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Abstract

The chronic effects of long-term ozone expo-
sure and dietary factors on the lipid peroxidation
were investigated in mouse lung and liver tissues.
Eighteen groups of mice were exposed to 0zone(0.
25 or 0.50 ppm) or ambient air over an 18-month
period. Within each esposure regimen, animals
were fed diets containing different levels of antio-
xidants and unsaturated fat. Ozone exposure did
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not have an effect on the production of thiobarbi-
turic acid-reactive substances in lung and liver
or free malondialdehyde in the liver at all levels
of dietary vitamin E. An inverse relationship bet-
ween the level of vitamin E supplementation and
the concentration of lipid peroxidation products
was observed. Results indicate the possible adap-
tation of animals to long-term continuous ozone
exposure by unknown mechanism and the effecti-
veness of dietary vitamin E at sufficient level(30
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ppm) to protect against tissue lipid peroxidation
regardless of the degree of unsaturation of the

dietary fat.

KEY WORDS : lipid peroxidation * ozone expo-
sure * vitamin E.

Introduction

Ozone(03) is a common environmental pollu-
tant in industrialized urban areas, and a key com-
ponent of smog?. This gas is capable of forming
free radicals which are highly significant health
hazards®. Ozone is produced in the upper atmos-
phere by solar irradiation and also formed when
hydrocarbons like gasoline react with nitrogen
oxides in the presence of sunlight or at high tem-
perature. Normal air contains 0.01 to 0.04 ppm
ozone?. Typical ranges for ozone in Los Angeles
on a non-smoggy day are (.05 to 0.30 ppm and
on a smoggy day 0.20 to 0.65 ppm®. New health
studies show that one out of every three Ameri-
cans is exposed to ozone levels above the standard
(0.12 ppm by the Clean Air Act), especially in
the summertime®.

The primary target of ozone is the lung and
respiratory tract. Exposure to ozone has been re-
ported to result in a deep-lung injury, and the
pathological changes in the small airways have
been well described by many investigators? 67,
Ozone exposure also damages the structural and
functional integrity of the trachea and main bron-
chi. Thus, both cellular damage® and increased
permeability of small substances through the tra-
chea have been reported to occur after exposure
to ozone”. The threshold dose of ozone for venti-
latory function decrement in normal human sub-
ject has been found to be between 0.20 and 0.30
ppmlo).

The biochemical mechanism by which expo-

sure to ozone damages biological systems has

been the subject of considerable s'peculation and
investigation ; however, there is still no generally
accepted explanation. Several investigators sugge-
sted that the toxicity of ozone might be attributed
to its oxidative nature, including the initiation of
lipid peroxidation!V'?). Some lines of evidence
supported this hypothesis. Various antioxidants
such as a-tocopherol'¥!¥ BHT and p-amino-
benzoic acid!® have been reported to exert a pro-
tective effect against ozone toxicity. The protective
effect of dietary vitamin E supports the theory
of free radical mechanism as a part of the causes
of ozone toxicity. Therefore, the nutritional status
could be a factor influencing the effects of ozone.

Most of the ozone studies, to date, investigated
the acute toxicity on the pulmonary pathophysilo-
Igical aspects with the length of exposure varying
from a few hours to 90 days'®. The consequences
of continuous life-long exposure to low levels of
ozone are relatively unknown. The purpose of
the present study was to investigate the chronic
effect of long-term exposure(18-months) to low
concentrations of 0zone(0.25 or 0.50 ppm) on the
in vivo lipid peroxidation in lung and liver tissues
of mice. Animals were fed diets containing diffe-
rent levels of antioxidants and unsaturated fat.
Thiobarbituric acid-reactive substances(TBA-RS)
and free malondialdehyde (MDA) were measu-
red as an indicator of tissue lipid peroxidation.

Materials and Methods

1. Animals and exposure

Two hundred sixteen weanling mice of the C57
BL/6J strain(The Jackson Lab. Bar Harbor,
Maine) were housed in groups of four animals
per stainless steel cage. Animal cages were placed
in one of three stainless steel exposure chambers
designed after the model of Hinners et al.!” with
a capacity of 2.165 m3, and animals were exposed
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for 18 months to either 0.25 ppm, 0.50 ppm ozone,
or filtered air. Ozone was generated with an Airox
Ozonator(Pollution Control Industries, Inc., Sta-
nford, Connecticut) and was admitted tangentia-
lly to the top of two chambers at approximately
00212 m? filtered air per sec. (45 ft’/min.). As
a result of a mild, swirling motion, the air and
gas were mixed, and the final concentrations were
0.25 ppm in Chamber II and 0.50 ppm in Cham-
ber I1I. Chamber 1{control) was identical to the
ozone exposure chambers except that there was
no introduction of ozone into the system.  The
gas mixture and room air were thermostatically
maintained at 22%2°C Concentrations of ozone
in the chambers were monitored continuously th-
roughout the experimental period using a Dasibi
pc-1008 ozone monitor(Dasibi Environmental
Corp., Glendale, California). The chambers were
opened two times per week for approximately four
hours to feed the mice. They were also opened
a third time each week for approximately six to
eight hours in order to feed and weigh the animals
and clean the chambers and the cages. Over a
period of one week, the mice were gradually intro-
duced to the ozone as follows ; Day 1, one-half
hour of exposure ; Day 2, 1 hour; Day 3, 2
hours; Day 4, 4 hours; Day 5, 8 hours; and
Day 6, 12 hours. Thereafter, the exposure was co-
ntinuous. Without a period of gradual adaptation,
immediate, continuous exposure to these concent-
rations of ozone would have been fatal.

2. Diets

Groups of 9 to 14 mice were fed one of the
following six diets ; (1) a basal vitamin E-defi-
cient diet(shown in Table 1) adequate in all res-
pects except for vitamin E, containing 8% strip-
ped corn oil 3 (2) a basal diet supplemented with
30 ppm vitamin E; (3) a basal diet supplemen-
ted with 300 ppm vitamin E; (4) a basal diet

Table 1. Composition of Basal, Vitamin E-Deficient

Diet for Mice
Ingredie'ms Percent( % )
Anhydrous d(+ )-dextrose’ 67.1
Vitamin-free casein! 20.0
Stripped corn oil? 8.0
Salt mix!? 4.0
Vitamin mix* 0.5
Choline chloride! 0.1
DL-methionine 0.3
100.0
Vitamin A’ 10,000 TU/kg diet

Vitamin D® 1,000 1U/kg diet

1 : Purchased from ICN Pharmaceuticals, Inc., Cle-
veland, OH.

2 . Eastman Kodak Co., Rochester, NY.

3 ! Salt Mix No. 4164 by Draper, H.H. et al.

4 : Vitamin mix composition(g/kg mix) ; riboflavin
1.0(Merck and Co. Inc¢., Rahway, NJ), thiamin
hydrochloride 2.0, nicotinic acid 5.0, pyridoxine
hydrochloride 1.0, calcium pantothenate 2.0(all
from Baker Chem., Phillipsburg, NJ), mena-
dione 0.2, folic acid 0.2, biotin 0.02(Calbio-
chem, La Jolla, CA), vitamin B;5(0.1% tritura-
tion with mannitol) 20.0{Gibco, Grand Island,
NY), and d (4 )-Dextrose 968.58.

5 : Retinyl palmitate(water dispersable) from Gi-
bco, Grand Island, NY.

6 : Aqueous ergocalciferol solution(5,000 1U/ml)
from Endo Laboratories, Inc., Garden City, NY.

supplemented with 30 ppm vitamin E, containing
8% stripped lard(Eastman Kodak Co.) instead
of 8% corn oil; (5) a basal diet supplemented
with 30 ppm vitamin E, containing 5% cod liver
oil and 3% stripped corn oil instead of 8% corn
oil 5 (6) a basal diet supplemented with 30 ppm
N, N-diphenyl-p-phenylenediamine(DPPD), a
synthetic antioxidant. Vitamin E was supplied as
RRR-g-tocopheryl acetate(Type III, 1.36 TU/mg,
Sigma Chemical Co., St. Louis, MO). These diets
will be designated as follows : (1)-E.CO, (2) NE.
CO. (3) HECO, (4) NE. LD (5) NE. CL and
(6) DPPD.CO. Diets and water were provided
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ad libitum. Sodium salt of sulfamerazine (Sigma
Chemical Co.) was added to the drinking water(1
g/3.8 1) to prevent pulmonary infection. Each of
these dietary groups were placed in an environ-
mental chamber described previously and expo-
sed continuously to control ambient air, 0.25 ppm

ozone, or 0.50 ppm ozone.

3. Measurement of lipid peroxidation products in
tissues

After 18 months, the animals were killed by
decapitation. Liver and lung tissues were removed
from the animals, dipped in cold physiological
saline, blotted dry with cheese-cloth, wrapped in
parafilm and frozen at —70C. Free malondialde-
hyde was determined by the HPLC method of
Csallany et al.'® Thiobarbituric acid-reactive su-
bstances were measured by the modified method
of Uchiyama.'®

4. Statistical analysis of data .

Data were analyzed using one way analysis of
variance and Honestly Significant Difference(Tu-
key method) for comparison of means2® In the

liver tissue assay, sample sizes were unequal but
the balance between sample sizes was fairly well
maintained. Therefore, the Tukey method was
employed using for the average sample size. Sig-
nificance was accepted when p-value was less
than 0.05.

Results and Discussion

The major biochemical mechanism of ozone
toxicity has been attributed to its oxidative nature
including free radical formation and initiation of
lipid peroxidation.!P12 Accordingly, increased li-
pid peroxidation in vivo might be generally expe-
cted as a result of ozone exposure. However, a
number of factors such as animal species, age,
weight, and nutritional status have been reported
to influence the effects of ozone.»2V2? In particu-
lar, the level of antioxidant and the degree of un-
saturation of dietary fat could be important fac-
tors influencing the effects of ozone as far as lipid
peroxidation is concerned.

The levels of TBA-RS in lungs and livers of

Table 2. TBA-reactive substances levels of lungs from ozone-and control air-exposed mice fed various

diets for 18 months

No. of No. of No. of
Diet? Filtered Air ,c‘) © 0.25ppm Ozone c.) © 0.50ppm Ozone (,) ©

Animals Animals Animals
—E.CO 14.30+ 1.45! 343 7 17.81+ 2.5124 7 10.364 2.7624 7
NE.CO 6.28+0.4728 7 8.274 0.67B 7 6.53+ 0.472" 7
HE.CO 4.874 0.582B 7 7.424 0.75bB 7 5.3640.7124 7
NE.LD 7.094 1.342B 7 4,824 0.42bB 7 6.56+ 0.6424 7
NE.CL 4.964 0.5828B 7 5.584 0.65bB 7 7.064 0.7824 7
DPPD.CO  4.704+ 0.512B 7 5.984 0.990>B 7 9.354+ 2.612A 7

1 : Mean+ SEM(ug/g lung).

2 : Diet Key ! —E.CO=basal vitamin E deficient diet containing 8% stripped corn oil ; NE.CO=basal
diet supplemented with 30 ppm vitamin E containing 8% stripped corn oil ; HE.CO=basal diet
supplemented with 300 ppm vitamin E containing 8% stripped corn oil ; NE.LD=basal diet supple-
mented with 30 ppm vitamin E containing 8% stripped lard ; NE.CL=basal diet supplemented with
30 ppm vitamin E containing 5% cod liver oil and 3% stripped corn oil ; DPPD.CO=a basal diet

supplemented with 30 ppm N,N’-diphenyl-p-phenylenediamine containing 8% stripped corn oil.
3 : Capital letter superscripts in the same column and samll letter superscripis in the same line that
are different indicate significant differences between groups(p<(0.05).
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ozone-exposed and control air mice fed various
diets are shown in Tables 2 and 3. Ozone expo-
sure had no effect on the production of TBA-RS
in both lung and liver tissues under the various
dietary conditions after 18-month exposure. Lung
is the primary target of ozone toxicity, therefore,
increased lipid peroxidation in this tissue was an-
ticipated following long-term exposure to ozone.
Liver tissue is known to be the most sensitive
organ to lipid peroxidation in animals, but no
positive responses to the long-term ozone expo-
sure were found in this study. Free MDA was
found in this laboratory to be even a more sensi-
tive index for lipid peroxidation in the liver than

TBA-RS!® Nevertheless, the levels of free MDA
in the liver of mice exposed to ozone(Table 4)
were not significantly increased compared to the
liver levels of control air mice. This further confi-
rms no effect of chronic ozone exposure on the
tissue lipid peroxidation.

An early study by Goldstein!? reported the
presence of conjugated dienes in lung lipids from
mice exposed to ozone, indicating the occurrence
of lipid peroxidation. Studies done by Chow and
Tappel?® on rats continuously exposed to 0.7 to
0.8 ppm ozone for 5 to 7 days have shown that
ozone exposure significantly raised the concent-
rations of fung TBA reactants produced by lipid

Table 3. TAB-reactive substances levels of livers from ozone- and control air-exposed mice fed various

diets for 18 months

Diet? . Filtered Air No. of 0.25ppm Ozone No. of 0.50ppm Ozone No. of

Animals Animals Animals
—E.CO  18.37+2.19' 2A3 9 16.46+ 1.86%4 8 17.85+4 2.172A 7
NE.CO 8.04+ 0.93%B 7 8.96+ 1.30b-BCD 7 7.104 1.0328C 7
HE.CO 6.49+ 0.75%B 8 4.22+ 0.42b:D 7 5.5140.8362C 6
NE.LD 5.774+1.1928 8 4.75+ 0.542D 8 7.794 1.672BC 7
NE.CL  10.96+ 0.812B 7 12.36+ 2.142ABC 7 15.404 2.242AB 8
DPPD.CO  9.10+2.70%8 7 14.604 2.772AB 6 11.53+ 8.422AB.C 8

1 : Mean+ SEM(ug/g liver).
2 ! Diet Key : see Table 2.

3 © Capital letter superscripts in the same column and samll letter superscripts in the same line that
are different indicate significant differences between groups(p<Q.05).

Table 4. Free malondialdehyde levels of livers from ozone- and control air-exposed mice fed various

diéts for 18 months.

No. of No. of No. of
Diet? Filtered Air . © 0.25ppm Ozone . 0.50ppm Ozone .
Animals Animals Animals
—E.CO 3.344+ 0.26' 243 9 8.09+ 0.432A 7 2.87+ 0.1824 3
NE.CO 0.62+ 0.012BC 8 0.68+ 0.16B 7 0.68+ 0.1928C 8
HE.CO 0.124+ 0.082C 8 0.12+ 0.1028 8 0.144 0.112€ 8
NE.LD 0.86+ 0.192B.C 9 0.79+ 0.172B 9 0.62+ 0.1128C 9
NE.CL 0.59+ 0.1228.C 7 0.57+ 0.012B 7 0.674 0.1228.C 6
DPPD.CO  1.164 0.13%B 6 0.64+ 0.13>B 6 0.96+ 0.012bB 8

1 . Mean+ SEM(ug/g liver).
2 : Diet Key : see Table 2.

3 : Capiwal letter superscripts in the same column and samll letter superscripts in the same line that
are different indicate significant differences between groups(p<0.05).
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peroxidation. Dumelin et al?? also demonstrated
that, using exhaled pentane as an index of lipid
peroxidation, a 60-min. exposure of rats to 1 ppm
ozone resulted in a significant increase in pentane
in rats fed a vitamin E-deficient diet but not in
rats fed a vitamin E-supplemented diet. From the
above reports, it appears that the reaction respon-
sible for acute ozone toxicity involves free radical-
mediated lipid peroxidation. However, the signs
of increased lipid peroxidation were not observed
after long-term continuous exposure of mice in
the present study when TBA-RS and free MDA
were measured. These results suggest an adapta-
bility to continuous long-term ozone exposure by
the experimental anaimals. Adaptation to repea-
ted exposures has been reported by several inves-
tigators29202D in the past. Repeated daily expo-
sure of human subjects to ozone resulted in mar-
ked attenuation of the response of lung function.
Adaptation to ozone has been attributed to a va-
riety of mechanisms. They include enzymatic res-
ponses?®) and possible changes in the content of
unsaturated fatty acids in the lung!. In particu-
lar, the elevation of palmitic acid content of lung
lipids in ozone-treated animals reported by Bartov
et al?® is of specific interest. Palmitic acid is a
major component of lung surfactant. Therefore,
one of possible adaptation mechanisms to ozone
exposure might be that elevation of palmitic acid
for the increased production of lung surfactant
would decrease the relative amount of membrane
unsaturated fatty acids and thereby reduce the
substrates of lipid peroxidatioh and the resulting
toxicity of peroxidation. However, the exact me-
chanism for the adaptation phenomenon still re-
mains to be elucidated.

Even though the ozone effects were not found.
dictary effects were found when TBA-RS and free
MDA were measaured in this study. Vitamin E-
deficient diets significantly increased lung tissue

lipid peroxidation in the filtered air control and
low ozone environments(Table 2). When ade-
quate amounts of vitamin E were provided, the
degree of unsaturation of dietary fat did not affect
tissue lipid peroxidation. Synthetic antioxidant,
DPPD, exhibited a protective effect similar to vi-
tamin E against lung tissue lipid peroxidation.
Vitamin E deficient diets also resulted in signifi-
cantly increased production of TBA-RS and free
MDA in the liver tissue regardless of the different
environmental atmospheres(Table 3 and 4). The
cod liver oil diet increased liver TBA-RS signifi-
cantly in the ozone-exposed animals, indicating
that enrichment of diet with highly unsaturated
fat may have a strong effect on the induction of
lipid peroxidation in the liver under ozone expo-
sure. The DPPD diet also showed a tendency to
increase both TBA-RS and free MDA in the liver
tissues of mice exposed to ozone, indicating this
synthetic antioxidant is less effective in liver tissue
than in lung. Relatively low levels of free MDA
compared to the high levels of TBA-RS were
shown in the liver tissues of mice fed cod liver
oil diet or corn oil diet supplemented with vitamin
E and DPPD respectively. The reason might be
explained by the finding!? that free MDA is the
major form of MDA in vitamin E deficient tissues
but bound form of MDA is predominant in antio-
xidant-supplemented tissues.

In conclusion, it appears that in long-term con-
tinuous ozone exposure animals are capable of
adapting to increased oxidative stress by some
unknown mechanism. A strong inverse relation-
ship between the dietary vitamin E levels and the
extent of tissue lipid peroxidation was found in
this longterm experiment.

Summary

The chronic effect of low levels of ozone on
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the in vivo lipid peroxidation was investigated
in mouse lung and liver by measuring TBA-reac-
tive substances and free MDA. Eighteen groups
of weanling mice were exposed to ozone(0.25 or
0.50 ppm) or ambient air over an 18-month pe-
riod. Within each exposure regimen, groups of
mice were fed a vitamin E-deficient diet, a vitamin
E-sufficient diet(30 ppm), a high vitamin E diet
(300 ppm), or a DPPD-supplemented diet(30
ppm), each containing 8% stripped corn oil. Ad-
ditional groups of mice were fed 8% lard or 5%
corn oil and 3% cod liver oil at a sufficient level
of vitamin E and exposed as the animals above.
Ozone exposure did not have an effect on the
production of TBA-reactive substances in lung
and liver or free malondialdehyde in the liver
at all levels of dietary vitamin E. An inverse rela-
tionship between the level of vitamin E suppleme-
ntation and the concentration of lipid peroxida-
tion products was observed. There was no appa-
rent effect of unsaturation of dietary fat on tissue

lipid peroxidation under the sufficient level of

vitamin E when the above mentioned two para-
meters were measured. Overall results indicate the
possible adaptation of animals to long-term expo-
sure of ozone and the effectiveness of dietary vita-
min E at sufficient levels to protect against tissue
lipid peroxidation.
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