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Stimulated human alveolar macrophages were demonstrated to oxidize B-
methyl proprionaldehyde (methional) or 2-keto-4-thiomethylbutyric acid to eth-
ylene (C2H4). Agents which are believed to scavenge the hydroxyl radical (. OH),
sodium benzoate, and mannitol, as well as scavengers of superoxide anion (02 )
or hydrogen peroxide, decreased C2H4 production, implicating *OH as the oxidiz-
ing radical. Differences in C2H4 production, as well as oxygen uptake and 02
release between human alveolar macrophages and polymorphonuclear leukocytes,
were also documented.

After stimulation by bacteria, phagocytes pro-
duce reactive species of partially reduced oxygen
(02), which are believed to be important for
killing ingested microorganisms (17). This as-
sumption is supported by impaired bactericidal
capabilities of polymorphonuclear leukocytes
(PMN) from patients with chronic granuloma-
tous disease, whose phagocytes fail to generate
reactive 02 species, and by the decreased bac-
tericidal activities of normal cells treated with
agents which scavenge these 02 intermediates
(12, 15, 19). The exact nature and role of the 02
products produced by various phagocytes is un-
known, but it is believed that superoxide anion
(02), hydrogen peroxide (H202), hydroxyl radi-
cal (OH), or singlet oxygen (102) may be in-
volved in the bactericidal activities (1, 2, 14-16,
18). In addition, leakage or secretion of certain
of these agents into the extracellular fluid may
be toxic to several types of mammalian cells (19,
25). It has been shown that human PMN and
monocytes (MN) make 02 and H202 (1-3, 12).
Mechanisms for formation of *OH and other 02
intermediates from reactions of 02 and H202
are known, and recent investigations have fo-
cused on determining whether PMN or MN
make and release these other derivatives. The
methods include measuring the production of
ethylene from mixtures of phagocytes and
thioethers, either B-methyl-proprionaldehyde
(methional) or 2-keto-4-thiomethylbutyric acid
(KMB) (28, 31, 32). This technique is based on
the assumption that * OH reacts to oxidize meth-
ional or KMB and thus releases ethylene (C2H4),
*OH + HCOCH2CH2SCH3--+ C2H4 + '/2 (CH3S)2
+ HCOOH, or -OH + CH3SCH2CH2COCOOH

C2H4 + 1/2 (CH3S)2 + HCOOH + CO2, which

can be measured by gas chromatography (4). By
using this approach, it was found that stimulated
PMN and MN produce C2H4 (27, 31, 32).

In contrast to PMN or MN, wide discrepan-
cies are reported on the oxidative metabolism of
alveolar macrophages (AM). Some investigators
have suggested that AM either fail to produce
02 or H202 or do not release increased quanti-
ties during phagocytosis (5, 6, 30). In contrast,
others have demonstrated 02 release, H202 or
*OH production which is enhanced during phag-
ocytosis (7-9, 12). In addition, there are striking
differences in oxidative metabolism of PMN or
MN and AM in the same species (7, 8, 22).
Because of these differences, we felt it important
to determine and document whether human AM
generate * OH.

MATERIALS AND METHODS

Recovery and preparation of phagocytes. AM
were obtained by bronchoscopic lavage of the unaf-
fected subsegments of the lungs of patients undergoing
diagnostic evaluations for localized pulmonary prob-
lems or healthy volunteers (11). Recovered cells were
separated from lavage fluid by centrifugation, resus-
pended in Hanks balanced salt solution (HBSS), and
counted. The purity of AM was greater than 90%. The
concentration of PMN was <3%. When assessed by
trypan blue exclusion, the viability of AM was '85%.
PMN were obtained from drug-free normal subjects

and purified by using Ficoll-Hypaque differential den-
sity centrifugation. PMN were recovered, washed, and
counted as previously described (23).

Preparation of serum and zymosan. Human
serum from five normal subjects was obtained by
venipuncture, allowed to clot, rimmed, recovered by
centrifugation, pooled, and then frozen at -70°C for
not more than 1 month (24). Zymosan A (50 mg, Sigma
Chemical Co., St. Louis, Mo.) was washed with HBSS,
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opsonized with pooled human serum at 370C for 30
min, centrifuged at 700 x g for 5 min, and suspended
in HBSS.
Measurement of hydroxyl radical production.

Production of the hydroxyl radical was determined by
measuring the amount of ethylene produced from
mixtures of phagocytes and methional or KMB (28,
31, 32). Briefly, siliconized glass tubes were prepared
by addition of 1 mM methional or KMB with either
HBSS (1 ml, unstimulated samples) or HBSS with 15
mg of opsonized zymosan (1 ml, stimulated samples).
Then AM or PMN, 2 x 107, in HBSS (2 ml) were

added to the test vials. In some experiments, super-

oxide dismutase (600 U, Sigma), catalase (500 U,
Sigma), sodium benzoate (20 mM, J. T. Baker, Phil-
lipsburg, N.J.), or mannitol (20 mM, Sigma) were

added before the addition of AM. Final reaction mix-
tures were 3 ml with an overlying gas space of 1.5 ml.
After addition of AM or PMN, the vials were imme-
diately stoppered, sealed, and incubated at 37°C for
20 min in a shaking water bath. At the end of the
incubations, the reactions were stopped by placing the
tubes on ice. The amount of ethylene produced was

measured by injecting 1 ml of the overlying gas into
the gas chromatograph (series 1400, Varian Instru-
ments, Los Angeles, Calif.) equipped with a Chromo-
sorb Carbosieve B60/40 column 'A inch by 6 foot [ca.
3.2 mm by 183 cm] (Supelco, Inc., Bellafontaine, Pa.).
The injector, detector, column temperatures, and gas
flow rates were adjusted so that the C2H4 peak oc-

curred at 0.9 min after injection. The quantity of C2H4
3produced was calculated by comparing the areas un-

der sample peaks to the areas from peaks produced by
standard amounts of C2H4 in N2 (Supelco).
Measurement of oxygen consumption. Oxygen

consumption was determined by standard biological
probe using a previously described method (11). The
rate of oxygen taken up at 37°C was determined by
measuring the slope for 5 min for 4 x 10 unstimulated
or stimulated AM or PMN/ml in 8% serum. Maximal
rates were reached rapidly and were linear throughout
observation.
Measurement of superoxide anion. Release of

superoxide anion by unstimulated or stimulated phag-

ocytes was determined by measuring superoxide an-

ion-dependent horse heart ferricytochrome c reduc-
tion spectrophotometrically (2, 13). Reaction mixtures
contained 1 ml volume of buffered HBSS with 5 x 106
cells. In addition, some of the mixtures contained 150
U of superoxide dismutase. One of the paired mixtures
was incubated for 20 min at 37°C; the other was kept
on ice and used as a blank. At the completion of
incubation, the reaction mixtures were kept at 4°C
and centrifuged at 800 x g. The spectrums of the
supernatants were measured at 550 nm and expressed
as nanomoles of superoxide dismutase-inhibitable cy-

tochrome c reduced (QE550,, = 21 nm'- cm-').
Measurement of total cellular protein. Cellular

protein was determined by the Folin phenol reagent
procedure of Lowry et al. on cell homogenates pre-

pared by sonication and freeze-thawing (21).
Statistics. The results from individual determina-

tions were averaged, and the statistical significance of
the results was determined by non-paired t test anal-
ysis (26).

RESULTS

The results demonstrate that when stimu-
lated, humanAM generate C2H4 from methional
orKMB (Table 1). C2H4 production by zymosan-
stimulated AM (1,440 pmol/2 x 107 AM per 20
min) was significantly (P < 0.05) greater than
unstimulated AM (180 pmol), HBSS, or HBSS
with zymosan controls (120 or 140 pmol, respec-

tively). Similarly with KMB, zymosan-stimu-
lated AM made more C2H4 than unstimulated
AM or controls. Additional experiments showed
that increasing the number of stimulated AM
progressively increased the amounts of C2H4
produced. In contrast, the levels of C2H4 produc-
tion by unstimulated AM were not significantly
increased over control levels. Thus, stimulated
but not unstimulatedAM made detectable C2H4.
To further elucidate the mechanisms respon-

sible for the formation of C2H4, we determined

TABLE 1. Effect of inhibitors on ethylene (C2H4) production by unstimulated or zymosan (Z)-treated human
AM

C2H4 produced (pmol/2 x 107 AM per 20 min)
Test conditions Concn of inhibitor

with methional' pb with KMB P

HBSS alone 120 ±28 (10) NS 38 ± 14 (9) NS
AM + HBSS 180 ±52 (5) <0.05 46 ± 11 (4) <0.05
AM + Z 1,440 ± 180 (5) 298 ± 36 (5)
AM + SOD + Z 67 ,ug/ml 180 (3) 95%C 109 (3) 73%
AM + catalase + Z 67 ,ug/ml 730 (3) 54% 130 (3) 65%
AM + benzoate + Z 20 mM 300 (3) 86% 162 (3) 52%
AM + mannitol + Z 20 mM 625 (2) 62% 185 (3) 43%

a Mean ± standard error (number of determinations).
b NS, Not significant.
'Percent inhibition compared to AM + Z [1-(X - HBSS alone)/(AM + Z - HBSS alone)] x 100. Autoclaved

SOD inhibited ethylene production from (AM + Z) + KMB by 11% autoclaved catalase inhibited ethylene
production from (AM + Z) + KMB by 5%. See text for concentration of inhibitors.
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the effect of a number of scavengers of 02 inter-
mediates on the production of C2H4 by stimu-
lated AM (Table 1). Two agents which are be-
lieved to scavenge -OH, sodium benzoate and
mannitol, inhibited the production of C2H4 by
stimulated AM. In addition, superoxide dismu-
tase (SOD), which rapidly degrades 02 or cat-
alase, which inactivates H202, both decreased
the C2H4 production by stimulated AM. The
actions of SOD and catalase appeared specific
because heat inactivation of these enzymes ab-
rogated their inhibitory effect. The latter find-
ings support the role of 02 and H202 in the
generation of C2H4 and suggest the existence of
Haber-Weiss type reactions in stimulated AM
(9):

02-+ H202 ----- -OH + OH-+ 02

To further improve our understanding ofAM
metabolism, we compared 02 uptake, 02 re-
lease, and C2H4 production by human AM and
PMN (Table 2). We found that unstimulated
AM used much more 02 per cell (4x) than PMN,
but that unstimulated AM and PMN made com-
parable amounts of 02 and C2H4. In contrast,
stimulated AM and PMN used similar amounts
of 02, but PMN made more 02 (2x) and more
C2H4 (4x). Of note, the response of AM to stim-
ulation was significantly (P < 0.01) less than
that ofPMN in regard to 02 uptake, 02 release,
and C2H4 production. When these results are
compared on the basis of cell protein, the differ-
ences are even greater since AM have four times
more protein per cell than PMN (41 + 4.9 jig of
protein per 105 AM; 10 ± 1.3 ,ug of protein per
105 PMN (mean ± standard error)). Although
there are marked quantitative differences in
C2H4 production by AM and PMN, the mecha-
nism of C2H4 production is likely similar because
scavengers of 02 intermediates demonstrated
similar effects on C2H4 production by stimulated
AM or PMN (Table 3). Of note, while higher
concentrations of catalase increase the degree of
inhibition of ethylene production, the results
must be interpreted with caution because of the

TABLE 3. Comparison of the effect of inhibitors on
detection of C2H4 production from KMB by human
AM or PMN stimulated by opsonized zymosan

C2H4 production (% inhibition)
Agent (concn) Stimulated Stimulated

AM PMN

SOD (67,ug/ml) 73 ± 8 (3)a 91 ± 1 (3)
SOD inactivated (67 11 ± 6 (3) 4 ± 8 (3)

lg/ml)
Catalase (67 ,tg/ml) 65 ± 7 (3) 42 ± 4 (4)
Catalase (330 ,g/ml) 54 ± 9 (3)
Catalase inactivated 5 ± 5 (3) 6 + 7 (4)

(67 ug/ml)
Catalase inactivated 34 ± 6 (3)

(330 jug/ml)
Albumin (67 tg/ml) 5 ± 6 (3) 3 ± 7 (3)
Albumin (330 ,tg/ml) 30 ± 5 (3)
Benzoate (20 mM) 52 ± 7 (3) 56 ± 8 (3)
Mannitol (20 mM) 43 ± 12 (3) 20± 10 (3)
aMean ± standard error (number).

nonspecific inhibition effected by inactivated
catalase or bovine serum albumin at similar
weight/volume concentrations. In summary,
these findings confirm that although humanAM
and PMN are in many ways similar, there are
marked quantitative differences in their gener-
ation of products of partially reduced oxygen.

DISCUSSION
Prior investigations have shown that stimu-

lated human PMN or MN, as well as rat phag-
ocytes, make C2H4 from methional or KMB (8,
28, 31, 32). In the present investigation, we have
documented that stimulated human AM also
make ethylene from these reagents. In addition,
the production of C2H4 by AM was inhibited by
superoxide dismutase, catalase, mannitol, or so-
dium benzoate.
The present investigation has also revealed

that there are significant differences in the
amounts of C2H4 produced by human AM and
PMN as well as differences in other metabolic
activities of the two cell types, specifically 02
uptake of 02 production. Although 02 uptake

TABLE 2. Comparison of the 02 uptake, 02- generation, and C2H4 production ofhuman AM andPMN

02 Uptake 02- generation C2H4 production
Test conditions (p1/5 X 106 pb (nm/5 x 10 P (pmol/2 x 107 cells per 20 min)

cellsperh) ~ cells per 20
min.) Methional P KMB P

Unstimulated AM 11 ± 1.1 (7) <0.005 3.4 + 0.9 (9) NS 180 ± 52 (5) NS 46 + 11 (4) NS
Unstimulated 3.0 ± 1.0 (10) 2.6 ± 0.5 (6) 208 ± 61 (7) 107 ± 21 (9)
PMN

Stimulated AM 19 ± 2.0 (7) NS 8.7 ± 1.0 (9) <0.01 1,440 ± 180 (5) <0.01 298 ± 36 (5) <0.01
Stimulated PMN 17 ± 2.1 (10) 15 ± 0.8 (6) 5,690 ± 98 (12) 985 ± 160 (10)
aMean ± standard error (number of determinations).
b NS, Not significant.
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by stimulated AM or PMN is approximately
equal, 02- release was about one half as great in
stimulated AM as in PMN. This is because AM
convert only a portion of the 02 consumed dur-
ing phagocytosis to reactive intermediates,
whereas the majority is metabolized via the mi-
tochondrial respiratory chain (12). These differ-
ences in oxidative metabolism may account in
part for the decreased bactericidal activities of
AM compared to PMN (27).
The significance of the production of ethylene

from mixtures of phagocytes and thioethers is
open to some question. Initial studies used meth-
ional as an indicator of *OH production by phag-
ocytes (28, 31). However, it was subsequently
shown that methional spontaneously forms
C2H4, especially with prolonged incubation (32).
In the present study, C2H4 production from
methional was measured, but the problem of
spontaneous C2H4 generation was avoided by
using short incubation times. In addition, KMB
was also used as a substrate because it does not
spontaneously form C2H4 (32).
The specificity of the production of ethylene

from mixtures of phagocytes and thioethers also
has been debated because of recent observations
that catalase exerted little enzyme mediated ef-
fect on ethylene formation from reaction mix-
tures of PMN or PMN particulates and meth-
ional (29). It was suggested that oxidizing radi-
cals generated by the reaction of 02 and com-
pounds other than H202 might be responsible
for generation of ethylene from methional or
KMB. However, these results (29) contrast with
the current investigation in which superoxide
dismutase or catalase significantly inhibited
C2H4 production by both AM and PMN, an
effect which was reversed by heat inactivating
the enzymes. From the current study, it would
appear that both 02 and H202 are likely impor-
tant participants in forming the oxidizing radical
which reacts with the thioethers. The basis for
these contrasting observations is not apparent.
A possible important difference between the
studies is that the initial catalase concentration
used in the current investigations was about 25%
that of the aforementioned study (29). As sub-
sequently demonstrated, protein inhibits ethyl-
ene formation in a nonspecific manner. There-
fore, at high concentrations of catalase, the spe-
cific effect of the enzyme may be obscured by
the nonspecific effects of increased protein.

In summary, since a number of reactions are
known by which 02 and H202 interact to pro-
duce * OH, 102, or other reactive 02 byproducts,
it seems likely that production of C2H4 is some-
how representative of the production of these
other 02 derived species (not 02 or H202) by

human AM. The exact nature of the reactive 02
species produced awaits dissection by more so-
phisticated approaches. However, it is clear that
humanAM make C2H4 from methional or KMB,
that these probably represent production of 02
intermediates other than 02 or H202, and that
the metabolic activities of AM and PMN are
distinctly different.
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