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Impairment of Microbial Killing and Superoxide-
Producing Activities of Alveolar Macrophages by a
Low Level of Ozone
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Male Wistar rats were exposed to 0.2 ppm ozone for up to 14 days, during which alveolar macrophages were
collected by pulmonary lavage to assess the effect of ozone on their microbial killing and superoxide-producing
activities. For rapid assessment of microbial killing activity, we measured the release of 3H-radioactivity into the
supernatant by deoxycholate-lysis of the macrophages that had phagosytosed and killed 3H-uridine-labeled mi-
crobes. The killing activity against Escherichia coli and Candida albicans was reduced to 70–80% of control levels
on day 3. However, phagocytosis by and the activity of lysosomal enzymes of the macrophages were not impaired.
On day 14 the killing activity against E. coli had returned to control levels, whereas that against C. albicans was still
reduced. Because active oxygen species plays an important role in microbial killing activity of macrophages, the
effects of ozone on respiratory burst and superoxide production were examined. Aliquots of alveolar macrophages
were stimulated with phorbol myristate acetate (PMA), opsonized zymosan, or lipopolysaccharide (LPS) plus cy-
tochalasin E (Cyt.E). The respiratory burst, oxygen consumption for rapid superoxide production, was decreased to
60–80% of control levels on day 3. On day 14, the respiratory burst by opsonized zymosan was still 80% reduced,
whereas that by PMA or LPS plus Cyt.E had returned to control levels. In addition, the superoxide-producing activ-
ity of ozone-exposed macrophages was 10–60% decreased on day 3. On day 14, the superoxide production by
stimulation with opsonized zymosan was still 60% reduced, whereas that by PMA or LPS plus Cyt.E had returned to
control levels. In conclusion, because of their decreased production of superoxide, the host defense activity of
alveolar macrophages was impaired by in vivo exposure to 0.2 ppm ozone. In particular, the C. albicans-associated
defect lasted throughout the exposure period.
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INTRODUCTION

Ozone, a representative oxidant found in urban
and industrial atmospheres,1) injures alveolar and
bronchiolar epithelial cells. Type I epithelial cells in
alveoli and the ciliated cells in terminal bronchioles
are the most sensitive to this pollutant, which causes
these cells to necrose and desquamate.2–4) Alveolar
macrophages exist on the alveolar surface and play
an important role in the host defense against inhaled

microorganisms.5–7) The macrophage functions of
bactericidal activity,8–10) phagocytosis,8–14) and lyso-
somal hydrolysis8,15,16) are impaired by high levels
of ozone (e.g., 2.5 ppm). However, few studies9,10)

have focused on the impairment of alveolar mac-
rophages by low levels of ozone (e.g., 0.2 ppm).

We previously reported that after an initial im-
pairment on day 1, the peroxidative metabolic and
glycolytic enzymes of alveolar macrophages were
persistently enhanced from day 3 to week 12 by in
vivo exposure to 0.1 or 0.2 ppm ozone.17,18) In addi-
tion, the number of small alveolar macrophages was
increased from day 3 without augmentation of DNA
synthesis, suggesting an enhancement in the influx
of immature macrophages. Alveolar macrophages
appeared to adapt themselves to the oxidative stress
by metabolic upregulation and recruitment of im-
mature cells. However, the effect of low levels of
ozone on the host defense activities of alveolar mac-
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rophages remained unclear.
In the present study, we investigated the effects

of in vivo exposure to 0.2 ppm ozone on microbial
killing and superoxide production by alveolar mac-
rophages. Microbial killing and superoxide produc-
tion of the ozone-exposed macrophages were mark-
edly impaired on day 3, although they underwent
the metabolic enhancement. Further, these activities
associated with C. albicans were still reduced at the
end of 14-d exposure.

MATERIALS AND METHODS

Materials —–—  The following reagents were pur-
chased from Sigma Chemical Co. (St Louis, MO,
U.S.A.): cytochrome c, catalase, phorbol 12-
myristate 13-acetate (PMA), zymosan A, lipopoly-
saccharide (LPS), cytochalasin E (Cyt.E),
p-nitrophenyl-N-acetyl-β-D-glucosaminide and so-
dium deoxycholate. We obtained N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid
(HEPES) from Dojindo Laboratories (Kumamoto,
Japan); Eagle’s MEM and RPMI 1640 from Nissui
Seiyaku Co. (Tokyo, Japan); fetal bovine serum
(FBS) from Flow Laboratories Inc. (McLean, VA,
U.S.A.); Micrococcus lysodeikticus and DNase I
from Boehringer Mannheim (Tokyo, Japan); p-
nitrophenyl-β-D-glucuronide and p-nitrophenyl phos-
phate from Nacalai Tesque (Tokyo, Japan); and car-
bon ink #591017 from Rotring (Hamburg, Ger-
many). Escherichia coli K12 and Candida albicans
were obtained from the University of Tokyo. FJ and
YNB culture media and casamino acids were pur-
chased from Difco Laboratories (Detroit, MI,
U.S.A.). [5-3H] uridine (TRK.178, 26 Ci/mmol) was
a product from Amersham (Buckinghamshire, U.K.).
Exposure Conditions —–—  Male Jcl:Wistar rats
(specific pathogen-free; SPF) at 10 weeks of age
were supplied by Clea-Japan Co. (Tokyo, Japan) and
received sterilized rodent diet (CE-2, Clea-Japan Co.,
Japan) and water at SPF condition. When 24 to
26 weeks old, rats (6/group) were synchronously ex-
posed to 0.20 ± 0.01 ppm ozone (exposure groups)
or filtered clean air (controls) in the paired exposure
chambers; the environmental conditions were 25°C
and 55% to 60% relative humidity. After continu-
ous exposure for 1, 3, 7, or 14 days, the rats were
used in the experiments described in later sections.
SPF condition was maintained throughout the ex-
posure period. The body weights and wet weights
of lung tissues did not differ significantly between

the exposure and control groups.
Preparation of Alveolar Macrophages —–—  Al-
veolar macrophages were prepared soon after the ex-
posure period.17,18) The rats were anesthetized with
intraperitoneal sodium pentobarbital and exsan-
guinated through the carotid artery. Lungs were per-
fused in situ with cold saline through right ventricle
and removed from the thorax for pulmonary lavage
with an isotonic HEPES buffer (pH 7.4). The viabil-
ity of the alveolar-free cells in the lavage fluid al-
ways exceeded 95% by the trypan blue exclusion
test, and more than 96% of these cells were mac-
rophages by Giemsa staining. The proportion of
polymorphonuclear leukocytes was always less than
1% and did not differ significantly between the ex-
posure and control groups.17,18) The remaining cells
in the lavage fluid were lymphocytes and degener-
ated cells. Because injured macrophages might be
selectively lost during a short culture to collect ad-
herent cells, the entire population of alveolar-free
cells were used as the macrophage sample.
Measurement of Microbial Killing —–—  E. coli
K12 was cultured in FJ supplemented with casamino
acids, and C. albicans was grown in YNB media.
The cultures were labeled with 10 µCi/ml 3H-uridine
at 30°C for 18 hr: ca. 5 × 103 dpm/106 cells of E. coli
and ca. 5 × 104 dpm/106 cells of C. albicans. The ra-
diolabeled microbes were rinsed with saline and re-
suspended in RPMI 1640 containing 10 mM HEPES
(pH 7.4) for use in the various assays.

Alveolar macrophages were resuspended at
2.5 × 105 cells/ml in Eagle’s MEM supplemented
with 10% FBS. Aliquots of 2.0 × 105 cells were
seeded in triplicate in 24-well plates and incubated
in 5% CO2 at 37°C for 30 min. 3H-uridine-labeled
30- or 120-fold E. coli and 8- or 16-fold C. albicans
per macrophage were added to the wells of
precultured macrophages; the resulting cocultures
were incubated for an additional 30 min (E. coli) or
2 h (C. albicans) for microbial killing by the mac-
rophages. Then, 0.15% deoxycholate and 25 µg/ml
DNase I were added to the cultures, which were in-
cubated for another 15 min. The macrophages and
dead microbes were lysed with deoxycholate and
DNase I, and the lysate was spun at 8000 rpm for
10 min to collect the radioactivity released into the
supernatant. The microbial killing activity was de-
fined as the ratio of radioactivity recovered in the
supernatant to that added to the culture.
Measurement of Superoxide Production —–—  The
oxygen consumption attributable to the respiratory
burst was monitored with a Clark-type oxygen elec-
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trode (Model 53, Yellow Springs Instrument Co.,
Yellow Springs, OH, U.S.A.) as described by
Estabrook.19) Aliquots of alveolar macrophages
(3.0 × 106 cells) were resuspended in duplicate in 3
ml of assay solution [Dulbecco’s phosphate-buffered
saline supplemented with 1.3 mM MgCl2, 5.5 mM
glucose, and 5.0 mM HEPES (pH 7.4)] and
preincubated at 37°C for several minutes. Mitochon-
drial respiration was blocked with 1 mM NaCN. The
alveolar macrophages were stimulated with 0.33 µg/
ml PMA, 200 µg/ml opsonized zymosan, or 5 µg/ml
LPS plus 5 µg/ml Cyt.E.20) Oxygen consumption was
measured while the cell suspension was stirred con-
tinuously.

Superoxide production was measured by assay-
ing the reduction of cytochrome c.21) Aliquots of al-
veolar macrophages (1.0 × 106 cells) were resus-
pended in duplicate in 1 ml of assay solution supple-
mented with 20 µM cytochrome c and 5 µg/ml cata-
lase; then the cells were preincubated at 37°C for
several minutes. The alveolar macrophages were
stimulated with 0.4 µg/ml PMA, 200 µg/ml op-
sonized zymosan, or 5 µg/ml LPS plus 5 µg/ml
Cyt.E. The increase in the absorbance at 550 nm was
calculated in terms of the increase in the reduced
form of cytochrome c with the differential molecu-
lar absorption coefficient, 21.0.19) The cell suspen-
sion in the cuvette was stirred continuously with a
windmill-driven stirrer.23)

Assay of Phagocytosis —–—  Phagocytosis by the
alveolar macrophages was assayed by using op-
sonized carbon particles. Carbon particles were
mixed with an equal volume of rat serum and op-
sonized at 37°C for 20 min, after which they were
diluted 300-fold with the culture medium. Aliquots
of alveolar macrophages (1.5 × 106 cells) were re-
suspended in duplicate in 3 ml Eagle’s MEM supple-
mented with 10% FBS and precultured in plastic
dishes for 1 hr. Then 300 µl of opsonized carbon par-
ticles was added to the macrophage culture and al-
lowed to undergo phagocytosis for an additional 1 hr.
Excess carbon particles that were not phagocytosed
were rinsed away by using a warmed isotonic
HEPES buffer supplemented with 1.3 mM MgCl2,
1.8 mM CaCl2, and 5% FBS.18) The macrophages that
had phagocytosed carbon particles were stained
black in the cytoplasm; we counted the cells under
light microscopy. The phagocytic index was defined
as the ratio of the number of stained macrophages
to the total cell count.
Assays of Lysosomal Enzymes —–—  Aliquots of
alveolar macrophages were suspended in 0.25 M su-

crose solution containing 10 mM Tris–HCl (pH 7.4)
and 0.5 mM EDTA and homogenized on ice in a ta-
pered Potter-Elvehjem Teflon homogenizer (358133,
Wheaton Scientific, Millville, NJ, U.S.A.). The en-
zyme activities of lysozyme, β-glucuronidase, N-
acetyl-β-glucosaminidase, and acid phosphatase
were assayed at 37°C as described in Methods of
Enzymatic Analysis.24–27) The substrates of those
enzymes were Micrococcus lysodeikticus, p-
nitrophenyl-β-D-glucuronide, p-nitrophenyl-N-
acetyl-β-D-glucosaminide, and p-nitrophenyl phos-
phate, respectively. The protein concentration of the
lysate was determined according to Lowry et al.25)

Statistical Analysis —–—  Analyses of significant
differences between exposure and control groups
were performed by means of Student’s t-test or
Welch’s t-test after the analysis of variance.

RESULTS

Measurement of Microbial Killing
In the present study, we developed a convenient

method for measuring microbial killing. The mem-
branes of macrophages and dead microbes were ly-
sed by treatment with deoxycholate, which released
the radioactive RNA of the microbes that were in-
gested by the macrophages into the culture superna-
tant. The difference between the radioactivity of the
supernatant from a culture containing alveolar mac-
rophages and that of one not containing was attrib-
uted to the dead microbes. Approximately 20% of
the total radioactivity was released only from mi-
crobes at 0.15% deoxycholate: the additional release
(net release) of radioactivity by the macrophages was
maximum at this concentration.

The net release of radioactivity from 3H-uridine-
labeled E. coli dose–dependently increased as the
ratios of microbes per macrophage increased from
30 to 180 (Fig. 1A). In the absence of rat serum, the
net release of radioactivity from alveolar macroph-
ages cocultured with labeled E. coli was 14 ± 2% of
the total radioactivity added. In contrast, the net re-
lease of radioactivity from these cells in the pres-
ence of rat serum was 35 ± 5% of the total quantity.
The E. coli-associated killing activity of alveolar
macrophages was enhanced 1.8- to 3.1-fold in the
presence of 2.6% rat serum (Fig. 1A).

The net release of radioactivity from 3H-uridine-
labeled C. albicans dose–dependently increased be-
tween the ratios of 2 to 18 microbes per macroph-
age (Fig. 1B). In the absence of rat serum, the net
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release of radioactivity from alveolar macrophages
cocultured with labeled C. albicans was 12% to 21%
of the total radioactivity added. In contrast, the net
release of radioactivity from these cells in the pres-
ence of rat serum was 19% to 38% of the total quan-
tity. The C. albicans-associated killing activity of
the alveolar macrophages was enhanced 1.4- to 2.0-
fold in the presence of 2.6% rat serum (Fig. 1B).
Compared with that for E. coli, this reduction in net
release for C. albicans is probably due to the de-
crease in capacity of macrophages to kill and hy-
drolyze C. albicans, which has a thick cell wall of
proteoglycans that must be lysed.

Impairment of Microbial Killing
In vivo exposure of alveolar macrophages to

0.2 ppm ozone decreased their microbial killing ac-
tivity against E. coli to 70–80% of that in the con-
trols on day 3 despite the lack of a decrease on day 1
(Fig. 2). The activity had returned to control levels
by day 14. In addition, the antimicrobial activity of

Fig. 1. Dose–dependence of Microbial Killing Activity of
Alveolar Macrophages against 3H-Uridine-Labeled
Escherichia coli and Candida albicans

Alveolar macrophages (2.0 × 105 cells/0.8 ml) were incubated with
3H-uridine-labeled E. coli (5.2 × 103 dpm/106 cells) for 30 min (A) and
with C. albicans (4.7 × 104 dpm/106 cells) for 120 min (B). Mean values
shown are the net increases in the 3H-radioactivity released from the
radioactive microbes into the supernatant. Solid lines correspond to data
from cells in the presence of 2.6% rat serum; dotted lines are in the
absence of rat serum. AMφ, alveolar macrophage.

Fig. 2. Impairment of Microbial Killing Activity against E. coli
of Alveolar Macrophages Exposed to 0.2 ppm Ozone

Rats were exposed to 0.2 ppm ozone for a maximum of 14 days,
and alveolar macrophages were harvested by pulmonary lavage at various
times during exposure. The alveolar macrophages were incubated with
a 30-fold (circles) or 120-fold (squares) cellular excess of E. coli for
30 min. The impairment had disappeared by day 14. The net increase in
the 3H-radioactivity of the supernatant is shown as mean ± S.D. (n = 6/
group). Open symbols indicate the controls; closed symbols represent
exposed groups. **, difference between exposed and control groups is
significant at p < 0.01.

the ozone-exposed macrophages against C. albicans
was decreased to 70–80% of that in the controls on
day 3 in the absence and presence of rat serum; how-
ever, the decrease persisted until day 14 (Fig. 3).

Reduction of Superoxide Production
The respiratory burst of ozone-exposed alveo-

lar macrophages was measured in the presence of 1
mM NaCN, which blocked mitochondrial respira-
tion. Despite no impairment on day 1, the respira-
tory burst was reduced to 60%, 79%, or 70% of that
in the controls on day 3: the macrophages were
stimulated with PMA, opsonized zymosan, or LPS
plus Cyt.E, respectively (Fig. 4). By day 14, the res-
piratory burst had returned to control levels in case
of PMA- or LPS plus Cyt.E-stimulation, whereas in
case of opsonized zymosan-stimulation the respira-
tory burst remained reduced.

 The superoxide production of ozone-exposed
alveolar macrophages, that were stimulated with
PMA, opsonized zymosan, or LPS plus Cyt.E, was
measured by assaying the reduction of cytochrome
c. Despite no reduction on day 1, superoxide pro-
duction decreased to 12%, 31%, or 60%, respec-
tively, of that in the controls on day 3 (Fig. 5). By
day 14, superoxide production had returned to con-
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trol levels in the cells stimulated with PMA or LPS
plus Cyt.E, whereas that in the cells stimulated with
opsonized zymosan remained reduced.

Effect on Phagocytosis
The phagocytic index of the ozone-exposed al-

veolar macrophages was measured by using op-
sonized carbon particles. The phagocytic index
showed no impairment on day 3, even though the
microbial killing and active oxygen-producing ac-
tivities were markedly reduced. On day 14, the ph-
agocytic activity was slightly decreased (Table 1).

Effect on Activities of Lysosomal Enzymes
The activities of lysosomal enzymes,

such as lysozyme, β-glucuronidase, N-acetyl-β-
glucosaminidase, and acid phosphatase in the ozone-
exposed alveolar macrophages, were measured.
None of the lysosomal enzymes examined showed
a significant decrease in activity during the expo-
sure period (Table 1).

DISCUSSION

In the present study, we developed a convenient
method for measuring the microbial killing activity
of alveolar macrophages. Quie et al. reported a pro-
cedure for measuring the bactericidal activity of
polymorphonuclear leukocytes.29) In their method,
uningested bacteria have to be thoroughly rinsed
away before the leukocytes are lysed by hypotonic
treatment. To apply the method of Quie et al. to al-
veolar macrophages, the cells should be adherent
during rinsing, otherwise the loss of weakened and
detached cells would positively affect the phagocytic
index. Lehrer et al. proposed the advantage of using
radiolabeled microbes so that the radioactivity re-
leased into the culture supernatant could be counted
instead of counting microbial colonies on agar
plates.30) However, when using the method of Lehrer

Fig. 3. Impairment of Microbial Killing Activity against C.
albicans of Alveolar Macrophages Exposed to 0.2 ppm
Ozone

Alveolar macrophages were incubated with a 8-fold (circles) or 16-
fold (squares) cellular excess of C. albicans for 120 min in the absence
(A) or the presence (B) of 2.6% rat serum. The impairment of microbial
killing remained until day 14. The other conditions are the same as in
Fig. 2. *, Significant at p < 0.05.

Fig. 4. Reduction in Respiratory Burst of Alveolar Macrophages
Exposed to 0.2 ppm Ozone

Alveolar macrophages were exposed to ozone and prepared as
described in the legend to Fig. 2. Alveolar macrophages were stimulated
with 0.33 µg/ml phorbol myristate acetate (A, circles), 200 µg/ml
opsonized zymosan (B, squares), or 5 µg/ml lipopolysaccharide and 5 µg/
ml cytochalasin E (C, triangles). The reduction in the respiratory burst
had disappeared by day 14 in the macrophages stimulated with PMA
(A) or LPS plus Cyt.E (C), whereas this reduction persisted for the cells
treated with opsonized zymosan (B). The oxygen consumption is shown
as mean ± S.D. (n = 6/group). Open symbols, control groups; closed
symbols, ozone-exposed groups. *, difference is significant at p < 0.05;
** , p < 0.01; ***, p < 0.001.
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et al., free microbes still need to be rinsed away com-
pletely. In the present study, we eliminated the rinse
procedure by using a detergent (i.e., deoxycholate).
At the doses evaluated, the net radioactivity released
from 3H-uridine-labeled E. coli and C. albicans be-
cause of microbial killing by macrophages showed
a cellular ratio-dependent increase and no satura-
tion.

Goldstein et al. reported that the bactericidal
activity of alveolar macrophages against Staphylo-
coccus aureus was decreased by in vivo exposure to
2.5 ppm ozone for 4 hr.5) Approximate 64% of the
total S. aureus that were intratracheally inhaled was
cleared after 5 hr from the lung in the control,
whereas the exposure to ozone adversely increased
the number of S. aureus in the lung by 15%. Gilmour
et al. reported that ozone exposure to 0.4 ppm for
3 hr or 0.5 ppm for 1 to 3 days impaired the clear-
ance of inhaled Steptococcus zooepidemicus or S.
aureus, respectively.9,10) In addition superoxide pro-

duction of alveolar macrophages was reduced by 2-
hr exposure to 1 ppm ozone.14) In our study, the mi-
crobial killing activity against E. coli and C. albicans
was decreased by in vivo exposure to a low level of
ozone (0.2 ppm) for 3 days. At the same time, the
superoxide-producing activity was impaired mark-
edly, whereas the phagocytic index and the activi-
ties of various lysosomal enzymes were unaffected.
Therefore the decrease in microbial killing activity
of the ozone-exposed alveolar macrophages on day 3
is attributable to the decrease in superoxide produc-
tion.

According to Gilmour et al., a reduction in the
clearance of S. aureus disappeared during a pro-
longed exposure of 14 days.10) In our study, we found
a full recovery of the microbial killing activity
against E. coli by day 14, whereas the impairment
concerning C. albicans remained reduced. On day 14
superoxide production of the ozone-exposed alveo-
lar macrophages, when stimulated with LPS from
E. coli cell wall, had returned to a control level.
However, superoxide production by the stimulation
with opsonized zymosan, proteoglycan of C.
celevicie cell wall like one of C. albicans, remained
reduced. Corresponding to the reduction in super-
oxide-producing activity, the killing activity against
C. albicans also remained reduced. Lehrer and Cline
found that polymorphonuclear leukocytes from pa-
tients with chronic granulomatous disease lack the
ability to produce superoxide anions and cannot kill
C. albicans; they presumed that active oxygen mol-
ecules played an important role in the killing of C.
albicans.30) We similarly found that the persistent
reduction in the microbial killing activity against C.
albicans was attributed to reduced production of
superoxide.

Interestingly, both microbial killing and super-
oxide production were decreased on day 3, although
they showed no reduction on day 1. In contrast, the
short term-exposure of 0.4 to 2.5 ppm ozone rap-
idly impaired the clearance of S. aureus and S.
zooepidemicus.5,9–10) We have reported that the al-
veolar macrophages of rats exposed to 0.2 ppm
ozone showed a significant reduction in the
peroxidative metabolic and glycolytic pathways on
day 1.17) Those pathways were enhanced on day 3
and after, and the macrophages seemed to have
physiologically adapted to the ozone. We cannot
explain the apparent discrepancy between the meta-
bolic enhancement on day 317) and the impairment
of antimicrobial and superoxide-producing activi-
ties in the present study. However, the low level of

Fig. 5. Reduction in Superoxide Production of Alveolar
Macrophages Exposed to 0.2 ppm Ozone

Alveolar macrophages were stimulated with 0.40 µg/ml PMA (A,
circles), 200 µg/ml opsonized zymosan (B, squares), or 5 µg/ml LPS
and 5 µg/ml Cyt.E (C, triangles). The reduction in superoxide production
had disappeared by day 14 in the macrophages stimulated with PMA
(A) or LPS plus Cyt.E (C), whereas it persisted for the cells treated with
opsonized zymosan (B). The superoxide production is shown as mean
± S.D. (n = 6/group). The other conditions are the same as in Fig. 4.
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ozone we used seems to require a prolonged expo-
sure time to initiate injury and recovery of the host
defense mechanism.

In the present study, we observed no significant
decrease in the activity of the measured lysosomal
enzymes during the exposure period. However, Hurst
et al. reported the decrease in activities of acid phos-
phatase, β-glucuronidase, and lysozyme in the al-
veolar macrophages of rabbits exposed to 1 to 7 ppm
ozone for 3 hr.15) Further, the alveolar macrophages
of rabbits that inhaled aerosolized S. aureus lacked
or had reduced the lysosomal enzyme activities af-
ter exposure to 2.5 ppm ozone for 4 h.8,16) The dif-
ferences between the findings in those previous re-
ports and the present study are likely due to the 5- to
10-fold difference in the concentration of ozone used.

In conclusion, in vivo exposure to 0.2 ppm ozone
impaired the microbial killing activity of alveolar
macrophages by reducing their superoxide-produc-
ing activity. The C. albicans-associated detrimental
effect lasted throughout the exposure period.

Acknowledgements The authors thank Dr.
Katsuko Kakinuma at the Departments of Inflam-
mation Research and Clinical Genetics, The Tokyo
Metropolitan Institute of Medical Science, for her
advice on measuring superoxide production of al-
veolar macrophages.

REFERENCES

1) Eschenroeder, A. Q. (1977) Atmospheric concen-
trations of photochemical oxidants. In Ozone and
Other Photochemical Oxidants. Committee on Medi-
cal and Biologic Effects of Environmental Pollut-
ants (Division of Medical Sciences Assembly of Life
Sciences National Research Council, Ed.), National
Academy of Sciences, Washington, D.C., pp. 126–
194.

2) Stephens, R. J., Sloan, M. F., Evans, M. J. and
Freeman, G. (1974) Early response of lung to low
levels of ozone. Am. J. Pathol., 74, 31–58.

3) Stephens, R. J., Sloan, M. F., Evans, M. J. and
Freeman, G. (1974) Alveolar type 1 cell response to
exposure to 0.5 ppm O3 for short period. Exp. Mol.
Pathol., 20, 11–23.

4) Schwartz, L. W., Dungworth, D. L., Mustafa, M.
G., Tarkington, B. K. and Tyler, W. S. (1976) Pul-
monary responses of rats to low levels of ozone.
Effects of 7-day intermittent or continuous expo-
sure. Lab. Invest., 34, 565–578.

 5) Goldstein, E., Lippert, W. and Warshauer, D. (1974)
Pulmonary alveolar macrophage. Defender against
bacterial infection of the lung. J. Clin. Invest., 54,
519–528.

  6) Gardner, D. E. (1984) Alterations in macrophage
functions by environmental chemicals. Environ.
Health Perspect., 55, 343–358.

 7) Schlesinger, R. B. (1989) Comparative toxicity of
ambient air pollutants: Some aspects related to lung
defense. Environ. Health Perspect., 81, 123–128.

Table 1. Effects of 0.2 ppm Ozone on the Activity of Lysosomal Enzymes and Phagocytosis of Alveolar Macrophagesa)

Exposure Time (days)

1 3 7 14

Lysozymeb) Control 63.3±7.0 63.5±7.5 62.8±6.4 59.2±9.2

Ozone 69.1±8.9 59.5±8.7 60.3±4.5 64.4±8.2

β-Glucuronidasec) Control 33.9±2.0 36.4±2.8 33.3±4.6 35.4±4.5

Ozone 32.2±2.0 35.4±5.1 34.4±4.1 35.5±2.9

N-Acetyl-β- Control 11.7±0.6 12.0±0.8 12.0±1.4 12.5±1.2

glucosaminidasec) Ozone 11.1±0.5 13.0±0.6 13.4±1.6 13.0±0.5

Acid Phosphatasec) Control 32.3±3.0 36.3±4.6 32.5±4.7 33.1±2.6

Ozone 33.5±1.6 33.6±2.8 34.0±6.4 37.7±2.1

Phagocytic Control 72.0±3.1 74.7±4.1 n.d. 71.7±2.5

Indexd) Ozone 71.6±4.2 76.7±5.1 n.d. 63.4±4.3e)

a) Rats were exposed to 0.2 ppm ozone for a maximum of 14 days, during which alveolar macrophages were harvested by pulmonary lavage
(n = 6/group). b) 103 unit/min/mg protein of macrophage homogenate (mean ± S.D.). c) nmole/min/mg protein of macrophage homogenate (mean
± S.D.). d) Ratio of the number of macrophages containing carbon particles to the total number macrophages during 1-hr culture (%; mean ±
S.D.). e) Significant at p < 0.05.



No. 3 309

8) Goldstein, E., Bartlema, H. C., van der Ploeg, M.,
van Duijn, P., van der Stap, J. G. M. M. and Lippert,
W. (1978) Effect of ozone on lysosomal enzymes of
alveolar macrophages engaged in phagocytosis and
killing of inhaled Staphylococcus aureus. J. Infect.
Dis., 138, 299–311.

9) Gilmour, M. I., Hmieleski, R. R., Stafford, E. A. and
Jakab, G. J. (1991) Suppression and recovery of the
alveolar macrophages phagocytic system during
continuous exposure to 0.5 ppm ozone. Exp. Lung
Res., 17, 547–558.

10) Gilmour, M. I. and Selgrade, M. K. (1993) A com-
parison of the pulmonary defenses against Strepto-
coccal infection in rats and mice following O3 ex-
posure: Differences in disease susceptibility and neu-
trophil recruitment. Toxicol. Appl. Pharmacol., 123,
211–218.

11) Coffin, D. L., Gardner, D. E., Holzman, R. S. and
Wolock, F. J. (1968) Influence of ozone on pulmo-
nary cell population. Arch. Environ. Health, 16, 633–
636.

12) Driscoll, K. E., Vollmuth, T. A. and Schlesinger, R.
B. (1987) Acute and subchronic ozone inhalation in
the rabbit: Response of alveolar macrophages. J.
Toxicol. Environ. Health, 21, 27–43.

13) Devlin, R. B., McDonnell, W. F., Mann, R., Becker,
S., House, D. E., Schreinemachers, D. and Koren,
H. S. (1991) Exposure of humans to ambient levels
of ozone for 6.6 hours causes cellular and biochemi-
cal changes in the lung. Am. J. Respir. Cell Mol. Biol.,
4, 72–81.

14) Becker, S., Madden, M. C., Newman, S. L., Devlin,
R. B. and Koren, H. S. (1991) Modulation of hu-
man alveolar macrophage properties by ozone ex-
posure in vitro. Toxicol. Appl. Pharmacol., 110, 403–
415.

15) Hurst, D. J., Gardner, D. E. and Coffin, D. L. (1970)
Effect of ozone on acid hydrolases of the pulmo-
nary alveolar macrophages. J. Reticuloendothel.
Soc., 8, 288–300.

16) Kimura, A. and Goldstein, E. (1981) Effect of ozone
on concentrations of lysozyme in phagocytizing al-
veolar macrophages. J. Infect. Dis., 143, 247–251.

17) Mochitate, K. and Miura, T. (1989) Metabolic en-
hancement and increase of alveolar macrophages in-
duced by ozone. J. Toxicol. Environ. Health, 49, 79–
92.

18) Mochitate, K., Ishida, K., Ohsumi, T. and Miura, T.
(1992) Long-term effects of ozone and nitrogen di-
oxide on the metabolism and population of alveolar

macrophages. J. Toxicol. Environ. Health, 35, 247–
260.

19) Estabrook, R. W. (1967) Mitochondrial respiratory
and the polarographic measurement of ADP: O ra-
tios. In Methods in Enzymology (Estabrook, R. W.
and Pullman, M. E., Eds.), vol. 10, New York, Aca-
demic Press, pp. 41–47.

20) Kaku, M., Yagawa, K., Nagao, S. and Tanaka, A.
(1983) Enhanced superoxide anion release from ph-
agocytes by muramyl dipeptide or lipopolysaccha-
ride. Infect. Immun., 39, 559–564.

21) Babior, B. M., Kipnes, R. S. and Curnutte, J. T.
(1973) Biological defense mechanism. The produc-
tion by leukocytes of superoxide, a potential bacte-
riocidal agent. J. Clin. Invest., 52, 741–744.

22) Massey, V. (1959) The microestimation of succinate
and the extinction coefficient of cytochrome c.
Biochim. Biophys. Acta, 34, 255–256.

23) Kakinuma, K., Yamaguchi, T., Kaneda, M., Shimada,
S., Tomita, Y. and Chance, B. (1979) A determina-
tion of H2O2 release by the treatment of human blood
polymorphonuclear leukocytes with myristate. J.
Biochem. (Tokyo), 86, 87–95.

24) Weisner, B. (1984) Lysozyme. In Methods of Enzy-
matic Analysis (Bergmeyer, H. U., Bergmeyer, J. and
Graßl, M., Eds.), Verlag Chemie, Weinheim, pp.
189–195.

25) Stahl, P. D. and Fishman, W. H. (1984) β-Glucu-
ronidase. In Methods of Enzymatic Analysis
(Bergmeyer, H. U., Bergmeyer, J. and Graßl, M.,
Eds.), Verlag Chemie, Weinheim, pp. 246–256.

26) Stirling, J. L. (1984) β-N-Acetylhexosaminidase. In
Methods of Enzymatic Analysis (Bergmeyer, H. U.,
Bergmeyer, J. and Graßl, M., Eds.), Verlag Chemie,
Weinheim, pp. 269–277.

27) Moss, D. W. (1984) Acid Phophatases. In Methods
of Enzymatic Analysis (Bergmeyer, H. U.,
Bergmeyer, J. and Graßl, M., Eds.), Verlag Chemie,
Weinheim, pp. 92–106.

28) Lowry, O. H., Rosebrough, N. J., Farr, A. L. and
Randall, R. J. (1951) Protein measurement with the
Folin phenol reagent. J. Biol. Chem., 193, 265–273.

29) Quie, P. G., White, J. G. and Good, R. A. (1967) In
vitro bacteriocidal capacity of human polymorpho-
nuclear leukocytes: Diminished activity in chronic
granulomatous disease of childhood. J. Clin. Invest.,
46, 668–679.

30) Lehrer, R. I. and Cline, M. J.(1969) Interaction of
Candida albicans with human leukocytes and se-
rum. J. Bacteriol., 98, 996–1004.


