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There are a number of good experimental studies showing that exposure by inhalation to prolonged tropospheric ozone damages the respiratory
system and extrapulmonary organs. The skin, if extensively exposed, may also contribute to the damage. The undoubtful strong reactivity of ozone
has contributed to establish the dogma that ozone is always toxic and its medical application must be proscribed. Although it is less known,
judiciously practiced ozonetherapy is becoming very useful either on its own or applied in combination with orthodox medicine in a broad range
of pathologies. The opponents of ozonetherapy base their judgment on the ozone chemistry, and physicians, without any knowledge of the
problem, are often skeptical. During the last 15 years, a clear understanding of the action of ozone in biology and medicine has been gained,
allowing today to argue if it is true that ozone is always toxic. The fundamental points that are discussed in this paper are: the topography,
anatomical and biochemical characteristics of the organs daily exposed to ozone versus the potent antioxidant capacity of blood exposed to a small
and precisely calculated dose of ozone only for a few minutes. It is becoming clear how the respiratory system undergoing a chronic oxidative
stress can release slowly, but steadily, a huge amount of toxic compounds able to enter the circulation and cause serious damage. The aim of this
paper is to objectively evaluate this controversial issue.
© 2006 Elsevier Inc. All rights reserved.
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Ozone has become a famous gas because in the stratosphere it
blocks an excessive ultraviolet irradiation of the earth, while, in
the troposphere, associated to several other pollutants, it damages
lung functions and can lead to severe ailments. There are quite a
few remarkable studies (Lippman, 1989; Devlin et al., 1991; Aris
et al., 1993; Kelly et al., 1995; Krishna et al., 1998; Broeckaert et
al., 1999; Bhalla and Gupta, 2000; Cho et al., 2001; Long et al.,
2001; Bell et al., 2004; Savov et al., 2004; Tager et al., 2005)
showing that prolonged inhalation of ozone damages the
respiratory system and extrapulmonary organs (Soulage et al.,
2004; Ruidavets et al., 2005). “Epidemiology” has recently
reported a series of meta-analysis and evaluations of geographic
and seasonal ozone relative risk providing striking evidence of the
relationship between ozone and mortality (Bell et al., 2005; Ito et
al., 2005; Levy et al., 2005; Bates, 2005; Goodman, 2005). It is
not surprising that the release of noxious compounds such as
substance P, NO (Fakhrzadeh et al., 2002), IL-1 β, IL-8 and TNFα
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has been amply demonstrated (Wang et al., 2002; Janic et al.,
2005). Reports by Gohil et al. (2003) and Last et al. (2005) are
particularly instructive because they have further shown that mice,
exposed to 1.00 ppm ozone breathing for 8 h for three consecutive
nights, upregulate the synthesis of a few pulmonary proteins
including the just mentioned pro-inflammatory cytokines and,
concomitantly, down-regulate a number of hepatic enzymes
related to fatty acids and carbohydrate metabolism including
suppression of the cytochrome P450 superfamily consistent with a
systemic cachexic response.
In order to understand the problem of the multiform toxicity
induced by ozone, it appears useful to discuss firstly the origin
and nature of the toxic compounds, secondly, their noxious
activity in the lungs and, thirdly, their distribution and fate in
body fluids and organs.
Origin, distribution and fate of toxic compounds released
by the pulmonary system during and after ozone exposure
At the airspace level, the alveolar cells are constantly
overlaid by a film composed of water, salts and a myriad of
biomolecules such as a profusion of surfactant phospholipids
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of antioxidants that, in blood, easily tame the ozone reactivity.
First of all, by considering the expanse of the alveolar surface
(1 m2/kg body weight) in a 70 kg human, it can be calculated
that the normal volume of ELF ranges between 17 and 20 ml,
whereas 5 l of blood include about 2.7 l plasma. Moreover, the
erythrocyte mass, amounting to about 2.3 kg, has an enormous
antioxidant capacity due to hydro-lipophilic antioxidants and
enzymes able to reduce any antioxidant in a few minutes
(Mendiratta et al., 1998a; 1998b). Erythrocytes, via glucose-6phosphate dehydrogenase activity in the pentose cycle, can
continuously supply NADPH-reducing equivalents. The
amount of plasma albumin acting as a “sacrificial compound”
against oxidants is impressive (99.9% higher than in ELF), and
only free GSH appears higher in ELF than in plasma. However,
erythrocytes have a GSH content of about 2.2 mM (almost 700fold higher than plasma) and therefore they contain a huge
reserve (Di Simplicio et al., 1998). In the course of evolution,
aerobic organisms have developed a sophisticated antioxidant
system against oxygen at the air–tissue barrier and, although
about 2% of the inhaled oxygen generates −O2 , this is normally
neutralized at an alveolar pO2 pressure of 100 mm Hg. It is
useful, however, to bear in mind that rats inhaling pure oxygen
(alveolar pressure at about 700 mm Hg) die within 60–66 h
(Crapo, 1986). Ozone is far more reactive than oxygen, and
breathing air containing 10.0 ppm ozone causes death within 4 h
in rats (Mehlman and Borek, 1987; Mustafa, 1990).
In order to understand the effects of a daily 8-hour ozone
exposure (April–October), we need to know the average
environmental ozone levels that vary considerably for many
reasons. The US Clean Air Act has set an ozone level of
0.06 ppm (120 μg/m3) as an 8-h mean concentration to protect
the health of workers (U.S. Environmental Protection Agency,
2005). Evaluation of recent studies (Mortimer et al., 2000;
Ruidavets et al., 2005; Bell et al., 2004; Tager et al., 2005)
allows establishing an average environmental ozone concentration of 90 ± 10 ppb. However, ozone concentration in urban air
can exceed 800 ppb in high pollution conditions (Mustafa,
1990). For 8 h at rest (a tidal volume of about 10 l/min and a
retention of inspired ozone of no less than 80%), the ozone dose
amounts to 0.70–0.77 mg daily or 21.0–23.1 mg monthly. This
is likely the minimal ozone intake because physical activity
increases the volume of inhaled air and, at peak time, the ozone
levels can easily augment to 200–300 ppb, reducing pulmonary
functions and enhancing the risk of cardiovascular death
(Ruidavets et al., 2005; Bell et al., 2004, 2005; Tager et al.,
2005; Ito et al., 2005). Moreover, the toxicity is certainly
augmented by the presence of NO2, CO, SO2 and particles
(PM10). On this basis, it appears clear how the ozone generated
ROS and LOPs at the ELF level, after being only partly
quenched by the scarce antioxidants, will act as cell signals able
to activate nuclear factor-kappa B (NF-κB), NO synthase and
some protein kinases, thus enhancing the synthesis and release
of TNFα, IL-1, IL-8, IFNγ and TGFβ1 and the possible
formation of nitrating species. With an increasing inflow into
the alveolar space of neutrophils and activated macrophages, a
vicious circle will start, perpetuating the production of an excess
of ROS including also hypoclorous acid (Spickett et al., 2000),
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and small amounts of proteins, lipophilic and hydrophilic
antioxidants. Any inspired gas, depending upon its relative
concentration and pressure, must first dissolve into the aqueous
layer before reaching the alveolar microcirculation and the
erythrocytes. This process implies a physical transport regulated
by a pressure gradient and a diffusion process. On the other
hand, it is known that ozone, in contact with biological water,
does not follow Henry's law and, although its solubility is tenfold higher than oxygen, it is not transferred into the alveolar
capillaries because it reacts immediately with the biomolecules
present in the epithelial lining fluid (ELF).
As it was hypothesized (Pryor, 1994; Pryor et al., 1995),
ozone does not penetrate the cells but oxidizes available
antioxidants and reacts instantaneously with surfactant's
polyunsaturated fatty acids (PUFA) present at the air–ELF
interface to form reactive oxygen species (ROS), such as
hydrogen peroxide and a mixture of heterogenous LOPs
including lipoperoxyl radicals, hydroperoxides, malonyldialdeyde, isoprostanes, the ozonide radical, O3·− (Ballinger et al.,
2005) and alkenals, particularly 4-hydroxy-2,3-trans-nonenal,
HNE (Mustafa, 1990; Esterbauer et al., 1991; Hamilton et al.,
1998; Long et al., 2001; Schaur, 2003; Iles et al., 2005). As
cholesterol is a component of the ELF and because its double
bond is readily attacked by ozone, it can give rise to biologically
active oxysterols (Pulfer et al., 2005; Sathishkumar et al., 2005)
of which 3β-hydroxy-5-oxo-5,6-secocholestan-6-al (CSeco)
has been implicated in pulmonary toxicity, Alzheimer's disease
and atherosclerosis.
In Table 1, the antioxidant capacity present in the human
ELF indicates only average values and, although different
portions of the respiratory tract may have different antioxidant
levels, these are always irrelevant in comparison to the amount
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Table 1
A comparison between the composition of ELF and blood of a normal 70 kg
human showing the great difference in antioxidant capacity of these two fluids
Blood

Volume: 17–20 ml

Plasma volume: ∼ 2.7 l
Erythrocytes: ∼ 2.3 kg
Total plasma proteins: ∼ 75 mg/ml
(total: ∼ 202.5 g)
Albumin: ∼45 mg/ml
(total: ∼ 121.5 g)
2–4 mg/ml
140–400 μg/ml
?
In plasma: ∼ 3 μM
In erythrocytes: ∼ 2.2 mM
10–20 μg/ml
∼ 9 μg/ml
0.04–0.07 mg/ml
0.7–1.0 mg/ml
∼ 1.0 mg/dl
Na: ∼139; Cl: ∼ 103;
K: ∼ 4 mM
pH 7.4

Au

Total proteins:∼ 7 mg/ml
(total: ∼ 130 mg)
Albumin: ∼ 3.5 mg/ml
(total: ∼ 63 mg)
Transferrin: ∼ 0.3 mg/ml
Ceruloplasmin: ∼25 μg/ml
Lactoferrin: ∼0.5 μg/ml
GSH: 300–400 μM

th
o

ELF

Vitamin E: ∼2 μg/ml
Vitamin C: ∼ 3.5 μg/ml
Uric acid: ∼ 0.05 mg/ml
Glucose: ∼0.4 mg/ml
Total Bilirubin: ?
Na: ∼ 82; Cl: ∼84;
K: ∼ 29 mM
pH 6.9

Data reported by Schultze and Heremans (1966); Davis and Pacht (1997);
Lubman et al., 1997; Di Simplicio et al. (1998); Hawgood (1997); Repine and
Heffner (1997); Widdicombe, 1997; Whitsett (1997).
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reach their respective receptors in any organ and, in spite of a
half-life of a few hours (Bocci et al., 1987, Bocci, 1981; 1987;
1991; 1992), the prolonged, endogenous synthesis insures a
saturation of the available binding sites. Given the toxicity of
aldehydic lipid peroxidation compounds, it is important to
know their metabolism and fate: Alary et al. (2003) have
reported that about 70% of [3H]HNE was excreted in urine
within 2 days after its intravenous (IV) administration in rats.
Siems and Grune (2003), after investigating the metabolism of
HNE in several mammalian cells and organs, demonstrated that
HNE, at a concentration of 100 μM, was degraded within
3 min of incubation at 37 °C, while it took only 10–30 s to
restore the physiological level of about 0.2 μM. We have
measured the kinetic of disappearance from mildly ozonated
blood of thiobarbituric acid reactive substances (TBARS),
including MDA and HNE, in six patients with age-related
macular degeneration (ARMD), and their half-life was
equivalent to 4.2 ± 1.7 min (Bocci, 1996a; 1996b; 2006). On
the other hand, when the same samples were incubated in vitro
(at + 37 °C and pH 7.3), LOPs levels hardly declined during the
next 9 h, indicating their stability in an acellular medium and
suggesting the relevance of cellular catabolism (Bocci et al.,
1998a). As far as the cholesteryl ester hydroperoxide is
concerned, Yamamoto (2000) has emphasized the role of the
enzymatic degradation and hepatic uptake. On the whole, it
appears that mammals have developed an efficient detoxification machinery to metabolize HNE and minimize its toxicity:
Awasthi et al. (2005), not only have indicated six enzymes,
glutathione S-transferases, aldoketoreductases, aldose reductase, aldehyde dehydrogenases Cyp450 4A and β-oxidation
enzymes, important in the metabolism of HNE, but they and
other authors (Li et al., 2000; Yang et al., 2003; Iles et al.,
2005; Foucaud et al., 2006; Zhang et al., 2006) have
emphasized that HNE stress-preconditioned cells can develop
a significant adaptive response by upregulating the synthesis of
γ-glutamate cysteine ligase, γ-glutamyltransferase, γ-glutamyl
transpeptidase, HSP-70, heme oxygenase-1 and a variety of
antioxidant enzymes. There is now ample consensus on the
importance of the induction of cell tolerance to low levels of
HNE (Takahashi et al., 1997, Cheng et al., 2001; Yang et al.,
2003).
At this point, it seems useful to point out that mammalian
organisms, for controlling HNE toxicity due to oxidative stress
and maintaining it at physiological plasma level of 0.3–0–7 μM
(Strohmaier et al., 1995; Dianzani, 2003; Forman et al., 2003;
Forman and Dickinson, 2004; Barrera et al., 2004), enact the
following processes:
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LOPs, isoprostanes, tachykinins, cytokines and proteases,
which will self-maintain the inflammation after ozone exposure.
Although the present studies have shown the complexity of
the induced pathology caused by a variety of toxic agents, we do
not have enough information regarding their amount, turnover
and rates of absorption into the general circulation via
lymphatics and capillaries. However, measurements of the
peroxidation markers level in experimental animals before and
after ozone exposure have been reported: Hamilton et al. (1998)
detected HNE adducts in the bronchoalveolar lavage fluid
(BAF) of human subjects exposed to 0.4 ppm ozone for 1 h with
exercise and Long et al. (2001) have demonstrated the presence
of F2-isoprostane in the bronchoalveolar lavage fluid of
hamsters exposed to 3.0 ppm (but not to 0.12 ppm) ozone for
6 h. Montuschi et al. (2002) found that pretreatment with
budesonide did not affect the increase in exhaled 8-isoprostane
in healthy volunteers exposed to inhale air containing ozone
(400 ppb) for 2 h. Corradi et al. (2002) measured H2O2, MDA
and 8-isoprostane in plasma and exhaled breath condensate
(EBC), while 8-hydroxy-2′-deoxyguanosine (8-OHdG) and
deoxyguanosine were assessed in peripheral lymphocytes.
Healthy volunteers were exposed to 0.1 ppm of O3 for only
2 h and yet a subgroup of “susceptible” subjects showed a
significant increase of H2O2 in EBC and of 8-isoprostane and 8OHdG in blood immediately after the ozone exposure to
indicate that the pulmonary inflammation rapidly reverberated
in the general circulation. This is to be expected as the ozone
stress lasts several hours, and the production of ROS, LOPs and
cytokines continues after ozone exposure.
ROS have a very brief half-life and are most likely acting
only on the pulmonary microenvironment, while toxic LOPs,
particularly HNE and pro-inflammatory cytokines, can be
continuously absorbed. Regarding their amount, I can only
speculate that, by considering the very large expanse of the
bronchial–alveolar space, it must be a huge one. In Last et al.'s
study (2005), mice were exposed to 1 ppm for 8 h during three
consecutive nights and unsurprisingly they lost 14% of their
original body weight with a 42% decrease in total food
consumption. The maximum work site concentration (WSC)
corresponds to 0.1 ppm (0.2 μg/l) over a breathing period of 1 h,
and therefore those mice breathed a more than ten-fold higher
ozone dose. But it is not the static value of 1 ppm that counts
because we must consider that, during summer, there is a
continuous flow of ozone entering the respiratory space and also
the very fact that ozone dissolves in the ELF and reacts
immediately; thus, every second, more ozone reacts so that in a
6-month period the cumulative dose (likely up to 150–300 mg
ozone) becomes really deleterious. In cell culture studies
(Tarkington et al., 1994), where the medium contains a lower
level of antioxidants than plasma (Leist et al., 1996; Halliwell,
2003; Larini et al., 2004), cell death, occurring within a few
hours, is due to the successive doses of ozone that, although
small, continuously dissolve, exhaust the scarce antioxidants
and produce toxic compounds.
The next problem has pharmacotoxicological relevance and
concerns the distribution and fate of the absorbed cytokines
and LOPs. TNFα, IL-1, IL-8, IFNγ and TGFβ1 can easily
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a) Dilution, a simple calculation indicates that a bolus injection
of a dose of 500 μMHNE in 10 ml of plasma, once diluted in
a plasma-extracellular fluid volume of 12 l of a normal
human, irrespective of any other process, yields a concentration of as low as 0.04 μM.
b) Detoxification, due to the direct inactivation of HNE with
GSH and ascorbate or to the interaction with billions of cells
endowed with detoxifying enzymes (Forman and Dickinson,
2004; Awasthi et al., 2005).
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Ozone is not always toxic and can be used as a real drug
In our studies (Bocci et al., 1993a, 1993b; 1998a, 1998b;
1999a), exposing human blood to a gas mixture composed of
medical oxygen and ozone (∼ 96 and ∼ 4%, respectively), both
gases present in the phase overlying a superficial layer of about
10 μ of blood, at first dissolve in the water of plasma. The gas
solubilization goes on continuously when the blood is gently
rotated in a glass bottle. Oxygen equilibrates with the
extracellular and intraerythrocytic water before becoming
bound to hemoglobin until it is fully oxygenated as shown by
the rapid increase of the pO2 from about 40 up to 400 mm Hg.
On the contrary, ozone, more soluble than oxygen, readily
dissolves in water and reacts instantaneously with several
substrates, oxidizing ascorbic acid, urate, free cysteine, GSH
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On the other hand, a normal endogenous HNE level (0.1–
0.7 μM) appears to act as a defensive agent against itself and
other toxic compounds (Dianzani, 1998; 2003; Barrera et al.,
2004). Thus, the biological behavior of HNE is an enlightening
example of how the physiological serum level of a potentially
toxic aldehyde produced by the normal peroxidation (Strohmaier et al., 1995) can activate a number of useful signaling
pathways (Siems and Grune, 2003).
Finally, it is worthwhile to mention that the vast cutaneous
surface, possibly exposed for hours to ozone and UV radiation,
can contribute to the overall toxicity: several studies performed
by exposing hairless mice to ozone have shown not only
depletion of the skin antioxidants but the induction of a
remarkable oxidative stress (Thiele et al., 1997; Podda et al.,
1998; Cotovio et al., 2001; Valacchi et al., 2000; 2002; 2003;
2004). As a consequence, humans, living in hot countries and
during summer, become particularly susceptible to ozone and
UV irradiation. On the contrary, a quasi-total (excluding the
neck and the head) exposure of human volunteers to a very low
ozone concentration in a sauna cabin for 20 min results in a very
transient increase of LOPs in the peripheral circulation that
exerts therapeutic effects in chronic limb ischemia's patients
(Bocci et al., 1999b; Bocci, 2005) interpreted as due to an
induction of antioxidant enzymes and HO-1.
In conclusion, although ozone is not the only culprit for
adverse health effects, it significantly contributes to exacerbate
respiratory illnesses and enhances mortality in about 40% of the
total US population (Bell et al., 2004; 2005; Ruidavets et al.,
2005). The problem is linked to the abnormal ozone concentration of throposheric ozone and the chronic production of
noxious compounds that damage the lungs and other vital
organs. The overall toxicity, due to the constant aggressiveness
of ozone on lungs and partly on the exposed skin, associated

with the relative efficiency of the detoxifying system progressively overwhelmed by the perennial stress, favors pathological
effects such as inflammation and cell degeneration particularly
on lungs, liver (fibrosis), heart, kidneys and brain (Poli and
Schaur, 2000; Chiarpotto et al., 2005). The drawing presented in
Fig. 1 aims to visualize how vital organs continuously undergo a
kind of a “toxic rain”. Obviously, this knowledge has
popularized the idea of ozone toxicity but, in the next section,
it will be clarified that the generalization of this concept is
incorrect.

al

c) Excretion, into bile and urine after hepatic detoxification
(Yamamoto, 2000) and renal excretion (Alary et al., 2003;
Jardines et al., 2003) and
d) Cell internalization, this is a crucial and interesting point
because the consequent biological effects can be either
negative or positive. There is no doubt that chronically
inflamed lungs, by maintaining a steady and high levels of
LOPs and pro-inflammatory cytokines in the circulation for
hours or days, will cause cell degeneration and a cachetic
state as shown by Last et al.'s (2005) work. Several months
exposure to ozone or to a prolonged oxidative stress due to a
chronic disease (atherosclerosis, diabetes, inflammation) can
possibly raise HNE plasma levels up to 5–20 μM and, in
spite of continuous detoxification, they can exert pathological effects as those observed in vitro studies performed
with endothelial cells (Herbst et al., 1999), leukemic cells
(Zhang et al., 2001), lens epithelial cells (Choudhary et al.,
2002), Jurkat T cells (Larini et al., 2004) and when testing
CSeco in cardiomyoblasts (Sathishkumar et al., 2005).
Interestingly, tolerance to ozone or HNE is far more easily
achieved by small and repeated oxidative stresses than after a
continuous and heavy oxidation (Awasthi et al., 2005; Iles et
al., 2005).
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Fig. 1. A chronic exposure of the pulmonary system and skin to ozone and UV
radiation causes the formation of a great number of toxic compounds, which, in
spite of the natural antioxidant system, flow continuously into the blood and
reach vital organs complicating the pulmonary damage.
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with consequent activation of the pentose cycle in the red cell
and activation of a tyrosine kinase in lymphocytes), it must
reach a critical threshold that, nonetheless, is not cytotoxic. The
concept of threshold is physiologically important and means
that an ozone dose below 10 μg/ml of gas per ml of blood, in
most cases, is biologically ineffective because the ozone dose is
totally neutralized by the plasma antioxidants. In other words,
the concept of a threshold helps to understand that a too low
ozone dose may be ineffective (placebo effect) while a dose
higher than the therapeutic one can be toxic. It is almost
needless to add that saline-washed erythrocytes suspended in
saline, even if exposed to very low ozone concentrations,
undergo conspicuous hemolysis, an artificial result (Goldstein
and Balchum, 1967) that has favored the concept of ozone
toxicity.
Provided that the ozone dose is within a well defined,
experimentally determined range (10–80 μg/ml or 0.21–
1.68 mM per ml of blood), there is only a transitory decrease
(no more than 25%) of the potent antioxidant capacity of plasma
(Rice-Evans and Miller, 1994), fully reconstituted within
20 min owing to the efficiency of the redox system (Mendiratta
et al., 1998a, 1998b). There is neither damage to erythrocytes:
hemolysis is negligible (from 0.4 up to 1.2%) and methemoglobin remains normal (Bocci et al., 1998b; Shinriki et al.,
1998; Bocci et al. 2005; Bocci, 2006; Travagli et al., in press)
nor to other blood cells. It must be added that ozonated
erythrocytes show an improved glycolysis with an increase of
ATP and 2,3-DPG levels, which are able to shift the dissociation
curve of HbO2 to the right, confirming the observation of an
improved delivery of oxygen in peripheral obstructive arterial
disease (Rokitansky, 1982, Mattassi et al., 1987; Viebahn,
1999). Extensive data have been reported in reviews (Bocci,
1999, 2004, 2006) and two books (Bocci, 2002, 2005). It is now
clear that a “physiological” ozone dose (most frequently ranges
between 10 and 40 μg/ml or 0.21 and 0.84 mM per ml of blood)
triggers an acute and precisely calculated oxidative stress able to
activate several biological processes summarized in Fig. 2.
What happens during the rapid reinfusion of the hyperoxygenated-ozonated blood into the donor? The hyperoxygenation of blood (pO2 ∼ 400 mm Hg) is irrelevant because, during
the 15-min infusion period, it mixes with about 75 l venous
blood so that the final venous pO2 relative pressure is hardly
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molecules and albumin thiol groups. Ozone doses, within the
therapeutical range (10–80 μg/ml of gas per ml of blood), are
partly neutralized by well-known sacrificial reactions: Cross et
al. (1992a) investigated the oxidative action of ozone on plasma
proteins but did not detect any electrophoretic modification of
lipoproteins. Albumin-SH groups undergo oxidation and in fact
albumin is considered the main sacrificial molecule and surely
prevents lipoprotein damage. The small amount of oxidized
albumin is rapidly removed from the circulation and does not
affect the plasma level. We have provided evidence that
oxygen–ozone behaves similarly when this gas mixture comes
in contact with a moist human skin (Bocci et al., 1999b) and the
rabbit colon–rectal mucosa (Bocci et al., 2000): ozone dissolves
immediately in the water overlaying the epithelium and reacts
with sebum, mucoproteins, feces and any other biomolecules
present in the liquid film generating hydrogen peroxide (H2O2),
possibly other ROS and lipid ozonation products (LOPs). Only
LOPs are absorbed via lymphatics and venous capillaries and
reach first the liver and then enter into the general circulation
where these have been measured.
During the last 15 years, we have evaluated the biochemical
reactions occurring when human blood is exposed for a few
minutes to oxygen and ozone After the instantaneous reactions
of the dissolved ozone with biomolecules (antioxidants and
PUFA), the newly formed hydrogen peroxide (H2O2) and a
heterogeneous number of lipid oxidation products (LOPs)
represent the chemical mediators of the totally extinct ozone
(Bocci and Paulesu, 1990; Paulesu et al., 1991; Bocci et al.,
1993a, 1993b; 1998a, 1998b; 1999a). Although the reaction of
ozone with either blood or ELF is somewhat similar, there are
profound differences in regard to the quantity and composition
of components and antioxidants (Table 1).
The behavior and pharmacodynamic of H2O2 have been
ascertained: the initial formation of a gradient between plasma
and intracellular water allows its entrance into the erythrocytes
and lymphocytes but its concentration remains around a few
micromoles because it is quickly reduced to H2O by free GSH,
catalase and GSH-Px (Stone and Collins, 2002; Bocci et al.,
1998a, 1998b; Valacchi and Bocci, 1999; 2000; Bocci and
Aldinucci, 2005). Its half-life is of about 1 s and yet its
intracellular concentration is critical because, in order to
activate some biochemical pathways (formation of GSSG
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Fig. 2. A summary of the main biological effects elicited during exposure of human blood to oxygen–ozone, ex vivo, and after its reinfusion in the donor. The term of
super-gifted erythrocytes is attributed to cohorts of erythrocytes that, after repeated treatments, show an increase of antioxidant enzymes.
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of treatments have been performed in patients all over the world
without any acute or chronic toxicity (Jacobs, 1982). However,
a few deaths have been caused by malpractice performed by
quacks, who, at the height of HIV infections, injected the gas,
intravenously provoking pulmonary oxygen embolism. These
unfortunate episodes caused a justifiable outcry and greatly
helped to condemn ozonetherapy. Briefly, the correct method
consists in collecting 100–200 ml of blood (plus an
anticoagulant) in an ozone-resistant glass bottle, adding an
equivalent gas volume containing ozone at a precise
concentration, gently mixing for 5 min and returning the
oxygenated–ozonated blood to the donor during the next
15 min, obviously without the gas. In this way, some of the
chemical messengers generated by ozone ex vivo diffuse into
all the organs and elicit a number of biological responses as
schematically indicated:

al

a) the increase of intraerythrocytic 2,3-DPG level improves
blood circulation and oxygen delivery to ischemic tissues,
b) improve the general metabolism owing to an improved
oxygen delivery,
c) correct a chronic oxidative stress by upregulating the
antioxidant system and inducing HO-1,
d) induce a mild activation of the immune system,
e) procure a state of well-being in the majority of patients by
activating the neuro-endocrine system (Bocci, 2002; 2005)
and
f) do not cause acute or late noxious effects.
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modified. LOPs (mainly HNE), as already mentioned, disappear
from the circulation within a few minutes, and yet they can exert
stimulatory effects throughout the body without toxicity
because their concentration, at a submicromolar level, is
transitory. This is a crucial consideration to keep in mind and
emphasizes how a small and precise ozone dose can act as a
biological response modifier. At variance with the high and
fairly constant LOPs levels generated by lungs exposed to
ozone, HNE can act as useful and not injurious signals
(Dianzani, 1998; 2003; Parola et al., 1999; Barrera et al.,
2004) and can be regarded as a physiological messenger
informing the organism of a minimal oxidative stress that is the
critical stimulus for inducing the adaptive response.
What then is the difference between a chronic exposure to
ozone and a transitory, precisely calculated ozone stress to a
small volume of blood ex vivo? The atoxicity of blood
ozonation is explained by the use of small and well-calibrated
doses of ozone that are tamed by the antioxidant system and the
short span (only a few minutes) of ozone exposure. In other
words, the ozonation of blood implies that most of the ozone
dose is consumed by the antioxidants and only a small
percentage elicits biological effects. Blood, in comparison to
the lungs, is a much more resistant “tissue,” by virtue of a
redundancy of plasmatic and intracellular antioxidants (Halliwell, 1994, 1996, 1999) able to check a bland pulse of ozone.
Moreover, it is amazing how quickly a partial depletion of
antioxidants returns to normal, thanks to the recycling of
dehydroascorbate, GSSG, alpha-tocopheryl radical and lipoate
to the reduced counterparts (Packer et al., 1997; Mendiratta et
al., 1998a, b; Halliwell, 1999).
Another important biological effect is the amply demonstrated induction of adaptation to oxidative stress (Bocci,
1996a; Leon et al., 1998; Barber et al., 1999; Jalil et al., 2001;
Candelario-Jalil et al., 2001; Larini et al., 2003, 2004), a
phenomenon described also as “ozone tolerance” or “oxidative
preconditioning”. This interesting process is universally present
from bacteria to fungi to plants and mammals (extensively
discussed in Bocci, 2002, pages 233–37). Goldman (1996) used
the term “hormesis” to indicate “the beneficial effect of a low
level exposure to an agent that is harmful at high levels” (see
also Calabrese, 2005). The repetition of small ozonated
autohemotherapies in patients upregulates the synthesis of
several antioxidant enzymes (SOD, GSH-Px, GSH-Rd, GSH-Tr
and G6PD) and of heme oxygenase-1 (HO-1), which is one of
the most protective enzymes catalyzying the release of bilirubin
and CO from heme (Pannen et al., 1998; Snyder and Baranano,
2001; Duckers et al., 2001; Zuckerbraun and Billiar, 2003, Iles
et al., 2005; Bocci, 2006). I fully agree with one of the referees's
comments that a trace of hemolysis (0.4–0.8%), unavoidable
when blood is ozonated in a glass bottle, is useful because it acts
as an inducer of HO-1. Thus, a small, acute stress on blood ex
vivo is quite different from the prolonged, endogenous,
oxidative stress due to throposheric ozone because the former
paradoxically upregulates the antioxidant defenses and the latter
induces a progressive inflammation and degeneration.
The so-called “major ozonated autohemotherapy” was
invented in Germany by Wolff (1974) and until now millions
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Clinical results so far available have shown that properly
performed ozonetherapy appears useful in the following
diseases:
1) Chronic osteomyelitis, pleural empyema, peritonitis, abscesses with intractable fistulae, infected wounds, bed sores,
chronic ulcers and initial gangrena, diabetic foot, skin,
mouth, vaginal and rectal bacterial, viral, fungine infections
and burns (Matsumoto et al., 2001; Bocci, 2002; Menendez
et al., 2002; Di Paolo et al., 2002, Bette et al., 2006). In these
pathologies, simultaneous parenteral and topical therapy
with ozonated oil (triolein triozonide) solves the problem in
spite of antibiotic resistance because of ozone's potent
disinfectant activity and capacity for accelerating the healing
process. Valacchi et al. (2005) have discussed both the
damaging effect of the skin exposed to ozone and the
incredible effects of ozonated oil applied on skin lesions.
2) Advanced ischemic diseases (peripheral obstructive arterial
disease and heart ischemia). A brief infusion of ozonated
blood is more effective and free of side effects than the
conventional 6 h infusion of a prostanoid. Enhanced and
sustained vasodilation with an improved oxygen delivery is
the key of success (Clavo et al., 2003; De Monte et al., 2005;
Di Paolo et al., 2005).
3) A randomized controlled clinical trial performed at the
Institute of Angiology and Vascular Surgery at the
University of Havana, Cuba, with 101 patients with diabetic
foot showed an improved healing and fewer amputations in
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neuro-endocrine system with a supposed release of ACTH,
cortisol, DHEA and perhaps β-endorphin. Unfortunately, this
idea has not yet been experimentally validated.
Discussion
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There have been several arguments for prohibiting the use of
ozone in medicine: the first is that ozone is a strong oxidant and
a toxic gas that should never be breathed. The second is due to
the fact that several diseases are perpetuated by a chronic
oxidative stress, and therefore a gas generating free radicals
should be proscribed. The third has been the fault of
unscrupulous quacks who, without any medical qualification,
have injected the gas mixture (O2–O3), intravenously causing
lung embolism. Thus, it has been easy to label ozonetherapy as
a dangerous quackery, but the previous sections should have
clarified why throposheric ozone is toxic and why a single pulse
of a precisely measured ozone dose in blood is not. The success
of ozonetherapy depends in using small and safe ozone doses,
just above the threshold level, able to stimulate a number of
biochemical pathways, finally responsible for the activation of
the natural healing capacity. This concept echoes an old
intuition by Paracelsus (1493–1541), who wrote that: “the
body possesses the high art of wrecking but also restoring
health”. We must admire his perspicacity because he had neither
scientific knowledge of the chronic oxidative stress plaguing
chronic diseases and even less of the adaptive phenomenon so
critical to restore an effective antioxidant and protective
response against pathogens nor could he envisage the beneficial
influence of the psico–neuro–endocrine–immunological system. After our studies (described in details in Bocci, 2005,
2006) on the biochemistry, physiology and pharmacology of the
compounds generated in blood ex vivo during the brief ozone
reaction, we have a comprehensive framework for understanding ozonetherapy which, among complementary therapies,
has emerged as a scientific discipline.
Although the putative physiological vasodilator was discovered in 1980 (Furchgott and Zawadzki, 1980), until 1987,
nobody believed that NO, a toxic radical gas could be produced
by cells and perform a crucial function. Moreover, we have
another two gases: the far less reactive but potentially toxic CO
derived with bilirubin by the breakdown of heme (Pannen et al.,
1998; Brouard et al., 2000; Minetti et al., 1998) and the equally
potentially toxic H2S, synthesized naturally in the body from Lcysteine (Wang, 2003), which can coadjuvate NO in maintaining a correct vascular tone. These three gases, produced in trace
amounts, have become indispensable mediators, but their
excessive and continuous production during chronic inflammation is very deleterious. Even if ozone is a strong oxidant, I do
not consider absurd to assimilate its behavior to these gases
because, when either inspired or if continuously produced in
atherosclerotic plaques, it is noxious (Wentworth et al., 2003)
whereas, when it is used as a single small dose, it appears useful
as a real drug able to elicit biological functions and therapeutic
results. It is implicit that the idea “the more is better” is not
appropriate for ozone because its concentration must be
calibrated in relation to the blood volume and its antioxidant
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the ozone-treated group in comparison with the control
group treated with conventional topical and systemic
antibiotics (Martinez-Sanchez et al., 2005).
4) Age-related macular degeneration (ARMD, atrophic form
only). In not too advanced cases, even a small increase of
oxygen delivery at the foveola level, by acting on the
photoreceptors and retinal pigment epithelium, is able to
improve the visual acuity and the quality of life of 66% of
patients. Orthodox medicine does not offer any viable option
except the administration of antioxidants. The interested
reader can examine Section 3 of Chapter 9 in my book (Bocci,
2005a, pp. 132–144), where the methodology and clinical
data in 77 patients, including controls, are reported in details.
5) Lumbar and cervical hernial discs as well as localized
osteoarthrosis can be treated with a direct or intramuscular
small injection of gas. Ozonetherapy is becoming one of the
most successful mini-invasive approaches for these affections (Andreula et al., 2003). Over 120,000 treatments have
been performed worldwide with a successful outcome over
80% and a record of safety superior to other mini-invasive
procedures.
6) Dentistry, regarding primary root carious lesions, particularly in children. Ozone sterilizes the dental lesion and
enhances the remineralization (Johnson et al., 2004; Baysan
and Lynch, 2004). Prof. E. Lynch has edited a book of 300
pages, entitled: Ozone: the revolution in Dentistry, Quintessence, Copenhagen, 2004.
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This brief summary points out the versatility of ozone due to
its disinfectant activity and the ability to stimulate with several
messengers a variety of cells. Space limits do not allow
discussing the advantages of ozonetherapy associated with
orthodox treatments in other diseases. So far, the validity of
ozonetherapy in clinical practice is correctly criticized because
only a few studies are available in comparison to large orthodox
studies performed by thousands of clinical scientists well
supported by pharmaceutical industries. Clearly, the fact that
ozonetherapy is mainly performed by private practitioners and
is not sponsored by anyone is not a valid excuse and the only
hope is that Health Authorities would promote clinical studies
because ozonetherapy will reduce medical costs. This possibility would be important because only ample and multicenter
studies will provide a valid proof but, unfortunately, prejudice
and an incomprehensible antagonism against this therapy,
associated with a lack of funds, delays a crucial progress.
However, on the basis of my personal experience, I can answer
to a referee's comment that, following the established
therapeutic dosages, there is at most 0.8% hemolysis (actually
useful for stimulating HO-1 induction). Neither acute nor
chronic adverse effects have been observed after millions of
treatments. As official medicine, although too late, has reported
that Vioxx has provoked the death of some 50,000 Americans
(Beardsley, 2005), I would be the first to denounce toxic effects,
whereas I am glad to say that most of patients, during treatment,
report a feeling of wellness. The state of well-being and
euphoria the day after the infusion of ozonated blood in the
donor is probably due to a stimulatory effect of LOPs on the
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Final remarks and perspectives
Needless to say the toxicological problem of the photochemical smog is far more important than the controversy
regarding ozone toxicity among chemists and ozonetherapists.
The problem will worsen unless politicians, economists and
scientists will make a serious effort to reduce pollution as soon
as possible: obviously all possible preventive measures for
reducing high urban ozone pollution and photochemical smog
should be adopted and even partial remedies will help. It is
encouraging to remember that, as soon as the problem was
understood (Molina and Rowland, 1974), a good cooperation
among scientists and Health Authorities successfully prohibited
the dispersion of chlorofluorocarbons in the environment, a
good first step for slowly recreating a normal ozone layer in the
stratosphere.
I would like to plead Health Authorities to organize an
ozonetherapy service for the parenteral and topical treatment of
chronic wounds, bed sores and chronic ulcers (in diabetics)
because they never heal using the most expensive pharmaceutical creams and distress millions of patients. The same could be
done for ARMD's patients and for vascular ischemic diseases in
combination with the best conventional treatments for reducing
pain and improve the quality of life. Of the population at risk of
continuous ozone-contaminated air in vast areas of the world, the
worst off are children (Mortimer et al., 2000; Bell et al., 2005),
patients with chronic pulmonary diseases, smokers and elderly
people. What can be done to reduce the increasing incidence of
serious complications such as lung cancer, emphysema,
bronchopulmonary chronic obstructive disease, pulmonary
fibrosis and heart failure? Studies suggesting the potential
usefulness of a daily oral supplementation of antioxidants,
namely vitamin C, E, N-acetyl-cysteine (Mudway and Kelly,
1998; Samet et al., 2001; Antonicelli et al., 2002; Asplund,
2002; Cross, 2003; Sienra-Monge et al., 2004; Polidori et al.,
2004) or of inhalation of ozone scavengers (Keinan et al., 2005),
have been published but, while they are harmless, their real
therapeutic efficacy remains uncertain. Theoretically, it would
be better to achieve a fairly constant upregulation of intracellular
antioxidant enzymes and HO-1 in lungs and other organs, but is
it feasible? One possibility would be to induce ozone tolerance
(Rahman et al., 1991; Takahashi et al., 1997; Vargas et al., 1998;

McKinney et al., 1998; Christian et al., 1998; Otterbein et al.,
1999; Li et al., 2000; Yang et al., 2003) by organizing an
appropriate medical service in advance: this is easy to say but
practically difficult in a large number of people because it will be
necessary to program and evaluate an effective scheme
consisting in a controlled, minimal inhalation of either ozone
or ozone bound to unsaturated monoterpenes, before and at
selected intervals during the period of high air pollution.
An interesting and practical approach is to induce antioxidant enzymes in subjects at high risk by administering a
daily oral dose of a dietary supplement (675 mg) of a
composition consisting of extracts of five medicinal plants
including curcumin (Nelson et al., 2006). Although it may seem
paradoxical, another simple way may be to perform a so-called
“minor autohemotherapy” every 2 weeks. This is easily and
quickly done by collecting in a 10 ml syringe 5 ml of the
subject's blood, adding an ozone dose of 0.4 mg in 4 ml of gas,
mixing it quickly and injecting it intramuscularly. This practice
is as old as I because I learnt it when I was a medical student in
1953, and it positively works in improving the body's resistance
to different stresses. It is used even without ozone addition as a
sort of autovaccine in herpetic infections (Olwin et al., 1997).
Moreover, it is currently used for treating patients with heart
failure progression with the aim of reducing immune activation
and inflammation, which contribute to the progression of
chronic heart failure. Torre-Amione et al. (2005) treat blood at
42.5 °C with ozone and UV rays and have injected it
intramuscularly in many patients. Personally, I do not think
that it is necessary to use this harsh method and that the above
indicated procedure is sufficient for upregulating the synthesis
of antioxidant enzymes and HO-1.
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capacity as well as to the target cells. In my latest book (Bocci,
2005), I defined ozone as a new medical drug and we know that
any drug, depending upon its concentration and cumulative
dose, can be either therapeutic or toxic. I am grateful to one
referee reminding me that Paracelsus (1493–1541) wrote:
“Poison is in everything, and no thing is without poison. The
dosage makes it either a poison or a remedy”. His intuition,
made in the Renaissance, appears valid still today.
My own elementary, but compelling observation is that
essential molecules like oxygen and glucose can be deadly if
their concentrations become too low or too high. It is hoped that
this article, purposefully written to highlight the controversy
regarding ozone toxicity or its beneficial activity, will interest
the scientific community.

Acknowledgments
I am grateful to the University of Siena for allowing me to do
this work in the Department of Physiology as Emeritus Professor. I would like to thank Mrs. H. Carter for the English
revision and Dr. C. Aldinucci for preparing the drawing
presented in Fig. 1.
References
Alary, J., Geuraud, F., Cravedi, J.P., 2003. Fate of 4-hydroxynonenal in vivo:
disposition and metabolic pathways. Mol. Aspects Med. 24, 177–187.
Andreula, C.F., Simonetti, L., De Santis, F., Agati, R., Ricci, R., Leonardi, M.,
2003. Minimally invasive oxygen–ozone therapy for lumbar disk herniation.
AJNR. Am. J. Neuroradiol. 24, 996–1000.
Antonicelli, F., Parmentier, M., Drost, E.M., Hirani, N., Rahman, I., Donaldson,
K., MacNee, W., 2002. Nacystelyn inhibits oxidant-mediated interleukin-8
expression and NF-kappaB nuclear binding in alveolar epithelial cells. Free
Radical Biol. Med. 32, 492–502.
Aris, R.M., Christian, D., Hearne, P.Q., Kerr, K., Finkbeiner, W.E., Balmes, J.R.,
1993. Ozone-induced airway inflammation in human subjects as determined
by airway lavage and biopsy. Am. Rev. Respir. Dis. 148, 1363–1372.
Asplund, K., 2002. Antioxidant vitamins in the prevention of cardiovascular
disease: a systematic review. J. Intern. Med. 251, 372–392.
Awasthi, Y.C., Ansari, G.A., Awasthi, S., 2005. Regulation of 4-hydroxynonenal mediated signaling by glutathione S-transferases. Methods Enzymol.
401, 379–407.
Ballinger, C.A., Cueto, R., Squadrito, G., Coffin, J.F., Velsor, L.W., Pryor, W.A.,

V. Bocci / Toxicology and Applied Pharmacology 216 (2006) 493–504

on

al

co

py

of reactive oxygen species (ROS) after exposure of human blood to ozone. J.
Biol. Regul. Homeostatic Agents 12, 67–75.
Bocci, V., Valacchi, G., Corradeschi, F., Fanetti, G., 1998b. Studies on the
biological effects of ozone: 8. Effects on the total antioxidant status and on
interleukin-8 production. Mediat. Inflamm. 7, 313–317.
Bocci, V., Valacchi, G., Rossi, R., Giustarini, D., Paccagnini, E., Pucci, A.M., Di
Simplicio, P., 1999a. Studies on the biological effects of ozone: 9. Effects of
ozone on human platelets. Platelets 10, 110–116.
Bocci, V., Borrelli, E., Valacchi, G., Luzzi, E., 1999b. Quasi-total-body
exposure to an oxygen–ozone mixture in a sauna cabin. Eur. J. Appl.
Physiol. Occup. Physiol. 80, 549–554.
Bocci, V., Borrelli, E., Corradeschi, F., Valacchi, G., 2000. Systemic effects after
colorectal insufflation of oxygen–ozone in rabbits. Int. J. Med. Biol.
Environ. 28, 109–113.
Bocci, V., Larini, A., Micheli, V., 2005. Restoration of normoxia by ozone
therapy may control neoplastic growth: a review and a working hypothesis.
J. Altern. Complement. Med. 11, 257–265.
Broeckaert, F., Arsalane, K., Hermans, C., Bergamaschi, E., Brustolin, A.,
Mutti, A., Bernard, A., 1999. Lung epithelial damage at low concentrations
of ambient ozone. Lancet 353, 900–901.
Brouard, S., Otterbein, L.E., Anrather, J., Tobiasch, E., Bach, F.H., Choi, A.M.,
Soares, M.P., 2000. Carbon monoxide generated by heme oxygenase 1
suppresses endothelial cell apoptosis. J. Exp. Med. 192, 1015–1026.
Calabrese, E.J., 2005. Paradigm lost, paradigm found: the re-emergence of
hormesis as a fundamental dose response model in the toxicological
sciences. Environ. Pollut. 138, 379–411.
Candelario-Jalil, E., Mohammed-Al-Dalain, S., Leon, O.S., Menéndez, S.,
Pérez-Davidson, G., Merino, N., 2001. Oxidative preconditioning affords
against carbon tetrachloride-induced glycogen depletion and oxidative stress
in rats. J. Appl. Toxicol. 21 (4), 297–301.
Cheng, J.Z., Sharma, R., Yang, Y., Singhal, S.S., Sharma, A., Saini, M.K.,
Singh, S.V., Zimniak, P., Awasthi, S., Awasthi, Y.C., 2001. Accelerated
metabolism and exclusion of 4-hydroxynonenal through induction of
RLIP76 and hGST5.8 is an early adaptive response of cells to heat and
oxidative stress. J. Biol. Chem. 276, 41213–41223.
Chiarpotto, E., Castello, L., Leonarduzzi, G., Biasi, A., Poli, G., 2005. Role of 4hydroxy-2,3-nonenal in the pathogenesis of fibrosis. BioFactors 24,
229–236.
Cho, H.Y., Zhang, L.Y., Kleeberger, S.R., 2001. Ozone-induced lung
inflammation and hyperreactivity are mediated via tumor necrosis factoralpha receptors. Am. J. Physiol.: Lung Cell. Mol. Physiol. 280,
L537–L546.
Christian, D.L., Chen, L.L., Scannell, C.H., Ferrando, R.E., Welch, B.S.,
Balmes, J.R., 1998. Ozone-induced inflammation is attenuated with
multiday exposure. Am. J. Respir. Crit. Care Med. 158, 532–537.
Choudhary, S., Zhang, W., Zhou, F., Campbell, G.A., Chan, L.L., Thompson, E.
B., Ansari, N.H., 2002. Cellular lipid peroxidation end-products induce
apoptosis in human lens epithelial cells. Free Radical Biol. Med. 32,
360–369.
Clavo, B., Perez, J.L., Lopez, L., Suarez, G., Lloret, M., Rodriguez, V., Macias,
D., Santana, M., Morera, J., Fiuza, D., Robaina, F., Gunderoth, M., 2003.
Effect of ozone therapy on muscle oxygenation. J. Altern. Complement.
Med. 9, 1–256.
Corradi, M., Alinovi, R., Goldoni, M., Vettori, M., Folesani, G., Mozzoni, P.,
Cavazzini, S., Bergamaschi, E., Rossi, L., Mutti, A., 2002. Biomarkers of
oxidative stress after controlled human exposure to ozone. Toxicol. Lett.
134, 219–225.
Cotovio, J., Onno, L., Justine, P., Lamure, S., Catroux, P., 2001. Generation of
oxidative stress in human cutaneous models following in vitro ozone
exposure. Toxicol. In Vitro 15, 357–362.
Crapo, J.D., 1986. Morphologic changes in pulmonary oxygen toxicity. Ann.
Rev. Physiol. 48, 721–731.
Cross, C.E., 2003. The antioxidant milieu at asthmatic respiratory tract surfaces.
Pediatr. Res. 53, 365–368.
Cross, C.E., Reznick, A.Z., Packer, L., Davis, P.A., Suzuki, Y.J., Halliwell, B.,
1992a. Oxidative damage to human plasma proteins by ozone. Free Radical
Res. Commun. 15, 347–352.
Davis, W.B., Pacht, E.R., 1997. Extracellular antioxidant defenses, In: Crystal,

Au

th
o

r's

pe

rs

Postlethwait, E.M., 2005. Antioxidant-mediated augmentation of ozoneinduced membrane oxidation. Free Radical Biol. Med. 38, 515–526.
Barrera, G., Pizzimenti, S., Dianzani, M.U., 2004. 4-hydroxynonenal and
regulation of cell cycle: effects on the pRb/E2F pathway. Free Radical Biol.
Med. 37, 597–606.
Barber, E., Menendez, S., Leon, O.S., Barber, M.O., Merino, N., Calunga, J.L.,
Cruz, E., Bocci, V., 1999. Prevention of renal injury after induction of ozone
tolerance in rats submitted to warm ischemia. Mediat. Inflamm. 8, 37–41.
Bates, D.V., 2005. Ambient ozone and mortality. Epidemiology 16, 427–429.
Baysan, A., Lynch, E., 2004. Clinical management of root caries using ozone.
In: Lynch, E. (Ed.), Ozone: the Revolution in Dentistry. Quintessence Publ.,
Copenhagen, pp. 173–180.
Beardsley, S., 2005. Avoiding another Vioxx. Sci. Am. 292, 9–10.
Bell, M.L., Dominici, F., Samet, J.M., 2005. A meta-analysis of time-series
studies of ozone and mortality with comparison to the national morbidity,
mortality, and air pollution study. Epidemiology 16, 436–445.
Bell, M.L., McDermott, A., Zeger, S.L., Samet, J.M., Dominici, F., 2004. Ozone
and short-term mortality in 95 US urban communities, 1987–2000. JAMA
292, 2372–2378.
Bette, M., Nusing, R.M., Mutters, R., Zamora, Z.B., Menendez, S., Schulz, S.,
2006. Efficiency of tazobactam/piperacillin in lethal peritonitis is enhanced
after preconditioning of rats with O3/O2-pneumoperitoneum. Shock 25,
23–29.
Bhalla, D.K., Gupta, S.K., 2000. Lung injury, inflammation, and inflammatory
stimuli in rats exposed to ozone. J. Toxicol. Environ. Health, A 59, 211–228.
Bocci, V., 1981. Pharmacokinetic studies of interferons. Pharmacol. Ther. 13,
421–440.
Bocci, V., 1987. Metabolism of protein anticancer agents. (Updated and
reprinted in 1994 in Int. Encyclopedia of Pharmacology and Therapeutics,
Sec. 140 Anticancer Drugs, Oxford: Pergamon Press, pp. 387–436).
Pharmacol. Ther. 34, 1–49.
Bocci, V., 1991. Interleukins. Clinical pharmacokinetics and practical implications. Clin. Pharmacokinet. 21, 274–284.
Bocci, V., 1992. Physicochemical and biologic properties of interferons and their
potential uses in drug delivery systems. Crit. Rev. Ther. Drug Carrier Syst. 9,
91–133.
Bocci, V., 1996a. Does ozone therapy normalize the cellular redox balance?
Med. Hypotheses 46, 150–154.
Bocci, V., 1996b. Ozone as a bioregulator. Pharmacology and toxicology of
ozonetherapy today. J. Biol. Regul. Homeostatic Agents 10, 31–53.
Bocci, V., 1999. Biological and clinical effects of ozone. Has ozonetherapy a
future in medicine? Br. J. Biomed. Sci. 56, 270–279.
Bocci, V., 2002. Oxygen–ozone Therapy. A Critical Evaluation. Kluwer
Academic Publishers, Dordrecht, The NT.
Bocci, V., 2004. Ozone as Janus: this controversial gas can be either toxic or
medically useful. Mediat. Inflamm. 13, 3–11.
Bocci, V., 2005. Ozone. A New Medical Drug. Springer, Dordrecht, The NT.
Bocci, V., 2006. Scientific and medical aspects of ozone therapy. State of the art.
Arch. Med. Res. 37, 425–435.
Bocci, V., Aldinucci, C., 2005. The use of hydrogen peroxide as a medical drug.
Riv. Ital. Ossigeno-Ozonoter. 4, 30–39.
Bocci, V., Paulesu, L., 1990. Studies on the biological effects of ozone. 1.
Induction of interferon gamma on human leucocytes. Haematologica 75,
510–515.
Bocci, V., Pacini, A., Pessina, G.P., Maioli, E., Naldini, A., 1987. Studies on
tumor necrosis factor (TNF)—I. Pharmacokinetics of human recombinant
TNF in rabbits and monkeys after intravenous administration. Gen.
Pharmacol. 18, 343–346.
Bocci, V., Luzzi, E., Corradeschi, F., Paulesu, L., Di Stefano, A., 1993a.
Studies on the biological effects of ozone: 3. An attempt to define
conditions for optimal induction of cytokines. Lymphokine Cytokine Res.
12, 121–126.
Bocci, V., Luzzi, E., Corradeschi, F., Paulesu, L., Rossi, R., Cardaioli, E., Di
Simplicio, P., 1993b. Studies on the biological effects of ozone: 4. Cytokine
production and glutathione levels in human erythrocytes. J. Biol. Regul.
Homeostatic Agents 7, 133–138.
Bocci, V., Valacchi, G., Corradeschi, F., Aldinucci, C., Silvestri, S., Paccagnini,
E., Gerli, R., 1998a. Studies on the biological effects of ozone: 7. Generation

501

V. Bocci / Toxicology and Applied Pharmacology 216 (2006) 493–504

al

co

py

hydroxynonenal induces dysfunction and apoptosis of cultured endothelial
cells. J. Cell. Physiol. 181, 295–303.
Iles, K.E., Dickinson, D.A., Wigley, A.F., Welty, N.E., Blank, V., Forman, H.J.,
2005. HNE increases HO-1 through activation of the ERK pathway in
pulmonary epithelial cells. Free Radical Biol. Med. 39, 355–364.
Ito, K., De Leon, S.F., Lippmann, M., 2005. Associations between ozone and
daily mortality: analysis and meta-analysis. Epidemiology 16, 446–457.
Jacobs, M.-Th., 1982. Untersuchung uber Zwischenfalle und typische
komplikationen in der Ozon-sauerstoff-therapie. OzoNachrichten 5–11.
Jalil, E.C., Al-Dalain, S.M., Leon-Fernandez, O.S., Menendez, S., PerezDavison, G., Merino, N., Dam, S., Ajamieh, H.H., 2001. Oxidative preconditioning affords protection against carbon tetrachloride-induced glycogen
depletion and oxidative stress in rats. J. Appl. Toxicol. 21, 297–301.
Janic, B., Umstead, T., Phelps, D.S., Floros, J., 2005. Modulatory effects of
ozone on THP-1 cells in response to SP-A stimulation. Am. J. Physiol.:
Lung Cell. Mol. Physiol. 288, L317–L325.
Jardines, D., Correa, T., Ledea, O., Zamora, Z., Rosado, A., Molerio, J., 2003.
Gas chromatography-mass spectrometry profile of urinary organic acids of
Wistar rats orally treated with ozonized unsaturated triglycerides and
ozonized sunflower oil. J. Chromatogr., B 783, 517–525.
Johnson, N., Holmes, J., Lynch, E., 2004. The implications of using ozone in
general dental practice. In: Lynch, E. (Ed.), Ozone: the Revolution in
Dentistry. Quintessence Publ., Copenhagen, pp. 67–72.
Keinan, E., Alt, A., Amir, G., Bentur, L., Bibi, H., Shoseyov, D., 2005. Natural
ozone scavenger prevents asthma in sensitized rats. Bioorg. Med. Chem. 13,
557–562.
Kelly, F.J., Mudway, I., Krishna, M.T., Holgate, S.T., 1995. The free radical
basis of air pollution: focus on ozone. Respir. Med. 89, 647–656.
Krishna, M.T., Madden, J., Teran, L.M., Biscione, G.L., Lau, L.C., Withers, N.
J., Sandstrom, T., Mudway, I., Kelly, F.J., Walls, A., Frew, A.J., Holgate, S.
T., 1998. Effects of 0.2 ppm ozone on biomarkers of inflammation in
bronchoalveolar lavage fluid and bronchial mucosa of healthy subjects. Eur.
Respir. J. 11, 1294–1300.
Larini, A., Bianchi, L., Bocci, V., 2003. The ozone tolerance: I) Enhancement of
antioxidant enzymes is ozone dose-dependent in Jurkat cells. Free Radical
Res. 37, 1163–1168.
Larini, A., Bianchi, L., Bocci, V., 2004. Effect of 4-hydroxynonenal on
antioxidant capacity and apoptosis induction in Jurkat T cells. Free Radical
Res. 38, 509–516.
Last, J.A., Gohil, K., Mathrani, V.C., Kenyon, N.J., 2005. Systemic responses to
inhaled ozone in mice: cachexia and down-regulation of liver xenobiotic
metabolizing genes. Toxicol. Appl. Pharmacol. 208, 117–126.
Leist, M., Raab, B., Maurer, S., Brigelius-Flohé, R., 1996. Conventional cell
culture media do not adequately supply cells with antioxidants and thus
facilitate peroxide-induced genotoxicity. Free Radical Biol. Med. 21,
297–306.
Leon, O.S., Menendez, S., Merino, N., Castillo, R., Sam, S., Perez, L., Cruz, E.,
Bocci, V., 1998. Ozone oxidative preconditioning: a protection against
cellular damage by free radicals. Mediat. Inflamm. 7, 289–294.
Levy, J.L., Chemerynski, S.M., Sarnat, J.A., 2005. Ozone exposure and
mortality: an empiric bayes metaregression analysis. Epidemiology 16,
458–468.
Li, L., Hamilton Jr, R.F., Holian, A., 2000. Protection against ozone-induced
pulmonary inflammation and cell death by endotoxin pretreatment in mice:
role of HO-1. Inhal. Toxicol. 12, 1225–1238.
Lippman, M., 1989. Health effects of ozone, a critical review. J. Am. Air Pollut.
Control Assoc. 39, 672–695.
Long, N.C., Suh, J., Morrow, J.D., Schiestl, R.H., Murthy, G.G., Brain, J.D.,
Frei, B., 2001. Ozone causes lipid peroxidation but little antioxidant
depletion in exercising and nonexercising hamsters. J. Appl. Physiol. 91,
1694–1700.
Lubman, R.L., Kim, K.-J., Crandall, E.D., 1997. Alveolar epithelial barrier
properties, In: Crystal, R.G., et al. (Ed.), The Lung. Scientific Foundation,
2nd ed. Lippincott-Raven Publishers, Philadelphia, pp. 585–602.
Martinez-Sanchez, G., Al-Dalain, S.M., Menendez, S., Re, L., Giuliani, A.,
Candelario-Jalil, E., Alvarez, H., Fernandez-Montequin, J.S., 2005.
Therapeutic efficacy of ozone in patients with diabetic foot. Eur. J.
Pharmacol. 523, 151–161.

Au

th
o

r's

pe

rs

R.G., et al. (Ed.), The Lung. Scientific Foundation, 2nd ed. LippincottRaven Publishers, Philadelphia, pp. 2271–2278.
De Monte, A., van der Zee, H., Bocci, V., 2005. Major ozonated autohaemotherapy in chronic limb ischemia with ulcerations. J. Complement.
Altern. Med. 11, 363–367.
Devlin, R.B., McDonnell, W.F., Mann, R., Becker, S., House, D.E.,
Schreinemachers, D., Koren, H.S., 1991. Exposure of humans to ambient
levels of ozone for 6.6. hours causes cellular and biochemical changes in the
lung. Am. J. Respir. Cell Mol. Biol. 4, 72–81.
Dianzani, M.U., 1998. 4-hydroxynonenal and cell signalling. Free Radical Res.
28, 553–560.
Dianzani, M.U., 2003. 4-Hydroxynonenal from pathology to physiology. Mol.
Aspects Med. 24, 263–272.
Di Paolo, N., Bocci, V., Cappelletti, F., Petrini, G., Gaggiotti, E., 2002.
Necrotizing fasciitis successfully treated with extracorporeal blood
oxygenation and ozonization (EBOO). Int. J. Artif. Organs 25,
1194–1198.
Di Paolo, N., Bocci, V., Salvo, D.P., Palasciano, G., Biagioli, M., Meini, S.,
Galli, F., Ciari, I., Maccari, F., Cappelletti, F., Di Paolo, M., Gaggiotti, E.,
2005. Extracorporeal blood oxygenation and ozonation (EBOO): a
controlled trial in patients with peripheral artery disease. Int. J. Artif.
Organs 28, 1039–1050.
Di Simplicio, P., Cacace, M.G., Lusini, L., Giannerini, F., Giustarini, D., Rossi,
R., 1998. Role of protein-SH groups in redox homeostasis—The erythrocyte
as a model system. Arch. Biochem. Biophys. 355, 145–152.
Duckers, H.J., Boehm, M., True, A.L., Yet, S.F., San, H., Park, J.L., Clinton, W.
R., Lee, M.E., Nabel, G.J., Nabel, E.G., 2001. Heme oxygenase-1 protects
against vascular constriction and proliferation. Nat. Med. 7, 693–698.
Esterbauer, H., Schaur, R.J., Zollner, H., 1991. Chemistry and biochemistry of
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Radical Biol.
Med. 11, 81–128.
Fakhrzadeh, L., Laskin, J.D., Laskin, D.L., 2002. Deficiency in inducible nitric
oxide synthase protects mice from ozone-induced lung inflammation and
tissue injury. Am. J. Respir. Cell Mol. Biol. 26, 413–419.
Forman, H.J., Dickinson, D.A., 2004. Introduction to serial reviews on 4hydroxy-2-nonenal as a signaling molecule. Free Radical Biol. Med. 37,
594–596.
Forman, H.J., Dickinson, D.A., Iles, K.E., 2003. HNE-signaling pathways
leading to its elimination. Mol. Aspects Med. 24, 189–194.
Foucaud, L., Bennasroune, A., Klestadt, D., Laval-Gilly, P., Falla, J., 2006.
Oxidative stress induction by short time exposure to ozone on THP-1 cells.
Toxicol. In Vitro 20, 101–108.
Furchgott, R.F., Zawadzki, J.V., 1980. The obligatory role of endothelial cells in
the relaxation of arterial smooth muscle by acetylcholine. Nature 288,
373–376.
Goodman, S.N., 2005. The methodologic ozone effect. Epidemiology 16,
430–435.
Goldman, M., 1996. Cancer risk of low-level exposure. Science 271,
1821–1822.
Goldstein, B.D., Balchum, O.J., 1967. Effect of ozone on lipid peroxidation in
the red blood cell. Proc. Soc. Exp. Biol. Med. 126, 356–359.
Gohil, K., Cross, C.E., Last, J.A., 2003. Ozone-induced disruptions of lung
transcriptomes. Biochem. Biophys. Res. Commun. 305, 719–728.
Halliwell, B., 1994. Free radicals and antioxidants: a personal view. Nutr. Rev.
52, 253–265.
Halliwell, B., 1996. Antioxidants in human health and disease. Annu. Rev. Nutr.
16, 33–50.
Halliwell, B., 1999. Antioxidant defence mechanisms: from the beginning to the
end (of the beginning). Free Radical Res. 31, 261–272.
Halliwell, B., 2003. Oxidative stress in cell culture: an under-appreciated
problem? FEBS Lett. 540, 3–6.
Hamilton Jr, R.F., Eschenbacher, W.L., Szweda, L., Holian, A., 1998. Potential
involvement of 4-hydroxynonenal in the response of human lung cells to
ozone. Am. J. Physiol. 274, L8–L16.
Hawgood, S., 1997. Surfactant: composition, structure and metabolism, In:
Crystal, R.G., et al. (Ed.), The Lung. Scientific Foundation, 2nd ed.
Lippincott-Raven Publishers, Philadelphia, pp. 557–571.
Herbst, U., Toborek, M., Kaiser, S., Mattson, M.P., Hennig, B., 1999. 4-

on

502

V. Bocci / Toxicology and Applied Pharmacology 216 (2006) 493–504

on

al

co

py

resistance of plasma to ex vivo lipid peroxidation. Arch. Biochem. Biophys.
423, 109–115.
Pryor, W.A., 1994. Mechanisms of radical formation from reactions of
ozone with target molecules in the lung. Free Radical Biol. Med. 17,
451–465.
Pryor, W.A., Squadrito, G.L., Friedman, M., 1995. The cascade mechanism to
explain ozone toxicity: the role of lipid ozonation products. Free Radical
Biol. Med. 19, 935–941.
Pulfer, M.K., Taube, C., Gelfand, E., Murphy, R.C., 2005. Ozone exposure in
vivo and formation of biologically active oxysterols in the lung. J.
Pharmacol. Exp. Ther. 312, 256–264.
Rice-Evans, C., Miller, N.J., 1994. Total antioxidant status in plasma and body
fluids. Methods Enzymol. 234, 279–293.
Rahman, I., Clerch, L.B., Massaro, D., 1991. Rat lung antioxidant enzyme
induction by ozone. Am. J. Physiol. 260, L412–L418.
Repine, J.E., Heffner, J.E., 1997. Lung antioxidants, In: Crystal, R.G., et al.
(Ed.), The Lung. Scientific Foundation, 2nd ed. Lippincott-Raven Publishers, Philadelphia, pp. 2259–2269.
Rokitansky, O., 1982. Klinik und biochemie der ozonotherapie. Hospitalis 52,
643–647.
Ruidavets, J.B., Cournot, M., Cassadou, S., Giroux, M., Meybeck, M., Ferrieres,
J., 2005. Ozone air pollution is associated with acute myocardial infarction.
Circulation 111, 563–569.
Samet, J.M., Hatch, G.E., Horstman, D., Steck-Scott, S., Arab, L., Bromberg, P.
A., Levine, M., McDonnell, W.F., Devlin, R.B., 2001. Effect of antioxidant
supplementation on ozone-induced lung injury in human subjects. Am. J.
Respir. Crit. Care Med. 164, 819–825.
Sathishkumar, K., Haque, M., Perumal, T.E., Francis, J., Uppu, R.M., 2005. A
major ozonation product of cholesterol, 3beta-hydroxy-5-oxo-5,6-secocholestan-6-al, induces apoptosis in H9c2 cardiomyoblasts. FEBS Lett. 579,
6444–6450.
Savov, J.D., Whitehead, G.S., Wang, J., Liao, G., Usuka, J., Peltz, G., Foster, W.
M., Schwartz, D.A., 2004. Ozone-induced acute pulmonary injury in inbred
mouse strains. Am. J. Respir. Cell Mol. Biol. 31, 69–77.
Schaur, R.J., 2003. Basic aspects of the biochemical reactivity of 4hydroxynonenal. 24, 149–159.
Schultze, H.E., Heremans, J.F., 1966. Molecular Biology of Human Proteins,
vol:1. Elsevier Publishing Co., Amsterdam, pp. 1–904.
Shinriki, N., Suzuki, T., Takama, K., Fukunaga, K., Ohgiya, S., Kubota, K.,
Miura, T., 1998. Susceptibilities of plasma antioxidants and erythrocyte
constituents to low levels of ozone. Haematologia 29, 229–239.
Siems, W., Grune, T., 2003. Intracellular metabolism of 4-hydroxynonenal. Mol.
Aspects Med. 24, 167–175.
Sienra-Monge, J.J., Ramirez-Aguilar, M., Moreno-Macias, H., Reyes-Ruiz, N.
I., Del Rio-Navarro, B.E., Ruiz-Navarro, M.X., Hatch, G., Crissman, K.,
Slade, R., Devlin, R.B., Romieu, I., 2004. Antioxidant supplementation and
nasal inflammatory responses among young asthmatics exposed to high
levels of ozone. Clin. Exp. Immunol. 138, 317–322.
Snyder, S.H., Baranano, D.E., 2001. Heme oxygenase: a font of multiple
messengers. Neuropsychopharmacology 25, 294–298.
Soulage, C., Perrin, D., Cottet-Emard, J.M., Pequignot, J., Dalmaz, Y.,
Pequignot, J.M., 2004. Central and peripheral changes in catecholamine
biosynthesis and turnover in rats after a short period of ozone exposure.
Neurochem. Int. 45, 979–986.
Spickett, C.M., Jerlich, A., Panasenko, O.M., Arnhold, J., Pitt, A.R.,
Stelmaszynska, T., Schaur, R.I., 2000. The reactions of hypochlorous acid,
the reactive oxygen species produced by myeloperoxidase, with lipids. Acta
Biochim. Pol. 47, 889–899.
Stone, J.R., Collins, T., 2002. The role of hydrogen peroxide in endothelial
proliferative responses. Endothelium 9, 231–238.
Strohmaier, H., Hinghofer-Szalkay, H., Schaur, R.J., 1995. Detection of 4hydroxynonenal (HNE) as a physiological component in human plasma. J.
Lipid Mediators Cell Signalling 11, 51–61.
Tager, I.B., Balmes, J., Lurmann, F., Ngo, L., Alcorn, S., Kunzli, N., 2005.
Chronic exposure to ambient ozone and lung function in young adults.
Epidemiology 16, 751–759.
Takahashi, Y., Takahashi, S., Yoshimi, T., Miura, T., Mochitate, K., Kobayashi,
T., 1997. Increase in the mRNA levels of γ-glutamyltransferase and heme

Au

th
o

r's

pe

rs

Matsumoto, A., Sakurai, S., Shinriki, N., Suzuki, S., Miura, T., 2001.
Therapeutic effects of ozonized olive oil in the treatment of intractable
fistula and wound after surgical operation. Proceedings of the 15th ozone
world congress, London. UK, 11th–15th September 2001, Medical Therapy
Conference (IOA 2001, Ed). Speedprint Macmedia Ltd, Ealing, London,
UK, pp. 77–84.
Mattassi, R., D'Angelo, F., Bisetti, P., Colombo, R., Vaghi, M., 1987. Terapia
con ozono per via parenterale nelle arteriopatie obliteranti periferiche:
meccanismo biochimico e risultati clinici. G. Chir. VIII, 109–111.
McKinney, W.J., Jaskot, R.H., Richards, J.H., Costa, D.L., Dreher, K.L., 1998.
Cytokine mediation of ozone-induced pulmonary adaptation. Am. J. Respir.
Cell Mol. Biol. 18, 696–705.
Mehlman, M.A., Borek, C., 1987. Toxicity and biochemical mechanisms of
ozone. Environ. Res. 42, 36–53.
Mendiratta, S., Qu, Z.-C., May, J.M., 1998a. Erythrocyte ascorbate recycling:
antioxidant effects in blood. Free Radical Biol. Med. 24, 789–797.
Mendiratta, S., Qu, Z.-C., May, J.M., 1998b. Enzyme-dependent ascorbate
recycling in human erythrocytes: role of thioredoxin reductase. Free Radical
Biol. Med. 25, 221–228.
Menendez, S., Falcon, L., Simon, D.R., Landa, N., 2002. Efficacy of ozonized
sunflower oil in the treatment of tinea pedis. Mycoses 45, 329–332.
Minetti, M., Mallozzi, C., Di Stasi, A.M.M., Pietraforte, D., 1998. Bilirubin is an
effective antioxidant of peroxynitrite-mediated protein oxidation in human
blood plasma. Arch. Biochem. Biophys. 352, 165–174.
Molina, M.J., Rowland, F.S., 1974. Stratospheric sink for chlorofluoromethanes:
chlorine atom catalyzed destruction of ozone. Nature 249, 810–814.
Montuschi, P., Nightingale, J.A., Kharitonov, S.A., Barnes, P.J., 2002. Ozoneinduced increase in exhaled 8-isoprostane in healthy subjects is resistant to
inhaled budesonide. Free Radical Biol. Med. 33, 1403–1408.
Mortimer, K.M., Tager, I.B., Dockery, D.W., Neas, L., Redline, S., 2000. The
effect of ozone on inner-city children with asthma: identification of
susceptible subgroups. Am. J. Respir. Crit. Care Med. 162, 1838–1845.
Mudway, I.S., Kelly, F.J., 1998. Modeling the interactions of ozone with
pulmonary epithelial lining fluid antioxidants. Toxicol. Appl. Pharmacol.
148, 91–100.
Mustafa, M.G., 1990. Biochemical basis of ozone toxicity. Free Radical Biol.
Med. 9, 245–265.
Nelson, S.K., Bose, S.K., Grunwald, G.K., Myhill, P., McCord, J.M., 2006. The
induction of human superoxide dismutase and catalase in vivo: a
fundamentally new approach to antioxidant therapy. Free Radical Biol.
Med. 40, 341–347.
Otterbein, L.E., Kolls, J.K., Mantell, L.L., Cook, J.L., Alam, J., Choi, A.M.K.,
1999. Exogenous administration of heme oxygenase-1 by gene transfer
provides protection against hyperoxia-induced lung injury. J. Clin. Invest.
103, 1047–1054.
Olwin, J.H., Ratajczak, H.V., House, R.V., 1997. Successful treatment of
herpetic infections by autohemotherapy. J. Altern. Complement. Med. 3,
155–158.
Packer, L., Roy, S., Sen, C.K., 1997. Alpha-lipoic acid: a metabolic antioxidant
and potential redox modulator of transcription. Adv. Pharmacol. 38,
79–101.
Pannen, B.H.J., Köhler, N., Hole, B., Bauer, M., Clemens, M.G., Geiger, K.K.,
1998. Protective role of endogenous carbon monoxide in hepatic
microcirculatory dysfunction after hemorrhagic shock in rats. J. Clin.
Invest. 102, 1220–1228.
Parola, M., Bellomo, G., Robino, G., Barrera, G., Dianzani, M.U., 1999. 4hydroxynonenal as a biological signal: molecular basis and pathophysiological implications. Antiox. Redox Signal. 1, 255–284.
Paulesu, L., Luzzi, E., Bocci, V., 1991. Studies on the biological effects of
ozone: 2. Induction of tumor necrosis factor (TNF-a) on human leucocytes.
Lymphokine Cytokine Res. 10, 409–412.
Podda, M., Traber, M.G., Weber, C., Yan, L.-J., Packer, L., 1998. UV-irradiation
depletes antioxidants and causes oxidative damage in a model of human
skin. Free Radical Biol. Med. 24, 55–65.
Poli, G., Schaur, R.J., 2000. 4-Hydroxynonenal in the pathomechanisms of
oxidative stress. IUBMB Life 50, 315–321.
Polidori, M.C., Mecocci, P., Levine, M., Frei, B., 2004. Short-term and longterm vitamin C supplementation in humans dose-dependently increases the

503

V. Bocci / Toxicology and Applied Pharmacology 216 (2006) 493–504

al

co

py

responsiveness in guinea pigs: lack of SOD role. J. Appl. Physiol. 84,
1749–1755.
Viebahn, R., 1999. The Use of Ozone in Medicine. ODREI Publishers,
Iffezheim, Germany, pp. 1–148.
Wang, R., 2003. The gasotransmitter role of hydrogen sulfide. Antioxid. Redox
Signal. 5, 493–501.
Wang, G., Umstead, T.M., Phelps, D.S., Al-Mondhiry, H., Floros, J., 2002. The
effect of ozone exposure on the ability of human surfactant protein A variants
to stimulate cytokine production. Environ. Health Perspect. 110, 79–84.
Wentworth Jr, P., Nieva, J., Takeuchi, C., Galve, R., Wentworth, A.D., Dilley, R.
B., DeLaria, G.A., Saven, A., Babior, B.M., Janda, K.D., Eschenmoser, A.,
Lerner, R.A., 2003. Evidence for ozone formation in human atherosclerotic
arteries. Science 302, 1053–1056.
Widdicombe, J.H., 1997. Ion transport by airway epithelia, In: Crystal, R.G., et
al. (Ed.), The Lung. Scientific Foundation, 2nd ed. Lippincott-Raven
Publishers, Philadelphia, pp. 573–584.
Whitsett, J.A., 1997. Pulmonary surfactant and respiratory distress syndrome in
the newborn infant, In: Crystal, R.G., et al. (Ed.), The Lung. Scientific
Foundation, 2nd ed. Lippincott-Raven Publishers, Philadelphia,
pp. 2167–2177.
Wolff, H.H., 1974. Die Behandlung peripherer Durchblutungsstörungen mit
Ozon. Erfahr.-Heilkd. 23, 181–184.
Yamamoto, Y., 2000. Fate of lipid hydroperoxides in blood plasma. Free Radical
Res. 33, 795–800.
Yang, Y., Sharma, A., Sharma, R., Patrick, B., Singhal, S.S., Zimniak, P.,
Awasthi, S., Awasthi, Y.C., 2003. Cells preconditioned with mild transient
UVA irradiation acquire resistance to oxidative stress and UVA-induced
apoptosis. J. Biol. Chem. 278, 41380–41388.
Zhang, W., He, Q., Chan, L.L., Zhou, F., El Naghy, M., Thompson, E.B.,
Ansari, N.H., 2001. Involvement of caspases in 4-hydroxy-alkenalinduced apoptosis in human leukemic cells. Free Radical Biol. Med. 30,
699–706.
Zhang, H., Liu, H., Iles, K.E., Liu, R.M., Postlethwait, E.M., Laperche, Y.,
Forman, H.I., 2006. 4-hydroxynonenal induces rat gamma-glutamyl
transpeptidase through mitogen-activated protein kinase-mediated electrophile response element/nuclear factor erythroid 2-related factor 2 signaling.
Am. J. Respir. Cell Mol. Biol. 34, 174–181.
Zuckerbraun, B.S., Billiar, T.R., 2003. Heme oxygenase-1: a cellular Hercules.
Hepatology 37, 742–744.

Au

th
o

r's

pe

rs

oxygenase-1 in the rat lung after ozone exposure. Biochem. Pharmacol. 53,
1061–1064.
Tarkington, B.K., Duvall, T.R., Last, J.A., 1994. Ozone exposure of cultured
cells and tissues. Methods Enzymol. 234, 257–265.
Thiele, J.J., Traber, M.G., Tsang, K., Cross, C.E., Packer, L., 1997. In vivo
exposure to ozone depletes vitamins C and E and induces lipid peroxidation
in epidermal layers of murine skin. Free Radical Biol. Med. 23, 385–391.
Torre-Amione, G., Sestier, F., Radovancevic, B., Young, J., 2005. Broad
modulation of tissue responses (immune activation) by Celacade may
favorably influence pathologic processes associated with heart failure
progression. Am. J. Cardiol. 95 (suppl), 30C–37C.
Travagli, V., Zanardi, I., Bocci, V., in press. A realistic evaluation of the action of
ozone on whole human blood. Int. J. Biol: Macromolecules. 38.
U.S. Environmental Protection Agency, . EPA Green Book-8-Hour Ozone Area
Standard Available at: http://www.epa.gov/air/oaqps/greenbk/gnsum.html
Accessed August 26, 2005.
Valacchi, G., Bocci, V., 1999. Studies on the biological effects of ozone: 10.
Release of factors from ozonated human platelets. Mediat. Inflamm. 8,
205–209.
Valacchi, G., Bocci, V., 2000. Studies on the biological effects of ozone: 11.
Release of factors from human endothelial cells. Mediat. Inflamm. 9,
271–276.
Valacchi, G., Weber, S.U., Luu, C., Cross, C.E., Packer, L., 2000. Ozone
potentiates vitamin E depletion by ultraviolet radiation in the murine stratum
corneum. FEBS Lett. 466, 165–168.
Valacchi, G., van der Vliet, A., Schock, B.C., Okamoto, T., Obermuller-Jevic,
U., Cross, C.E., Packer, L., 2002. Ozone exposure activates oxidative stress
responses in murine skin. Toxicology 179, 163–170.
Valacchi, G., Pagnin, E., Okamoto, T., Corbacho, A.M., Olano, E., Davis, P.A.,
van der Vliet, A., Packer, L., Cross, C.E., 2003. Induction of stress proteins
and MMP-9 by 0.8 ppm of ozone in murine skin. Biochem. Biophys. Res.
Commun. 305, 741–746.
Valacchi, G., Pagnin, E., Corbacho, A.M., Olano, E., Davis, P.A., Packer, L.,
Cross, C.E., 2004. In vivo ozone exposure induces antioxidant/stress-related
responses in murine lungs and skin. Free Radical Biol. Med. 36, 673–681.
Valacchi, G., Fortino, V., Bocci, V., 2005. The dual action of ozone on the skin.
Br. J. Dermatol. 153, 1096–1100.
Vargas, M.H., Romero, L., Sommer, B., Zamudio, P., Gustin, P., Montano, L.
M., 1998. Chronic exposure to ozone causes tolerance to airway hyper-

on

504

