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Ozone-induced lipid peroxidation and
membrane leakage in isolated rat
alveolar macrophages: protective
effects of taurine

Melanie A. Banks,* Dale W. Porter,7 William G. Martin,¥
and Vincent Castranova*

*Division of Respiratory Disease Studies, National Institute for Occupational Safety
and Health, Morgantown, WV, and *Division of Animal and Veterinary Sciences,
West Virginia University, Morgantown, WV, USA

Preincubation of alveolar macrophages in the presence of taurine resulted in a significant elevation
of the intracellular content of this nutrient. Ozone exposure was associated with further increases in
free intracellular raurine content. This mobilization of taurine seems to be a defense response to
oxidants, since taurine supplementation decreased oxidant injury resulting from exposure of these
cells to 0.45 ppm ozone for 30 min. Results indicate that taurine enrichment (100, 250, or 500 um
extracellular taurine) enhanced the ability of ozone-exposed cells to exclude trypan blue dye, decreased
lipid peroxidation, lessened the ozone-induced decline in total ATPase, and decreased the leakage of
glutarhione. Taurine supplementation also decreased protein leakage and lessened the ozone-induced
decline in Na*/K* ATPase but only with 100 um extracellular taurine (i.e., the plasma level of this
nutrient). These data suggest that taurine is mobilized from the bound to free state in response to
ozone exposure and that it acts to protect alveolar macrophages from ozone-induced damage. The
data are consistent with the theory that taurine acts as a membrane stabilizer and/or an antioxidant.
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Introduction in membrane permeability that result from oxidant
damage.'? In the lung, dietary taurine supplementa-
tion has been reported to protect against bronchiolar
damage induced by oxidant gas, NO,.*

Lung oxidant injury results in metabolic changes
such as lipid peroxidation®® and the mobilization of
intracellular antioxidants such as glutathione,”®
ascorbic acid,”'® and vitamin E.!"'* Although expo-
sures to high oxygen tensions, NO,, or ozone result
in similar morphological and metabolic changes in the
lung, the distribution of the injury varies: NO, and
ozone toxicities primarily involve the epithelium of
conducting airways and alveoli near the terminal bron-
chioles (proximal alveoli), whereas high oxygen ten-
sions induce damage at the levels of the trachea

The precise role of taurine, 2-amino ethanesulfonic
acid, in human and animal nutrition has remained elu-
sive despite intensive investigation in recent years.
Evidence has accumulated supporting the hypothesis
that taurine protects cellular membranes against toxic
compounds including bile acids, xenobiotics, and oxi-
dants. Taurine has been demonstrated in different bio-
logical systems to act as a direct (primary) antioxidant
that scavenges oxygen-free radicals and as an indi-
rect (secondary) antioxidant that prevents increases
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through the distal alveoli.™

Pneumocytes found on the alveolar surface exhibit
a wide range of sensitivities to oxidant injury.'>?
When considering alveolar macrophages, type 1 and
type 11 epithelial cells, type Il cells are the most resis-
tant while type I cells are the most susceptible to oxi-
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dant damage. This sequence of susceptibility to oxi-
dants correlates with intracellular levels of taurine in
these alveolar cells suggesting that taurine might exert
a protective effect against oxidant injury.?’?? Re-
cently, we have demonstrated that high taurine levels
in alveolar macrophages and type II cells were due
to the existence of a specialized transport system to
accumulate taurine.?' Further support for a possible
antioxidant function of taurine in the alveolar region
of the lung was provided by our study of the time
sequence of metabolic changes occurring in rat alveo-
lar macrophages during ozone exposure.? One of the
responses of these cells to oxidant injury was an in-
crease in cytoplasmic taurine. This was associated
with a delay of more extensive types of cell damage,
such as membrane leakage and decreased cell viabil-
ity. We concluded that in response to oxidant injury,
taurine was mobilized from a bound to a free state in
these cells.

The purpose of this study was to investigate further
the role of taurine as a possible pulmonary antioxi-
dant. This study evaluated whether elevated cellular
taurine levels would modify or prevent ozone-induced
oxidative damage in isolated rat alveolar macro-
phages. To accomplish this, cells were preloaded with
various levels of taurine and the effects of in vitro
exposure to ozone on various cellular parameters were
monitored.

Materials and methods
Animals, housing, and diet

Cesarean-derived, specific pathogen-free, male
Sprague-Dawley rats were obtained from Charles
River Laboratory (Wilmington, MA, USA). The ani-
mals were shipped in filtered cartons and quarantined
for one week after arrival and before use in the experi-
ments. One rat in 50 was sacrificed and examined for
abnormal pathology and/or infection and the results
were judged as negative. The rats were housed in poly-
carbonate cages (3 rats/cage) and placed in lami-
nar flow hoods within the NIOSH animal facility
(AAALAC-approved). The lighting cycle was main-
tained at 16 hr light, 8 hr dark. Relative humidity aver-
aged 60 = 4%, and the environmental temperature was
controlled at 70-72° F.

The rats were fed a standard laboratory chow diet
(Wayne Lab Blox, Wayne Feeds, Peoria, IL, USA),
which was sterilized prior to use. Both food and fil-
tered tap water were supplied ad libitum.

Isolation of lung cells

Alveolar macrophages were isolated as previously de-
scribed.?! Male Sprague-Dawley rats (200-300 g) were
anesthetized with pentobarbital sodium (220 mg/kg
body wt). Alveolar macrophages were obtained by
pulmonary lavage using ten 8-ml aliquots of ice-cold
calcium- and magnesium-free Hank’s Balanced Salt
Solution (pH 7.4), concentrated by centrifugation at
550g for 10 min at 4° C (Sorvall RC-3 Centrifuge, Sor-

vall Instruments, Newtown, CT, USA), and resus-
pended in HEPES-buffered medium (10 mm HEPES,
S mm glucose, 1 mm CaCl,, 5 mm KCl, and 145 mm
NaCl; pH 7.4).

The number of cells and the purity of the cell sus-
pension were determined with a Coulter electronic cell
counter equipped with a cell-sizing attachment (Model
ZB, Coulter Instruments, Hialeah, FL, USA). The
cellular preparations contained 84.4 = 1.2% alveolar
macrophages.

Pre-incubation of lung cells with taurine

Isolated alveolar macrophages were pelleted by cen-
trifugation at 550g for 10 min at 4° C and resuspended
in HEPES-buffered medium (pH 7.4) containing 0,
100, 250, or 500 M taurine. The cell suspensions were
incubated for 30 min at 37° C in a shaking water bath
to allow uptake and accumulation of taurine as demon-
strated in our previous study.”'

Exposure of lung cells to ozone

Prior to ozone exposure, the taurine-loaded alveolar
macrophages (36-51 x 10° cells) were resuspended in
10 ml HEPES-buffered medium containing 0-500 pm
taurine and allowed to adhere to the bottom surface
of a 75 cm’ tissue culture flask for 30 min at 25° C.

The ozone exposure system has been described pre-
viously by our laboratory.?* Briefly, ozone was deliv-
ered via teflon tubing from the generator (Model
#1000, McMillan Electronics Corp.. Houston, TX,
USA) to the inlet port of the flask, passed over the
cells, and withdrawn from the outlet port to an ozone
monitor (Model #1003-AH, Dasibi Environmental
Corp.. Glendale, CA, USA). The flask was mounted
on a rocking mixer. The cells were exposed to 0.45 =
0.05 ppm ozone for 30 min at 25° C while the flask
was rocked slowly from side to side (22 cycles/min) to
allow direct contact between the cells and the oxidant
gas.

Recovery of lung cells

After ozone exposure, the medium was decanted and
centrifuged at 500g for 10 min to remove non-adherent
cells. The supernatant was frozen at —4° C overnight
and assayed the next day.

The flasks were incubated with 10 ml ice-cold
calcium- and magnesium-free Hank’s buffer and
placed on ice in a cold room (4° C) for 10 min before
the surface was scraped to remove adherent cells. This
procedure was repeated for a total of three washes.
The adherent cells were concentrated by centrifuga-
tion at 550g for 10 min. The non-adherent and adher-
ent cell fractions were suspended in HEPES-buffered
medium, counted, and then combined prior to con-
ducting cellular assays.

Cell assays

The exclusion of trypan blue dye was determined mi-
croscopically as previously described.? Briefly, cell
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suspensions were incubated with 0.04% (wt/vol) try-
pan blue dye for 4 min at 25° C. The cells were then
treated with 1% buffered formalin and the percent via-
bility determined as (the number of cells excluding
dye/total number of cells) x 100.

Chemiluminescence was measured as previously
described.”*** Alveolar macrophages (5 x 10%) were
suspended in 5 ml of HEPES-buffered medium con-
taining 100 pl of 10 mg % luminol (5-amino-2,
3-dihydrol-1.4-phthalzinedione). Zymosan-stimulated
samples contained 2 mg/ml zymosan. The samples (5
ml total volume) in plastic vials were incubated at 37°
C in a shaking water bath and counted for 0.5 min
at 3-S5 min intervals for 30 min in a Packard Tricarb
Scintillation Counter (Model #3255) operated in the
out-of-coincidence mode. From plots of cpm versus
time, total chemiluminescence was estimated gravi-
metrically and expressed as relative chemilumines-
cence per 10° cells.

Membrane ATPase activities were measured as in-
organic phosphate liberated from ATP. The assay
buffer (HEPES) contained 2.5 mm ATP and 0.1% Tri-
ton X-100 (Sigma Chemical Co., St. Louis, MO,
USA). To estimate the activity of the Na*-K ' ATPase
by difference, 1 mM ouabain (Sigma) was added to
half the samples. After incubation of approximately 5
x 10° cells in medium at 37° C for 1-2 hours, the
reaction was stopped by boiling the samples for 10
min. Cell debris was removed by centrifugation at
8700g for 5 min (Microfuge, Beckman Instruments
Co., Palo Alto, CA). Inorganic phosphate was mea-
sured by the method of Ames.*® To 1 volume of super-
natant (350 wl), 2 volumes of the phosphate reagent
[0.26 M ferrous sulfate in acid molybdate solution
(17% ammonium molybdate - 4 H,O in 0.6 m sulfuric
acid)] were added and the color was allowed to de-
velop for 30 min. The samples were centrifuged again
at 8700g for 5 min to remove precipitated material,
and the absorbances of the supernatants were read at
700 nm and compared to a standard curve from known
phosphate concentrations. Activity was expressed as
nmol Pi/hr/10° cells.

Intracellular taurine concentrations were measured
by an HPL.C technique which we developed.”’

Assays of the Medium

Lipid peroxides released into the medium were as-
sayed by the method of Ottolenghi,”® as modified by
Hunter.” The absorbance of thiobarbituric acid-
reactive substances in the sample was read at 532 nm
on a Gilford Model 300-N spectrophotometer (Gilford
Instrument Co., Oberlin, OH, USA), and values were
expressed as nmol malonaldehyde/10° cells using a
molar extinction coefficient of E = 1.56 x 10° M ™!
cm~ L0

Protein leakage into the medium was estimated with
the Bio-Rad technique (Bio-Rad Laboratories, Rich-
mond, CA, USA) based on the method of Bradford®
using bovine serum albumin (Sigma) as the standard.
Values were expressed as mg protein/10° cells.
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Leakage of reduced (GSH) and oxidized (GSSG)
glutathione into the medium was determined using the
method of Hissin and Hilf*? as modified by Van Der
Zee et al.** From standard curves of known GSH and
GSSG (Sigma) concentrations, values were calculated
and expressed as pg glutathione/10° cells,

Potassium ion leakage was measured using atomic
absorption spectroscopy (Model #5000, Perkin Elmer
Instruments). Samples were diluted in 0.5% LaCl;
(Fisher Scientific, Pittsburgh, PA, USA). Values were
calculated from a standard curve of known potassium
concentrations (Fisher Scientific) and expressed as
ppm/10° cells.

Statistical analysis

Data were expressed as means = SE of between 3-8
separate experiments. Statistical differences between
data points were estimated using one-way ANOVA .*
Significance was set at P < 0.05.

Results

The actual intracellular taurine concentrations of alve-
olar macrophages preincubated in 0-500 wmMm taurine
prior to ozone exposure are given in Figure I. The
taurine content of the cells increased with increasing
extracellular taurine. This result was expected since
rat alveolar macrophrages have been shown to ac-
tively transport and accumulate this nutrient via a spe-
cialized sodium-taurine co-transport mechanism.”'

The free intracellular taurine concentrations of al-
veolar macrophages after exposure to ozone are given
in Figure 2. Comparing data from Figures | and 2,
cytoplasmic taurine rose by approximately 1.6, 1.3, 5,
and 7-fold in ozone-exposed cells incubated at 0, 100,
250, and 500 pwm extracellular taurine, respectively.
This ozone-induced taurine mobilization was signifi-
cant in macrophages supplemented with 250 and 500
M extracellular taurine.
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Figure 1 Effect of preincubation of rat alveolar macrophages with
variable extracellular taurine concentrations on intraceliular taurine
content prior to ozone exposure. Accumulation of taurine is both
time and concentration dependent. The asterisk (*) indicates a sig-
nificant increase above the value for cells incubated in 0 um taurine
at the P < 0.05 level
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Table 1 Effect of taurine supplementation on ozone-induced injury to alveolar macrophages
Extracellular Taurine Concentration (um)?

Parameter 0 100 250 500
Cell viability (%) 60.6 £ 3.0 84.1 = 1.7* 86.0 = 1.3* 783 + 1.3*
Lipid peroxidation

(nmol MDA/108 cells) 46 =03 1.4 = 04" 21+ 09" 2307
Total ATPase

(nmol Pi/hr/10° cells) 30870 659 + 40" 64.0 = 2.0* 913 £ 42"
GSH leak

(ng/108 cells) 042 =014 0.03 = 0.01* 0.04 = 0.02* 0.05 = 0.02"
Protein leak

(ng/108 cells) 159 = 4.2 52 %14 10.0 £ 1.0 114+ 26
Na*/K* ATPase

(nmol/Pi/hr/10° cells) 44 =64 29.5 = 3.4* 23+ 3.0 43 +84

Note: Alveolar macrophages were preincubated in media of different taurine concentrations at 37° C for 30 min prior to being cultured at
various taurine levels and exposed to ozone (0.45 ppm for 30 min at 25° C).

#Values are mean + SE from 3-8 separate experiments.
* Significantly different from the value at 0 um taurine (P < 0.05).
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Figure 2 Intracellular taurine content ot alveolar macrophages

exposed to 0.45 = 0.05 ppm ozone for 30 min. Cells were preincu-
bated in media of different taurine concentrations at 37° C for 30
min prior to being cultured at various taurine levels and exposed
to ozone. At all extracellular taurine levels, free intracellular taurine
rises in response to ozone exposure. The asterisk (*) indicates a
significant increase from the value for unexposed cells supple-
mented at the respective extracellular taurine level (P < 0.05)

Ozone exposure of alveolar macrophages has been
shown to decrease cellular viability, induce lipid
peroxidation, decrease total ATPase and Na*/K*
ATPase levels, and cause leakage of glutathione and
protein.?® Data in Table | indicate that taurine enrich-
ment decreased ozone-induced damage as measured
by these cellular parameters. At 100 uM extracellular
taurine (i.e., the approximate plasma level of this nu-
trient),”’ viability was increased by 38%, lipid peroxi-
dation decreased by 70%, total ATPase increased by
113%, Na*/K™* ATPase increased by 625%, GSH leak
decreased by 93%, and protein leak decreased by 67%
compared to levels measured for ozone-exposed cells
incubated in the absence of extracellular taurine. In
the case of viability, lipid peroxidation, total ATPase,
and GSH leak, this protection from oxidant injury was

also significant at 250 and 500 um extracellular taurine.
However, supra-plasma levels of taurine did not sig-
nificantly elevate Na*/K™* ATPase or prevent protein
leak.

As shown previously, ozone exposure of alveolar
macrophages increased chemiluminescence, de-
creased cell recovery, and increased leakage of GSSG
and potassium ions.”® In the present study, taurine
supplementation at any level failed to significantly al-
ter these ozone-induced changes (data not shown).

Discussion

At 0 uM exogenous taurine, the values for the parame-
ters monitored in the present study are in relatively
close agreement with those from our previous study
of the time sequence of metabolic changes occurring in
isolated rat alveolar macrophages after in vitro ozone
exposure.? Briefly, in vitro exposure of alveolar mac-
rophages to 0.45 ppm ozone for 30 min resulted in a
generalized decline in cellular viability. At 0 um extra-
cellular taurine, ozone exposure decreased trypan
blue exclusion by 9%, increased zymosan-stimulated
chemiluminescence by 16-fold, increased lipid peroxi-
dation by 2.3-fold, increased protein leakage by 20%,
increased K™ leakage by 94%, decreased total ATPase
activity by 40% and Na®"/K* ATPase by 90%, and
increased GSH and GSSG leak by 1.8-fold and 48%,
respectively. The mechanism for these responses to
ozone exposure may be as follows. First, ozone reacts
with membrane lipids causing lipid peroxidation.?3:%
Lipid peroxidation could result in a breakdown of the
permeability barriers of plasma membranes.”” There-
fore, the second sequence of events would be a gener-
alized decrease in membrane integrity resulting in
leakage of protein and K™ from the cells. K* leakage
may reflect both the decline in Na™-K* ATPase activ-
ity?* and influx of Ca?* followed by a calcium-induced
K+ leak.?® In addition to increased membrane leakage,
lipid peroxidation may also alter membrane conforma-
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tion so that macrophages generate more radicals (mea-
sured as chemiluminescence) at rest and in response
to zymosan particles.

The results of this study indicate that taurine may
function as an antioxidant in rat alveolar macrophages
at its physiological concentration of 100 um (i.e., the
plasma concentration of taurine in the rat).?’ At this
level of supplementation, taurine significantly pro-
tected alveolar macrophages from ozone-induced
damage. That is, recovered cells demonstrated an in-
crease in viability as judged by trypan blue exclusion,
a decrease in lipid peroxidation, a decrease in the
ozone-induced decline in total and Na*-K* ATPase
activity, and a lessening of the leak of reduced gluta-
thione and protein. Protection against ozone-induced
cell damage was less obvious at supra-physiological
concentrations of external taurine, since the decline
in Na*/K* ATPase and the leak of protein were not
significantly prevented at 250 and 500 um extracellular
taurine. The suggestion that taurine may protect alve-
olar macrophages from oxidant injury agrees with its
ability to protect bronchioles from oxidant injury due
to NO, exposure.*

Taurine has been proposed as both a direct and indi-
rect antioxidant.'? As a direct antioxidant, taurine
would act to quench radicals derived from the interac-
tion of ozone with membrane lipids.*-*® As an indirect
antioxidant, taurine would act to stabilize the plasma
membrane and thus prevent oxidant-induced increases
in membrane permeability. In support of taurine’s role
as a membrane stabilizer, taurine has been shown to
prevent Ca’?* influx in cat cerebral cortex resulting
from treatment with ouabain® and to prevent K* leak-
age in dog heart.* In contrast, support for taurine as
a direct antioxidant was given by Nakashima et al.¥
who reported that taurine was able to mitigate CCl,-
induced lipid peroxidation in rat liver. Data from the
present study are consistent with both views, since
taurine significantly reduced lipid peroxidation (direct
effect) and significantly increased membrane integrity
(indirect effect).

The data on intracellular taurine concentrations
after exposure to ozone deserve attention. In our pre-
vious study of the time course of metabolic changes
occurring in alveolar macrophages during ozone expo-
sure, free cytoplasmic taurine increased with ozone
exposure. Therefore, we concluded that taurine was
mobilized from cellular bound stores to the free state
in response to oxidant injury.? In the present study,
extremely high intracellular taurine concentrations re-
sulted in alveolar macrophages incubated with 250 um
or 500 M taurine prior to ozone exposure. There are
two possible explanations for this effect: either (1)
cells incubated in high taurine levels were stimulated
to increase their rate of taurine uptake from the me-
dium in response to ozone exposure; or (2) the cells
were mobilizing taurine from bound stores to the free
state in response to ozone exposure. Taurine uptake is
Na* and energy dependent.?’ Since Na*-K* ATPase
activity in ozone-exposed cells at 250 or 500 pM tau-
rine was very low, the size of the inwardly directed
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concentration gradient for Na* should have de-
creased. Thus, it is unlikely that taurine uptake had
increased. Therefore, the second explanation seems
more likely.

In conclusion, in vitro exposure of alveolar macro-
phages to ozone results in lipid peroxidation and a
decline in membrane integrity and cellular viability.?
Alveolar macrophages exhibit a Na*-taurine co-trans-
port system which is able to accumulate taurine within
the cell to levels far exceeding those of the external
medium.?' At plasma levels of exogenous taurine,
alveolar macrophages are protected partially from
ozone-induced damage, i.e., oxidant-induced lipid
peroxidation, the fall in membrane integrity and de-
creases in ATPase activity are partially prevented (Tu-
ble I). Therefore, taurine seems to act as an antioxi-
dant in these pneumocytes.

Acknowledgments

The authors thank Ghazi Hussein of the Division of
Plant and Soil Sciences of West Virginia University
for performing the potassium ion analyses. We are
grateful to Dr. Knox Van Dyke of the Pharmacology
and Toxicology Department of West Virginia Univer-
sity for the gift of luminol, and to Victor Robinson and
Dr. David Frazer of the Physiology Section, NIOSH,
for technical advice and construction of the modified
tissue culture flasks.

References

I Gaull, G.E., Pasantes-Morales, H.. and Wright, C.E. (1983).

Taurine in human nutrition: overview. In Taurine: Biological

Actions and Clinical Perspective (S.S. Ota, L. Ahtel, P. Kon-

tro, and M.K. Personen, eds.), pp. 3-21, Liss Inc., New York

Alverez, J.G. and Storey, B.T. (1983). Taurine, hypotaurine,

epinephrine and albumin inhibit lipid peroxidation in rabbit

spermatozoa and protect against loss of motility. Biol. Reprod.

29, 548-555

3 Wright, C.E., Tallan, H.H., Lin, Y.Y., and Gaull, G.E.
(1986). Taurine: biological update. Annu. Rev. Biochem. 55,
427-453

4 Gordon, R.E., Shaked, A.A., and Solano, D.F. (1986). Tau-
rine protects hamster bronchioles from acute NO,-induced al-
terations. A histological, ultrastructural and freeze-fracture
study. Am. J. Pathol. 125, 585-600

5 Chow, C.K. and Tappel, A.L. (1972). An enzymatic protective
mechanism against lipid peroxidation damage to lungs of
ozone-exposed rats. Lipid 1, 518-524

6  Sagai, M., Ichinose, T., Oda, H., and Kubota, K. (1982). Stud-
ies on biochemical effects of nitrogen dioxide. II. Changes of
the protective systems in rat lungs and of lipid peroxidation
by acute exposure. J. Toxicol. Environ. Health 9, 153164

7 DeLucia. A.J., Mustafa, M.G., Hussain, M.Z., and Cross,
C.E. (1975). Ozone interaction with rodent lung. II1. Oxidation
of reduced glutathione and formation of mixed disulfides be-
tween protein and non-protein sulfhydryls. J. Clin. Invest. 58,
794-802.

8 Rietjens, .M.C.M., Alink, G.M., and Vos, R.M.E. (1985).
The role of glutathione and changes in thiol homeostasis in
cultured lung cells exposed to ozone. Toxicology 35, 207-217

9  Kratzing, C.C. and Willis, R.J. (1980). Decreased levels of
ascorbic acid in lung following exposure to ozone. Chem. Biol.
Interact. 30, 53-56

10 Sutherland, M.W., Glass, M., Nelson, J., Lyrn, Y., and
Forman, H.J. (1985). Oxygen toxicity: loss of lung macro-

[25)



20

21

22

23

24

25

26

Antioxidant properties of taurine in pneumocytes: Banks et al.

phage function without metabolite depletion. J. Free Radic.
Biol. Med. 1, 209-214

Elsayed, N.M. (1987). Influence of vitamin E on polyamine
metabolism in ozone-exposed rat lungs. Arch. Biochem. Bio-
phys. 255, 392-399

Goldstein. B.D., Buckley, R.M., Cardenas, R., and Balchum,
0.J. (1970). Ozone and vitamin E. Science 18, 631-632
Rietjens, [.M., Poelen, M.C., Hempeniu, R.A., Gijbels, M.J.,
and Alink, G.M. (1986). Toxicity of ozone and nitrogen diox-
ide to alveolar macrophage: comparative study revealing dif-
ferences in their mechanism of toxic action. J. Toxicol. Envi-
ron. Health 19, 555-568

Crapo, J.D., Marsh-Salin, J., Ingram, P., and Pratt, P.C.
(1978). Pulmonary morphology and morphometry. J. Appl.
Physiol. 44, 370-379

Crapo, J.D., Barry, B.E., Chang, L.Y., and Mercer, R.R.
(1984). Alterations in lung structure caused by inhalation of
oxidants. J. Toxicol. Environ. Health 13, 301-321

Adamson, L.Y .R. and Bowden, D.H. (1974). The type 2 cell as
progenitor of alveolar epithelial regeneration. A cytodynamic
study in mice after exposure to oxygen. Lab. [nvest. 30, 35-42
Evans, M.J., Cabral, L.J., Stephens, R.J., and Freeman, G.
(1973). Renewal of alveolar epithelium in the rat following
exposure to NO,. Am. J. Pathol. 70, 175-198

Evans, M.J., Cabral, L.J., Stephens, R.J., and Freeman, G.
(1975). Transformation of alveolar type 2 cells to type 1 cells
following exposure to NO,. Exp. Mol. Pathol. 22, 142-150
Kleinerman, J., Ip, M.P.C., and Sorensen, J. (1982). Nitrogen
dioxide exposure and alveolar macrophage elastase in ham-
sters. Am. Rev. Respir. Dis. 125, 203-207

Sturrock, J.E., Nunn, J.R., and Jones, A.J. (1980). Effects of
oxygen on pulmonary macrophages and alveolar epithelial
type Il cells in culture. Respir. Physiol. 41, 381-390

Banks, M.A., Martin, W.G., Pailes, W.H., and Castranova,
V. (1989). Taurine uptake by isolated alveolar macrophages
and type Il cells. J. Appl. Physiol. 66, 1079-1086
Castranova, V., Porter, D.W., Martin, W.G., and Banks,
M.A. (1990). Intracellular taurine content of alveolar pneumo-
cytes. The Physiologist 24, A-124

Banks., M.A., Porter, D.W., Martin, W.G., and Castranova,
V. (1990). Effects of in vitro ozone exposure on peroxidative
damage, membrane leakage and taurine content of rat alveolar
macrophages. J. Toxicol. Appl. Pharmacol. 105, 55-65
Phillips, H.J. (1973). Dye exclusion tests for cell viability. In
Tissue Culture Methods and Applications (P.R. Kruse and
M.K. Patterson, Jr., eds.), pp. 406-408, Academic Press, New
York

Castranova. V., Lee, P., Ma, J.Y.C., Weber, K.C., Pailes,
W.H., and Miles, P.R. (1987). Chemiluminescence from mac-
rophages and monocytes. In Cellular Chemiluminescence,
Vol. II (K. Van Dyke and V. Castranova, eds.), pp. 3-19,
CRC Press, Boca Raton, FL

Ames, B.N. (1966). Assay of inorganic phosphate, total phos-

27

28

29

30

31

(98
(]

34

38

39

40

41

phate and phosphatases. In Methods in Enzymology, Vol.
VIII, Complex Carbohydrates, (E.F. Neufeld and V. Gins-
burg, eds.), pp. 115-118, Academic Press, New York
Porter, D.W., Banks, M.A., Castranova, V., and Martin,
W.G. (1988). Reversed-phase high-performance liquid chro-
matography technique for taurine quantitation. J. Chro-
matogr. 454, 311-316

Ottolenghi, A. (1959). Interaction of ascorbic acid and mito-
chondrial lipids. Arch. Biochem. Biophys. 79, 355-363
Hunter, F.E., Jr., Gebieri. J.M., Hoffstein, P.E., Weinstein,
J., and Scott A. (1963). Swelling and lysis of rat liver mito-
chondria induced by ferrous ions. J. Biol. Chem. 238, 828-835
Rietjens, [.M., Poelen, M.C., Hempeniu, R.A., Gijbels, M.J.,
and Alink, G.M. (1986). Toxicity of ozone and nitrogen diox-
ide to alveolar macrophage: comparative study revealing dif-
ferences in their mechanism of toxic action. J. Toxicol. Envi-
ron. Health 19, 555-568

Bradford. M. (1976). A rapid and sensitive method for quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72, 248-254

Hissin, P.J. and Hilf, R. (1976). A fluorometric method for
determination of oxidized and reduced glutathione in tissues.
Anal. Biochem. 74, 214-226

Van Der Zee, J., Dubbleman, T.M.A.R.. Rapp, T.K., and Van
Steveninck. J. (1987). Toxic effects of ozone on murine 1.929
fibroblasts. Enzyme inactivation and glutathione depletion.
Biochem. J. 242, 707-712

Dowdy, S. and Wearden. S. (1983). Techniques for one-way
analysis of variance. In Statistics for Research, pp. 243-286.
Wiley. New York

Goldstein, B.D., Balchum, 0O.J.. Demopoulos, H.B., and
Duke, H.B. (1968). Electron paramagnetic response spectros-
copy. Free radical signals associated with ozonization of lino-
leic acid. Arch. Environ. Health 17, 46—-49

Menzel, D.B. (1970). Toxicity of ozone, oxygen and radiation.
Ann. Rev. Pharmacol. 10, 379-39}

Meech, R.W. and Strumwasser. F. (1970). Intracellular cal-
cium injection activates potassium conductance in Aplysia
nerve cells. Fed. Proc. 29, 834. (abstract)

Schanne, F.A.X., Kane, A.B., Young, E.E., and Farber, J.L..
(1979). Calcium dependence of toxic cell death: a final com-
mon pathway. Science 206, 700-702

Tower, D.B. (1968). Ouabain and the distribution of calcium
and magnesium in cerebral tissues in vitro. Exp. Brain Res. 6,
275-283

Read, W.0. and Welty, J.D. (1963). Studies on some cardiac
effects of taurine. J. Pharmacol. Exp. Ther. 139, 283
Nakashima, T., Takino, T., and Kuriyama, K. (1983). Thera-
peutic and prophylactic effects of taurine administration on
experimental liver injury. In Sulfur Amino Acids: Biochemical
and Clinical Aspects (K. Kuriyama, R.J. Huxtable, and H.
Iwata, eds.). pp. 449-459, Liss Inc., New York

J. Nutr. Biochem., 1991, vol. 2, June 313



