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MILES, P. R., V. CASTRANOVA, AND PING LEE. Reactive 
forms of oxygen and chemiluminescence in phagocytizing 
rabbit alveolar macrophages. Am. J. Physiol. 235(3): C103-
C108, 1978 or Am. J . Physiol.: Cell Physiol. 4(2): C103-C108, 
1978. -Chemiluminescence (CL), superoxide anion (02-) pro­
duction, and particle uptake were measured to determine the 
role of antibacterial substances in the chemiluminescent 
response associated with phagocytosis in rabbit alveolar mac­
rophages (AM). Exposure of AM to zymosan particles induced 
both CL and the production of extracellular 0 2 - • CL is 
inhibited by superoxide dismutase, an enzyme which cata­
lyws the conversion of 0 2 - to hydrogen peroxide (H20 2), by 
catalase, an enzyme which destroys H20 2 , and by the hy­
droxyl radical (·OH) scavengers, benzoate and ethanol. Su­
peroxide dismutase and catalase probably exert their effects 
in the extracellular fluid. CL can also be produced by the 
addition ofNa02 or H20 2 to zymosan in a noncellular system. 
The chemiluminescent response occurs before particle uptake 
is complete, which also indicates that CL occurs in the 
extracellular fluid. These results suggest that CL induced by 
zymosan in AM is due to the extracellular reaction between 
various reactive forms of oxygen and zymosan. 

antibacterial substances; superoxide anion 

WHEN ALVEOLAR MACROPHAGES from rabbits or dogs are 
exposed to foreign particles such as zymosan or polysty­
rene beads, chemiluminescence (CL) occurs (17, 19). 
This phenomenon was first reported to occur during 
phagocytosis of both foreign particles and bacteria in 
polymorphonuclear leukocytes from human blood (2, 
3). During the past few years much work has been done 
in an attempt to determine the origin of the chemilu­
minescent response in white blood cells (3, 6, 24). Most 
of the results indicate that CL is related to the produc­
tion of reactive forms of oxygen by these cells, e.g., 
superoxide anion, hydrogen peroxide, singlet oxygen, 
and hydroxyl radical (3, 6, 24). However, the mecha­
nism of the chemiluminescent response associated with 
phagocytosis in alveolar macrophages is unknown. 

The exposure of alveolar macrophages to foreign 
particles leads to the initiation of many events which 
may be related to CL. For example, during phagocyto­
sis in these cells, there is an increase in respiratory 
rate and glucose metabolism, primarily in hexose 
monophosphate shunt activity and oxidative phospho-

rylation (9, 12, 16). Also, substances which are known 
to kill bacteria are produced by the cells. Phagocytosis 
in alveolar macrophages from most animals leads to 
the production of both superoxide anion (9) and hydro­
gen peroxide (13, 16). Therefore, it is possible that the 
production of antibacterial substances is related to the 
chemiluminescent response in lung macrophages. 

This study was undertaken to investigate the origin 
of the chemiluminescent response that occurs when 
rabbit alveolar macrophages are exposed to foreign 
particles. The specific objective is to determine the role 
of the various reactive forms of oxygen, i.e., superoxide 
anion, hydrogen peroxide, and hydroxyl radical, in 
chemiluminescence. The experiments were performed 
by exposing rabbit alveolar macrophages to zymosan 
particles and measuring the subsequent chemilumines­
cence, production of superoxide anion, and uptake of 
the zymosan particles by the cells. 

METHODS 

Alveolar macrophages were harvested from male 
New Zealand white rabbits (1-3 kg body wt) by tracheal 
lavage according to the method of Myrvik et al. (20). 
The solution used in the lavage procedure was Hank's 
Balanced Salt Solution (HBSS; Grand Island Biological 
Co., Grand Island, N.Y.), which contained 5 mM glu­
cose and 5 U/ml heparin and was maintained at pH 6.5. 
The cells were separated from the lavage fluid by 
centrifugation at 120 x g for 5 min. Then the cells were 
resuspended in 3-4 ml HBSS, and the number of cells 
per milliliter of this suspension was determined by 
using a hemocytometer. The average yield of macro­
phages per rabbit (± SE) was 8.7 (± 1.6) x 107 • The 
HBSS used to resuspend the cells and in all remaining 
experimental procedures contained 5 mM glucose and 
was maintained at pH 6.5, because this is the optimal 
pH for phagocytosis in these cells (21). The desired 
number of cells per milliliter in the cell suspension was 
then obtained by addition of the appropriate amount of 
HBSS. Histological preparations were made in order to 
determine the types of cells obtained from the lung 
lavage, i.e., in particular, the number of polymorpho­
nuclear leukocytes (PMN) present. In all cases there 
was less than 0.1% PMN in the lavage fluid. So in these 
experiments we were dealing with a very pure popula-
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tion of alveolar macrophages. In addition, the viability 
of the cells was measured for each experimental condi­
tion by trypan blue exclusion. Cell viability was not 
affected by any treatment used in this study. 

The foreign particle used in all experiments reported 
here is zymosan, an extract from the cell walls of 
Saccharomyces cerevisiae yeast (Sigma Chemical Co., 
St. Louis, Mo.). The zymosan was prepared by boiling 
20-50 mg in 2-3 ml HBSS for 15 min. Then the zymosan 
was separated from the solution by centrifugation and 
resuspended in fresh HBSS so that the final concentra­
tion was 4-20 mg/ml. This procedure seemed to prevent 
the zymosan particles from clumping during the course 
of the experiment. In all of the experiments reported 
here we used 2 mg zymosan per 1 x 107 alveolar 
macrophages. 

For measurements of chemiluminescence 1 x 107 

alveolar macrophages were incubated at 37°C in 4.5 ml 
HBSS in dark-adapted plastic vials for 15 min. Then at 
rero time, 2 mg zymosan (in 0.5 ml HBSS) was added to 
each vial, and CL was measured immediately. The CL 
was measured as counts per minute in the tritium 
channel of a liquid scintillation counter (model LS-345; 
Beckman Instrument Co., Fullerton, Calif.) operated 
in the out-of-coincidence mode. The zero time measure­
ment, which was always between 15,000 and 19,000 
cpm, represents the background level. After the zero 
time measurement, the vials were returned to the 
incubator where they were maintained at 37°C. Meas­
urements of CL were made at various later times and 
expressed as counts per minute minus the background 
level. The relationship between CL and time was 
presented in an earlier publication (19). Chemilumines­
cence begins after the addition of zymosan to the cells, 
reaches a peak in 15-20 min, and gradually disappears 
within 3 h. In all experiments presented in this paper, 
measurements were made only for 1 h, because this is 
the time during which maximal CL occurs. 

Superoxide anion production was measured by very 
slight modification of the method used by Babior et al. 
(4). This method is based on the fact that superoxide 
anion causes reduction of cytochrome c which can be 
measured spectrophotometrically at 550 nm. In these 
experiments 4 x 107 alveolar macrophages were incu­
bated at 37°C for 15 min in HBSS with 0.12 mM 
cytochrome c (type VI; Sigma). Then at zero time, 
zymosan (8 mg) was added to the cells (final volume, 
15.5 ml). At various later times 2-ml samples were 
taken, and the cells were immediately separated from 
the supernatant by centrifugation at 500 x g for 30 s in 
a refrigerated centrifuge (model RC2-B; Sorvall Instru­
ment Co., Norwalk, Conn.). Optical densities of the 
supematants were determined at 550 nm with a Gilford 
spectrophotometer (model 300-N; Gilford Instrument 
Laboratories, Oberlin, Ohio). To be certain that reduc­
tion of the cytochrome c was due to superoxide, experi­
ments were done both in the presence and in the 
absence of superoxide dismutase (SOD; Sigma), an 
enzyme which catalyzes the conversion of superoxide t.o 
hydrogen peroxide and oxygen (10, 18). There were 
never any changes in the optical densities of the super­
natants when the cells were exposed to SOD (0.4 mg/ 
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ml). In addition, resting superoxide anion production 
was determined by using cells that were not exposed to 
zymosan, and this was subtracted from the zymosan­
induced levels. Therefore, superoxide anion production 
was expressed as zymosan-induced superoxide-depend­
ent cytochrome c reduction in OD (optical density) 
units per 1 x 107 alveolar macrophages. 

The time course of the uptake of zymosan particles 
by alveolar macrophages was determined by using 
histological preparations. The cells (4 x 107) were 
incubated in HBSS (15 ml) at 37°C for 15 min before the 
addition of zymosan (8 mg). Aliquots of this suspension 
were removed at various times after the addition of 
zymosan and spun in a centrifuge in order to obtain a 
cell pellet. Smears of the cells were made from the 
pellet on microscope slides. The smears were dried, 
stained with hematoxylin and eosin, and examined 
under a microscope. At least 100 cells from each slide 
were examined, and the number of zymosan particles 
inside the cells was counted. The results were ex­
pressed as number of zymosan particles per alveolar 
macrophage. 

RESULTS 

It has been shown previously that phagocytosis in 
alveolar macrophages leads to the production of super­
oxide anion by the cells (12). Once superoxide is pro­
duced, a number of reactions can occur to cause the 
formation of hydrogen peroxide, singlet oxygen, and 
hydroxyl radical (10, 14, 15). The reaction scheme for 
all of these antibacterial substances, as well as the 
enzymes and other modifiers which affect these reac­
tions, is shown in Fig. 1. This scheme is the framework 
upon which the experiments of this study are based. 

Role of superoxide anion in chemiluminescence. To 
determine the role of superoxide anion in CL, superox­
ide dismutase (SOD), an enzyme which catalyzes the 
dismutation of superoxide to hydrogen peroxide and 
oxygen (10, 18), was used. With SOD in the incubation 
medium there should be no superoxide anion present in 
the system. The effect of SOD on the chemiluminescent 
response is shown in Fig. 2. In the presence of 0.4 mg/ 
ml SOD, a concentration which causes a maximal 
effect, CL is virtually abolished. Lower concentrations 
of SOD cause lesser amounts of inhibition. Since 0.4 
mg/ml SOD is a large amount of enzyme, the effects of 
heat-inactivated SOD or 0.4 mg/ml bovine serum albu­
min (BSA) on CL were measured in order to check for 
nonspecific protein effects. However, neither the inac­
tivated SOD nor the BSA had an effect on CL. This 
result indicates that superoxide plays an extremely 

Removal of • OH 

FIG. 1. Reaction scheme for production of other antibacterial 
substances from superoxide anion (8, 11, 12). Actions of superoxide 
dismutase (SOD), catalase, benzoate, and ethanol are shown at 
appropriate locations in the scheme. 
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FIG. 2. Effect of superoxide dismutase (SOD) on CL. These meas­
urements were made as paired experiments; i.e., one control and 
one experimental vial were used for cells from each animal. In the 
SOD experiments, enzyme (0.4 mg/ml) was added to incubation 
medium 10 min prior to addition of zymosan. Points are mean values 
from 6 experiments and bars are SE. 

important role in CL; i.e., when no superoxide anion is 
present, there is very little CL. Furthermore, superox­
ide dismutase is a large molecule and may not be able 
to penetrate the membrane. Therefore, it is possible 
that SOD has its effect outside the cells and that CL is 
dependent upon extracellular superoxide anion. 

Since it appeared that extracellular superoxide could 
be important in the chemiluminescent response, the 
superoxide anion in the extracellular fluid produced in 
response to zymosan was measured. The alveolar mac­
rophages were exposed to zymosan at zero time and 
superoxide production was measured at various later 
times. In addition, resting levels of superoxide produc­
tion were determined and subtracted from the zymo­
san-induced levels. Zymosan-induced superoxide levels 
were plotted against time, and the results are shown in 
Fig. 3. The amount of superoxide anion in the medium 
increased for 15-20 min and then reached a maximum. 
This time course is very similar to that for chemilumi­
nescence; i.e., CL also reaches a peak 15-20 min.after 
the addition of zymosan. These results then also sug­
gest that CL is related to the release of superoxide 
anion into the extracellular fluid. 

Because CL seems to be related to the appearance of 
superoxide anion in the extracellular fluid, the ques­
tion arises as to how light is produced extracellularly. 
One possibility is that CL is produced by the reaction of 
superoxide anion with zymosan. If this is the case, CL 
should be obtained by the addition of solid Na02 (Alfa 
Products; Beverly, Mass.) to zymosan. The results from 
such experiments are shown in Table 1. The addition of 
solid Na02 to zymosan produces a high level of light 

emission, indicating that one possible mechanism for 
CL is the reaction between superoxide anion and zy­
mosan. The results of all experiments thus far indicate 
that CL is caused by the reaction between superoxide 
anion - or some product of the dismutation of superox­
ide- and zymosan and that this reaction occurs extra­
cellularly. The following experiments deal with the 
possible role of other antibacterial substances that may 
be produced from superoxide anion. 

Role of other reactive forms of oxygen in chemilumi­
nescence. Once superoxide anion is formed, a number 
of reactions can occur to cause the formation of hydro­
gen peroxide, singlet oxygen, and hydroxyl radical (see 
Fig. 1). To study the role of hydrogen peroxide in the 
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FIG. 3. Relationship between superoxide anion production in re­
sponse to zymosan and time. Superoxide anion was measured as 
difference in reduction of cytochrome c in the presence of cells with 
zymosan and in the presence of cells alone. To be certain that 
reduction of cytochrome c was due to superoxide, experiments were 
done both in the presence and absence of SOD (0.4 mg/ml). Reduction 
of cytochrome c (final concentration, 0.12 mM) was measured as a 
change in optical density at 550 nm. Points represent mean values 
for 6 experiments and bars are SE. 

TABLE 1. Chemiluminescence induced 
by Na0 2 and H 202 

Treatment 

Na02 alone 
Na02 + zymosan 
H20 2 alone 
H20 2 + zymosan 

CL, cpm x 10:' 

92 :t 13 
748 ::!:: 70 

13 ::!:: 4 
179 ::!:: 17 

6 
6 
6 
6 

Na02 (final concentration, 1 mM) was added as a solid and H20 2 
(1 ml of a 30% solution) as a liquid to the medium containing 
zymosan at zero time. CL values shown are maximal values which 
occur immediately after the addition of N a02 or H20 2 • Final volume 
of the medium was 5 ml and amount of zymosan used was 2 mg. 
Numbers shown are means ± SE from n experiments. In each case 
the appropriate background level of CL (i.e., no H 20 2 or Na02 

present) was determined and subtracted from the other responses. 
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FIG. 4. Effect ofcatalase on CL. Catalase (4 mg/ml) was added to 
incubation medium IO min prior to addition of zymosan. These 
measurements were made as paired experiments. Points represent 
mean values from 6 experiments and bars are SE. 

chemiluminescent response, catalase, an enzyme which 
destroys H20 2 , was added to the incubation medium. 
The results from these experiments are shown in Fig. 
4. A maximal effect of catalase occurs at a concentra­
tion of 4 mg/ml, and this causes an inhibition of CL by 
approximately 70%. Nonspecific protein effects can be 
ruled out because 4 mg/ml BSA has no effect on CL. 
This concentration of catalase results in a highly col­
ored solution. Thus, it is possible that the inhibition 
produced is due to color quenching of the light. How­
ever, we performed experiments in which the solution 
containing catalase surrounded another vial containing 
the cells and zymosan. We found that at this concentra­
tion the effect of catalase is not due to color quenching. 
Furthermore, the effect of catalase is probably extracel­
lular since it is presumably too large to penetrate the 
membrane. Therefore, we tested the effect of direct 
addition of H20 2 to zymosan, and the results are shown 
in Table l. Although H20 2 by itself produces some CL, 
the effect is more than 10-fold higher when zymosan is 
present. Thus, CL in rabbit alveolar macrophages may 
result from the reaction between H20 2 and zymosan as 
well as from the reaction between 0 2 - and zymosan. 

Haber and Weiss (14) proposed that hydroxyl radical 
is produced by a reaction between H20 2 and superoxide 
anion (see Fig. 1). Therefore, it is possible that the CL 
produced when alveolar macrophages are exposed to 
zymosan is due to the reaction between · OH and 
zymosan. To test this possibility, the effects of ethanol 
llld benzoate, two scavengers of · OH (5), on CL were 
:letermined. Both of these substances cause inhibition 
lfthe chemiluminescent response. When 0.2 ml ethanol 
is added to the incubation medium 5 min prior to the 
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addition of zymosan, there is absolutely no CL pro­
duced. Lesser amounts of ethanol cause lesser amounts 
of inhibition. Sodium benzoate also produces inhibition 
of the CL. The results are shown in Fig. 5. Although 
only the effects of 20 mM benzoate are shown here, 
lesser amounts cause lesser inhibition, and greater 
amounts produce greater inhibition. The results of 
these experiments then suggest that CL may also 
involve hydroxyl radicals. 

The possibility that ethanol and benzoate cause in­
hibition of CL via an effect on superoxide anion gener­
ation must be ruled out. Therefore, we determined the 
effect of these two substances on the superoxide pro­
duced in response to zymosan. Neither ethanol nor 
benzoate had any effect on superoxide generation. 
Furthermore, Gee et al. (11) have shown that ethanol 
does not affect H20 2 production in rabbit alveolar 
macrophages. Thus, they probably act by scavenging 
· OH in this system just as they do in other systems. 
The results of these experiments then indicate that the 
CL produced when alveolar macrophages are exposed 
to zymosan is due to the reaction between any one, or 
all, of the reactive forms of oxygen and zymosan. 

Relationship of particle uptake to chemilumines­
cence. In this paper we have suggested that CL results 
from the extracellular reaction of zymosan with various 
reactive forms of oxygen. This suggestion is based on 
the following points: J) superoxide anion is released 
extracellularly in response to zymosan; 2) the time 
courses for CL and the appearance of superoxide anion 
in the medium are similar; 3 ) reactive forms of oxygen 
produce CL when exposed to zymosan in noncellular 
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FIG. 5. Effect of benzoate on CL. Sodium benzoate (20 mM) was 
added to the incubation medium 10 min prior to addition ofzymosan . 
These measurements were made as paired experiments. Points 
represent mean values from 6 experiments and bars are SE. 
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FIG. 6. Uptake of zymosan by rabbit alveolar macrophages as a 
function of time. Zymosan was added to the cells at zero time. 
Samples were taken at various later times. Slides were made for 
microscopic examination, and number of zymosan particles inside 
the alveolar macrophages was determined and expressed as particles 
per cell . Each point represents the mean value for 3-5 experiments 
and bars are SE. See text for details. 

systems; and 4) catalase and SOD, which greatly 
affect CL, are probably not able to penetrate cell 
membranes. If CL is due to an extracellular reaction, 
then it should occur before the uptake of zymosan. The 
time course for zymosan uptake in normal rabbit alveo­
lar macrophages is shown in Fig. 6. In contrast with 
superoxide production and CL, both of which peak in 
15-20 min, particle uptake is slower and does not reach 
a maximum for at least 1 h . Therefore, it seems likely 
that the CL is due to an extracellular reaction between 
the various reactive forms of oxygen and zymosan. 

DISCUSSION 

The results of these experiments indicate that the CL 
in this system is caused by the extracellular reaction 
between reactive forms of oxygen and zymosan. For 
example, the reactions between superoxide anion and 
zymosan and between H20 2 and zymosan cause CL, as 
shown in Table 1. In addition, some chemiluminescence 
may be associated with singlet oxygen, a substance 
which Allen et al. (3) showed could be produced in 
polymorphonuclear leukocytes. Some CL could be pro­
duced by the reaction between singlet oxygen and 
zymosan. Also light may result from the relaxation of 
singlet oxygen molecules to the ground state (3). In 
fact, this may be the source of the weak chemilumines­
cence which occurs when Na02 is placed in HBSS (see 
Table 1). The latter mechanism may be important in 
the CL induced by polystyrene particles in alveolar 
macrophages (19), because in this case the foreign 
particles are inert, i.e., they do not contain lipid as 
does zymosan. 

It is possible that a certain amount of the reactive 
forms of oxygen is always present in the extracellular 
fluid and that CL merely arises when the zymosan 
particles are there to initiate the reaction. However, 
we have some experimental evidence to show that this 
is not the case. Luminol (5-amino-2,3-dihydro-l,4-

phtha_lazinedione) is a substance which, in the presence 
of reactive forms of oxygen, emits light (1). In our 
system in the presence of luminol, the level of back­
ground counts is the same as when no luminol is 
present. Furthermore, the level of CL increases upon 
exposure of the cells to zymosan in exactly the same 
manner both in the presence or absence of luminol. 
Determinations of extracellular superoxide anion indi­
cate that very little superoxide is produced until the 
alveolar macrophages are exposed to zymosan (see Fig. 
3). Thus, exposure of the cells to zymosan does lead to 
an actual increase in the production of antibacterial 
substances by the cells. 

The amount of superoxide anion produced by macro­
phages at rest and after exposure to foreign particles 
shows a great deal of species variability. For example, 
we find no 0 2 - production in resting rabbit alveolar 
macrophages, yet cells from rats, mice, and guinea pigs 
produce a high resting level of 02 - (8, 9, 22). Although 
we do find a marked increase in extracellular 0 2 - when 
rabbit alveolar macrophages are exposed to zymosan, 
this response is not as large as found in the rat or 
mouse (8, 9, 22). It is interesting that even though 
guinea pig alveolar macrophages exhibit a high resting 
level of 02 - production, there is no increase in 02 -
production in response to foreign particles (9). The 
reason for the lack of response in guinea pig cells is 
unknown. There is a report which, in contrast to our 
data, states that no 0 2 - is produced by rabbit alveolar 
macrophages even after exposure to zymosan (7). This 
discrepancy may result from differences in the age of 
rabbits used in each study, i.e., rabbits in our study 
were rather young (1-3 kg) . Our data indicate that as 
rabbits grow older there is a tendency for CL to de­
crease (unpublished data). 

The results of these experiments indicate that expo­
sure of alveolar macrophages to zymosan leads to the 
production of superoxide anion and subsequently to 
CL. The events which initiate superoxide formation 
and the site of formation are unknown. In polymorpho­
nuclear leukocytes there is evidence to suggest that 
hexose monophosphate shunt activity is important in 
producing NADPH for superoxide formation (4, 23). In 
alveolar macrophages both oxidative phosphorylation 
and hexose monophosphate shunt activity appear to 
play a role (12, 21). We have found that two metabolic 
inhibitors which inhibit CL, 2,4-dinitrophenol and flu­
oride (19), also inhibit the production of superoxide 
anion (preliminary results not reported here). Thus, it 
appears that the production of superoxide is dependent 
upon cellular metabolism, but the events which initiate 
this production and the subcellular site of formation 
remain unknown. 

The results from this study, together with those from 
a previous publication (19), may be used to construct a 
model for the mechanism of the chemiluminescent 
response. The exposure of alveolar macrophages to 
zymosan causes an increase in the production of super­
oxide anion by the cells. The mechanism of this se­
quence of events is unknown. This eventually leads to 
an increase in the concentration of superoxide in the 
extracellular fluid. Hydrogen peroxide, singlet oxygen, 
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and hydroxyl radical are formed spontaneously from 
superoxide anion. It is the extracellular reaction be­
tween these antibacterial substances and zymosan 
which is actually responsible for the light that is 
produced. At this time the mechanism of the reaction(s) 
which produces CL is unknown. This scheme is not 
unlike the one proposed by Cheson et al. (6) for the 
origin of the chemiluminescent response in phagocytiz­
ing granulocytes. 

In summary, chemiluminescence is produced when 
alveolar macrophages are exposed to zymosan. The 
light is due to the extracellular reaction between the 
antibacterial substances that are produced by the cells 
and zymosan. The significance of the chemiluminescent 
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