbate radical in UV-B-irradiated broad bean
leaves. Plant Cell Physiol 38:684-690 (1997).

70. Morell S, Follmann H, De Tullio M, Haberlein I.
Dehydroascorbate and dehydroascorbate reductase are phan-
tom indicators of oxidative stress in plants. FEBS Lett
414:567-570 (1997).

71. Broadbent P, Creissen G, Wellburn FAM, Mullineaux PM,
Wellburn AR. Biochemical effects of tropospheric ozone in
transgenic plants. Biochem Soc Trans 22:1020-1025 (1994).

72. Allen RD, Webb RP, Schake SA. Use of transgenic plants to
study antioxidant defenses. Free Radic Biol Med 23:473-479
(1997).

73. Lutz C, Heinzmann U. Surface structures and epicuticular wax
composition of spruce needles after long-term treatment with
ozone and acid mist. Environ Pollut 64:313-322 (1990).

74. Percy KE, Jensen KF, McQuattie CJ. Effects of ozone and
acidic fog on red spruce needle epicuticular wax production,
chemical composition, cuticular membrane ultrastructure and
needle wettability. New Phylio 122:71-80 (1992).

75. Dixon M, Le Thiec D, Garrec JP. An investigation into the
effects of ozone and drougfht, applied singly and in combina-
tion, on the quantity and quality of the epicuticular wax of
Norway spruce. Plant Physiol Biochem 35:447-454 (1997).

76. Dwyer SC, Legendre L, Low PS, Leto TL. Plant and human
neutrophil oxi ative burst complexes contain immunologically
related proteins. Biochim Biophys Acta 1289:231-237 (1996).

77. Bolwell GP. The origin of the oxidative burst in plants. Trans
Biochem Soc 24:438-442 (1996).

78. Low PS, Merida JR. The oxidative burst in plant defense:
function and signal transduction. Physiol Plant 96:533-542
(1996).

79. Levine A, Tenhaken R, Dixon R, Lamb C. H202 from the
oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 79:583-593 (1994).

80. Wojtaszek P. Oxidative burst: an early plant response to
pathogen infection. Biochem J 322:81-692 (1997).

81. Allan AC, Fluhr R. Two distinct sources of elicited reactive

oxygen species in tobacco epidermal cells. Plant Cell
9:1559-1572 (1997).

82. Foyer CH, Lopez-Delgado H, Dat JF, Scott IM. Hydrogen
peroxide- and glutathione-associated mechanisms of acclima-
tory stress tolerance and signalling. Physiologia Plantarum
100:241-254 (1997).

83. Conklin PL, Last RL. Differential accumulation of antioxidant
mRNAs in Arabidopsis thaliana exposed to ozone. Plant
Physiol 109:203-212 (1995).

84. Orvar BL, McPherson J, Ellis BE. Pre-activating wounding
response in tobacco prior to high-level ozone exposure pre-
vents necrotic injury. Plant J 11:203-212 (1997).

85. Tiedemann AV. Evidence for a primary role of active oxgen
species in induction of host cell death during infection of bean
leaves with Botrytis cinerea. Physiol Molecul Plant Path
50:151-166 (1997).

86. Allan AC, Fluhr R. Two distinct sources of elicited reactive
oxygen species in tobacco epidermal cells. Plant Cell
9:1559-1572 (1997).

87. Elias PM, Feingold KR. Lipids and the epidermal water bar-
rier: metabolism, regulation, and pathophysiology. Semin
Dermatol 11:176-182 (1992).

88. Mao-Qiang M, Feingold KR, Thornfeldt CR, Elias PM.
Optimization of physiological lipid mixtures for barrier repair.
J Invest Dermatol 106:1096-1101 (1996).

89. Bommannan D, Potts RO, Guy RH. Examination of stratum
corneum barrier function in vivo by infrared spectroscopy.
J Invest Dermatol 95:403-408 (1990).

90. Pirot F, Kalia YN, Stinchcomb AL, Keating G, Bunge A,
Guy R. Characterization of the permeability barrier of human
skin in vivo. Proc NatI Acad Sci USA 94:1562-1567 (1997).

91. Bouwstra JA, Gooris GS, Cheng K, Weerheim A, Brass W,
Ponec M. Phase behavior of iso ated skin lipids. J Lipid Res
37:999-1011 (1996).

92. Shukla A, Rasik AM, Patnaik GK. Depletion of reduced glu-
tathione, ascorbic acid, vitamin E and antioxidant defence
enzymes in a healing cutaneous wound. Free Radic Res
26:93-101 (1997).

93. Grubauer G, Feingold KR, Elias PM. Relationship of epider-
mal lipogenesis to cutaneous barrier function. J Lipid Res
28:746-752 (1987).

94. Pryor WA, Squadrito GL, Friedman M. A new mechanism for
the toxicity of ozone. Toxicol Lett 82/83:287-293 (1995).

95. Cross, CE, Motchnik PA, Bruener BA, Jones DA, Kaur H,
Ames BN, Halliwell B. Oxidative damage to plasma con-
stituents by ozone. FEBS Let 298:269-272 (1992).

96. Uppu RM, Cueto R, Squadrito L, Pryor WA. What does
ozone react with at the air/lung interface? Model studies using
human red blood cell membranes. Arch Biochem Biophys
319:257-266 (1995).

97. Mudd JB, Dawson PJ, Santrock J. Ozone does not react with
human erythrocyte membrane lipids. Arch Biochem Biophys
341:251-258 (1997).

98. Chang JY, Liu L-Z. Toxicity of cholesterol oxides on cultured
neuroretinal cells. Curr Eye Res 17:95-103 (1998).

99. Goldman R, Moshonov S, Zor U. Generation of reactive oxy-
gen species in a human keratinocyte cell line: role of calcium.
Arch Biochem Biophys 350:10-18 (1998).

100. Turner CP, Toye AM, Jones OTG. Keratinocyte superoxide
generation. Free Radic Biol Med 24:401-407 (1998).

101. Gilchrest BA. Photodamage. Oxford, UK:Blackwell Scientific
Publications, 1995.

102. Pentland AP. Signal transduction mechanisms in photocar-
cinogenesis. Photochem Photobiol 63:379-380 (1996).

103. Clement-Lacroix P, Michel L, Moysan A, Morliere P,
Dubertret L. UVA-induced immune suppression in human
skin: protective effect of vitamin E in human epidermal cells
in vitro. BrJ Dermatol 134:77-84 (1996).

104. Beijersbergen van Henegouwen GM, Junginger HE, de Vries
H. Hydrolysis of RRR-a-tocopheryl acetate (vitamin E acetate)
in the skin and its UV protecting activity (an in vivo study with
the rat). J Photochem Photobiol B: Biol 29:45-51 (1995).

Environmental Health Perspectives a Vol 106, Supplement 5 * October 1998 1249



CROSS ET AL.

105. Yuen KS, Halliday GM. a-Tocopherol, an inhibitor of epider-
mal lipid peroxidation, prevents ultraviolet radiation from sup-
pressing the skin immune system. Photochem Photobiol
65:587-592 (1997).

106. Lopez-Torres M, Thiele JJ, Shindo Y, Han D, Packer L.
Topical application of a-tocopherol modulates the antioxidant
network and diminishes ultraviolet-induced oxidative damage
in murine skin. BrJ Dermatol 138:207-215 (1998).

107. Kamal-Eldin A, Appelqvist LA. The chemistry and antioxidant
properties of tocopherols and tocotrienols. Lipids 31:671-701
(1996).

108. Pryor WA. Can vitamin E protect humans against the patho-
logical effects of ozone in smog? Am J Clin Nutr 53:702-722,
1991.

109. Trivedi JS, Krill SL, Fort JJ. Vitamin E as a human skin pene-
tration enhancer. Eur J Pharm Sci 3:241-243 (1995).

110. Ponec M, Weerheim A, Kempenaar J, Mulder A, Gooris GS,
Bouwstra J, Mommaas AM. The formation of competent bar-
rier lipids in reconstructed human epidermis requires the pres-
ence of vitamin C. J Invest Dermatol 109:348-355 (1997).

111. Schultz-Larsen F. Atopic dermatitis: a genetic-epidemiologic
study in a population-based twin sample. J Am Acad Dermatol
1993:719-723 (1993).

112. Nakamura T, Pinnell SR, Darr D, Kurimoto I, Itami S,
Yoshikawa K, Streilein JW. Vitamin C abrogates the deleteri-
ous effects of UVB radiation on cutaneous immunity by a
mechanism that does not depend on TNF-a. J Invest
Dermatol 109:20-24 (1997).

113. Tebbe B, Wu S, Geilen CC, Eberle J, Kodelja V, Orfanos CE.
L-Ascorbic acid inhibits UVA-induced lipid peroxidation and
secretion of IL-1 and IL-6 in cultured human keratinocytes in
vitro. J Invest Dermatol 108:302-306 (1997).

114. Steenvoorden DP, Beijersbergen van Henegouwen GM.
Cysteine derivatives protect against UV-induced reactive inter-
mediates in human keratinocytes: the role of glutathione syn-
thesis. Photochem Photobiol 66:665-671 (1997).

115. Kobayashi S, Takehana M, Tohyama C. Glutathione isopropyl
ester reduces UVB-induced skin damage in hairless mice.
Photochem Photobiol 63:106-110 (1996).

116. Halliwell B, Cross CE. Oxygen-derived species: their relation
to human disease and environmental stress. Environ Health
Perspect 102(Suppl 10):5-12 (1994).

117. Pryor WA, Wang K, Bermu'dez E. Cholesterol ozonation prod-
ucts as biomarkers for ozone exposure in rats. Biochem Biophys
Res Comm 188:618-623 (1992).

118. Halliwell B. Oxidative stress, nutrition and health.
Experimental strategies for optimization of nutritional antioxi-
dant intake in humans. Free Radic Res 25:57-74 (1996).

119. Giamalva DH, Church DF, Pryor WA. A comparison of the
rates of ozonation of biological antioxidants and oleate and
linoleate esters. Biochem Biophys Res Commun 133:773-779
(1985).

120. Cross CE, Motchnik PA, Bruener BA, Jones DA, Kaur H,
Ames BN, Halliwell B. Oxidative damage to plasma con-
stituents by ozone. FEBS Lett 298:269-272 (1992).

121. O'Neill CA, van der Vliet A, Hu M-L, Kaur H, Cross CE,
Louie S, Halliwell B. Oxidation of biological molecules by
ozone: the effect of pH. J Lab Clin Med 122:497-505 (1993).

122. van der Vliet A, O'Neill CA, Eiserich JP, Cross CE. Oxidative
damage to extracellular fluids by ozone and possible protective
effects of thiols. Arch Biochem Biophys 321:43-53 (1995).

123. Kaliner MA. Human nasal respiratory secretions and host
defense. Am Rev Respir Dis 144:S52-S56 (1991).

124. Peden DB, Swiersz M, Ohkubo K, Hahn B. Nasal secretion of
the ozone scavenger uric acid. Am Rev Respir Dis
148:455-461 (1993).

125. Postlethwait EM, Bidani A. Mechanisms of pulmonary NO2
absorption. Toxicology 89:217-237 (1994).

126. Langford SD, Bidani A, Postlethwait EM. Ozone-reactive
absorption by pulmonary epithelial lining fluid constituents.
Toxicol Appl Pharmacol 132:122-130 (1995).

127. Kanofski JR, Sima P. Singlet oxygen production from the

reactions of ozone with biological molecules. J Biol Chem 266:
9039-9042 (1991).

128. Velsor LW, Postlethwait EM. N02-induced generation of
extracellular reactive oxygen is mediated by epithelial lining
layer antioxidants. Am J Physiol 273:L1265-L1275 (1997).

129. Devlin RB, Folinsbee LJ, Biscardi F, Hatch G, Becker S,
Madden MC, Robbins M, Koren HS. Inflammation and cell
damage induced by repeated exposure of humans to ozone.
Inhal Toxicol 9:211-235 (1997).

130. Rustow B, Haupt R, Stevens PA, Kunze D. Type II pneumo-
cytes secrete vitamin E together with surfactant lipids. Am J
Physiol 265:L133-L139 (1993).

131. Merritt TA, Amirkhanian JD, Helbock H, Halliwell B, Cross
CE. Reduction of the surface-tension-lowering ability of surfac-
tant after exposure to hypochlorous acid. Biochem J 295:19-22
(1993).

132. Cifuentes J, Ruiz-Oronoz J, Myles C, Nieves B, Carlo WA,
Matalon S. Interaction of surfactant mixtures with reactive oxy-
gen and nitrogen species. J Appl Physiol 78:1800-1805 (1995).

133. Putman E, Liese W, Voorhout WF, van Bree L, van Golde
LMG, Haagsman HP. Short-term ozone exposure affects the
surface activity of pulmonary surfactant. Toxicol Appl
Pharmacol 142:288-296 (1997).

134. Putman E, van Golde LMG, Haagsman HP. Toxic oxidant
species and their impact on the p monary surfactant system.
Lung 175:75-103 (1997).

135. Cantin AM, North SL, Hubbard RC, Crystal RG. Normal
alveolar epithelial lining fluid contains high levels of glu-
tathione. J Appl Physiol 63:152-157 (1987).

136. Cross CE, Halliwell B, Allen A. Antioxidant protection: a func-
tion of tracheobronchial and gastrointestinal mucus. Lancet
1:1328-1330 (1984).

137. Grisham MB, Von Ritter C, Smith BF, LaMont JT, Granger
DN. Interaction between oxygen radicals and gastric mucin.
Am J Physiol 253:G93-96 (1987).

138. Hiraishi H, Terano A, Ota S, Mutoh H, Sugimoto T, Harada
T, Razandi M, Ivey KJ. Role for mucous glycoprotein in pro-
tecting cultured rat gastric mucosal cells against toxic oxygen
metabolites. J Lab Clin Med 121:570-578 (1993).

139. Saari H, Konttinen YT, Friman C, Sorza T. Differential effects
of reactive oxygen species on native synovial fluid and purified
human umbilical cord hyaluronate. Inflammation 17:403-415
(1993).

140. Raats CJ, Bakker MA, van den Born J, Berden JH. Hydroxyl
radicals depolymerize glomerular heparan sulfate in vitro and in
experimental nephrotic syndrome. J Biol Chem 272:
26734-26741 (1997).

141. Adler KB, Holden-Stauffer WJ, Repine JE. Oxygen metabolites
stimulate release of high-molecular-weight glycoconjugates by
cell and organ cultures of rodent respiratory epithelium via an
arachidonic acid-dependent mechanism. J Clin Invest
85:75-85 (1990).

142. Buhl R, Jaffe HA, Holroyd KJ, Wells FB, Mastrangeli A,
Saltini C, Cantin AM, Crystal RG. Systemic glutathione defi-
ciency in symptom-free HIV-seropositive individuals. Lancet
2:1294-98 (1989).

143. Cantin AM, Hubbard RC, Crystal RG. Glutathione deficiency
in the epithelial lining fluid of the lower respiratory tract in
idiopathic pulmonary fibrosis. Am Rev Respir Dis
139:370-373 (1989).

144. Roum JH, Buhl R, McElvaney NG, Borok Z, Hubbard RC,
Chernick M, Cantin AM, Crystal RG. Cystic fibrosis is charac-
terized by a marked reduction in glutathione levels in pul-
monary epithelial lining fluid. Am Rev Respir Dis 141(Suppl):
A87 (1991).

145. Pacht ER, Timerman AP, Lykens MG, Merola AJ. Deficiency
of alveolar fluid glutathione in patients with sepsis and the
adult respiratory distress syndrome. Chest 100:1397-1403
(1991).

146. Baz MA, Tapson VF, Roggli VL, Van Trigt P, Piantadosi CA.
Glutathione depletion in epithelial lining iuid of lung allograft
patients. Am J Respir Crit Care Med 153:742-746 (1996).

1250 Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998



OXIDATIVE STRESS AT PLANT AND ANIMAL BIOSURFACES

147. Linden M, Hakansson L, Ohlsson K, Sjodin K, Tegner H,
Tunek A, Venge P. Glutathione in bronchoalveolar lavage fluid
from smokers is related to humoral markers of inflammatory
cell activity. Inflammation 13:651-658 (1989).

148. Smith LU, Houston M, Anderson J. Increased levels of glu-
tathione in bronchoalveolar lavage fluid from patients with
asthma. Am Rev Respir Dis 147:1461-1464 (1993).

149. Marrades RM, Roca J, Barbera JA, de Jover L, MacNee W,
Rodriguez-Roisin R. Nebulized glutathione induces bron-
choconstriction in patients with mild asthma. Am J Respir Crit
Care Med 156:425-430 (1997).

150. Slade R, Crissman K, Norwood J, Hatch G. Comparison of
antioxidant substances in bronchoalveolar lavage cells and fluid
from humans, guinea pigs, and rats. Exp Lung Res 19:469-484
(1993).

151. Kelly FJ, Mudway IS. Sensitivity to ozone: could it be related
to an individual's complement of antioxidants in lung epithe-
lium lining fluid? Redox Report 3:199-206 (1997).

152. Halliwell B, Gutteridge JMC. The antioxidants of human
extracellular fluids. Arch Biochem Biophys 280:1-8 (1990).

153. Stocker R, Frei B. Endogenous antioxidant defences in human
blood plasma. In: Oxidative Stress: Oxidants and Antioxidants
(Sies H, ed). London:Academic Press, 199 1;213-243.

154. Housley DG, Mudway I, Kelly FJ, Eccles R, Richards RJ.
Depletion of urate in human nasal lavage following in vitro
ozone exposure. Int J Biochem Cell Biol 27:1153-1159 (1995).

155. Testa B, Mesolella M, Testa D, Giulliano A, Costa G, Maione
F, laccarino F. Glutathione in the upper respiratory tract. Ann
Otol Rhinol Laryngol 104:117-119 (1995).

156. Marcy TW, Merrill WW, Rankin JA, Reynolds HY.
Limitations of using urea to quantify epithelial lining fluid
recovered by bronchoalveolar lavage. Am Rev Respir Dis
135:1276-1280 (1987).

157. Rennard SI, Basset G, Lecossier D, O'Donnell KM, Pinkston
P, Martin PG, Crystal RG. Estimation of volume of epithelial
lining fluid recovered by lavage using urea as marker of dilu-
tion. J App1 Physiol 60:532-538 (1986).

158. Kaulbach HC, White MV, Igarashi Y, Hahn BK and Kaliner
MA. Estimation of nasal epithelial lining fluid using urea as a
marker. J Allergy Clin Immunol 92:457-465 (1993).

159. Behr J, Degenkolb B, Maier K, Braun B, Beinert T, Krombach F,
Bogelmeier C, Fruhmann G. Increased oxidation of extracellular

glutathione by bronchoalbeolar inflammatory cells in diffuse
Ebrosing alveolitis. Eur RespirJ 8:1286-1292 (1995).

160. Peterson BT, Griffith DE, Tate RW, Clancy SJ. Single-cycle
bronchoalveolar lavage to determine solute concentrations in
epithelial lining fluid. Am Rev Respir Dis 147:1216-1222
(1993).

161. van der Vliet A, O'Neill CA, Cross CE, Koostra JM, Volz WG,
Halliwell B, Louie S. Determination of low-molecular mass
antioxidant concentrations in human respiratory tract lining
fluids. Am J Physiol (in press).

162. Avissar N, Finkelstein JN, Horowitz S, Willey JC, Coy E,
Frampton MW, Watkins RH, Khullar P, Xu Y, Cohen HJ.
Extracellular glutathione peroxidase in human lung epithelial
lining fluid and in lung cells. Am J Physiol 270:L173-L182
(1996).

163. Oury TD, Day BJ, Crapo JD. Extracellular superoxide dismu-
tase: a regulator of nitric oxide bioavailabi[ity. Lab Invest
75:617-636 (1996).

164. DiSilvestro RA, Pacht E, Davis B, Jarjour N, Joung H, Trela-
Fulop K. BAL fluid contains detectable superoxide dismutase 1
activity. Chest 113:401-404 (1998).

165. Cantin AM, Fells GA, Hubbard RC, Crystal RG. Antioxidant
macromolecules in the epithelial lining fluid of the normal
human lower respiratory tract. J Clin Invest 86:962-971 (1990).

166. Davis WB, Pacht ER. Extracellular antioxidant defenses. In:
The Lung: Scientific Foundations (Crystal RG, West JB,
Barnes PJ, Cherrniack NS, Weibel ER, eds). New York:Raven
Press, 1991;1821-1826.

167. Matalon S, Holm BA, Baker RR, Whitfield MK, Freeman BA.
Characterization of antioxidant activities of pulmonary surfac-
tant mixtures. Biochim Biophys Acta 1035:121-127 (1990).

168. Halliwell B, Hu M, Louie S, Duval TR, Tarkington BK,
Motchnick P, Cross CE. Interaction of nitrogen dioxide with
human plasma: antioxidant depletion and oxidative damage.
FEBS Lett 313:62-66 (1992).

169. Kelly FJ, Blomberg A, Frew A, Holgate ST, Sandstrom T.
Antioxidant kinetics in lung lavage fluid following exposure of
humans to nitrogen dioxide. Am J Respir Crit Care Med
154:1700-1705 (1996).

170. Ho Y-S, Magnenat J-L, Gargano M, Cao J. The nature of
antioxidant defence mechanism: a lesson from transgenic studies.
Environ Health Perspect 106(Suppl 5):1219-1228 (1998).

Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998 1251


