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Catalase-Dependent Peroxidative Metabolism in the
Alveolar Macrophage during Phagocytosis
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A B S T R A C T Evidence for the presence of peroxida-
tive metabolism in rabbit alveolar macrophages (AM)
has been obtained from the following observations: (a)
catalase is present in high concentrations; (b) peroxi-
dase activity could not be detected employing guaiacol
as substrate; (c) the irreversible inhibition of AMcata-
lase by aminotriazole served as a detection system for
H202 and demonstrated increased intracellular H202 after
phagocytosis; (d) formate oxidation, a marker of cata-
lase-dependent peroxidations, occurs in resting AMand
is increased by phagocytosis; (e) measurements of H202
accumulation in a dialysate of AM demonstrated two-
fold increase during phagocytosis; and (f) amino-
triazole diminishes 02 utilization and '4CO2 production
from labelled glucose and pyruvate. It is concluded that,
while catalase-dependent H202 metabolism is not essen-
tial for particle entry, this pathway represents one of the
metabolic pathways stimulated by particle entry in the
AM.

INTRODUCTION
The alveolar macrophage (AM) plays an important role
in pulmonary bacterial clearance by functioning as a
phagocyte. While phagocytosis by the AM requires oxy-
gen and stimulates both 02 consumption (Qo2) and
14CO2 production from labeled glucose (2), the relation
of these metabolic pathways to H202 has not been de-
fined in the AM. The classical work of Jyer, Islam, and
Quastel (3) first indicated that hydrogen peroxide plays
an important role in these pathways in another phago-
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cytic cell, namely the polymorphonuclear leucocyte
(PMN). Their evidence indicated that the oxidation of
reduced pyridine nucleotides is accompanied by the
generation of H202. The generation of H202 was de-
tected indirectly employing formate oxidation as a
marker. Further evidence for H202-dependent metabo-
lism in the PMNhas been provided by a number of
workers notably Karnovsky (4), Roberts and Quastel
(5), and Paul and Sbarra (6). This peroxidative
metabolism has recently been inculpated in intracellular
bactericidal mechanisms in the PMN (7, 8).

This study was designed to provide evidence concern-
ing H202 metabolism in resting and phagocytosing AM.
Several approaches have been used. First, inferences
have been drawn from the presence of enzymes utilizing
H202 as a substrate. Second, the catalase inhibitor
aminotriazole (AT) may be used to detect intracellular
H202 (9) since it causes an irreversible inhibition of
catalase: H202 compound 1 as opposed to a reversible
inhibition of free catalase (10). Third, formate oxida-
tion may be used as a marker of catalase-dependent H202
metabolism (3) and changes in H202 concentration in
intact cells may be detected by fluorimetric measurements
of H202 concentration by the method of Paul and Sbarra
(6).

METHODS
Alveolar wiacrophages. The AM were harvested by a

modification of the technique of Myrvik, Leake, and Fariss
(11) in which AM are obtained by pulmonary lavage from
New Zealand white rabbits. The lavage fluid was Krebs
Ringer phosphate solution (KRPS) (12) at pH 7.4 to which
5.5 mmglucose was added. Average cell yield was 1 X 108
cells/rabbit. Red cell contamination was less than 5%. Poly-
morphonuclear leucocytes were less than 2% of the nucleated
cells.

Leucocytes and red blood cells. Human leucocytes were
separated by sedimentation of five parts of heparinized blood
with one part 6%o dextran in normal saline. The plasma,
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which contained the leucocytes, was pipetted off and the cells
separated by centrifugation at 3000 rpm at room temperature.
The WBCwere resuspended in KRPS before freeze-thaw-
ing for peroxidase determination. Red cell contamination of
this WBCpreparation varied between 5 and 15%o of WBC.
Rabbit red cells were prepared from heparinized blood by
centrifugation. The buffy coat was removed and cells re-
suspended in KRPS.

Phagocytosis studies. Heat-killed (750C for 30 min) co-
agulase-negative Staphylococcus albus were employed as test
particles. Bacteria to cell ratios were approximately 20/1
unless otherwise specified. Phagocytosis was assessed by
light microscopy of Gram's stained preparations obtained
after 30 min incubation at 370C in KRPS containing 5.5
mmglucose and 15%o fresh rabbit serum. A semiquantitative
expression of particle entry was employed, namely the num-
ber of cells containing 0-5, 6-10, and > 11 bacteria were
counted. At least 50 cells were examined.

Catalase activity. Catalase activity was determined by the
method of Feinstein (13), employing 0.1 M sodium per-
borate. Perborate utilization in 5 min was measured by
titration with a 0.1 N solution of potassium permanganate
after the reaction was stopped with 1 N H2SO4. The catalase
activities of AM, red cells, and purified beef liver catalase
(Worthington Biochemical Corp., Freehold, N. J.) were de-
termined after incubation for 30 min in KRPS containing
15% homologous serum and 5.5 mmglucose at pH 7.4 Mea-
surements were performed on two preparations of AM,
namely hand homogenized preparations and after three cycles
of freeze-thawing employing acetone-dry ice. Both total ex-
tract and the supernatant obtained by centrifuging both types
of preparation at 8000 rpm in a Servall centrifuge RC2
(7710 g) for 10 min were assayed. Activity was expressed
as milliequivalents of perborate utilized in 5 min; 1 U repre-
senting the utilization of 1 mEq of perborate. The method
showed good reproducibility, a coefficient of variation +2%o,
and linear concentration response when perborate utilization
during 5 min was employed. Prolongation of incubation time
of intact AM up to 3 hr did not increase the catalase ac-
tivity. It should be noted that cell counts were measured in
a limited number of experiments since all experiments to
determine the effects of preparative procedures, AT, or
particle exposure were internally controlled by comparison
with control aliquots of the same AM preparations. In
experiments employing aminotriazole, this was added at the
beginning of the 30 min incubation period.

Dialysis experiments to assess the binding of aminotria-
zole to catalase were performed on 6-ml aliquots of a freeze-
thaw extract of the AM in KRPS contained in a cellophane
membrane. Dialysis was carried out for 3 hr against 100 ml
of KRPS which changed hourly.

Additional experiments were performed to measure the
effects of AT on cells previously exposed to bacteria. The
procedure employed was the following; 4-ml aliquots of AM
suspended in KRPS, containing 5.5 mmglucose and 15%
fresh rabbit serum, were incubated for 30 min in the pres-
ence or absence of heat-killed S. albus. The cells were par-
tially separated from bacteria by centrifugation at 1000 rpm
for 15 min, washed in 10 ml of KRPS, recentrifuged, and
resuspended in KRPS: serum: glucose with or without 20-
mM AT. In some experiments aminotriazole-'4C was em-
ployed. After 30 min incubation at 37°C, the cells were
separated, washed, and resuspended in 1 ml of KRPS for
freeze-thawing. Aliquots were taken from freeze-thaw ex-
tracts for catalase measurements and for counting where

aminotriazole-"C was employed. Counting was performed in
Bray's solution (14) containing 2% v/v of 10% hyamine.

Peroxidase activity. This was determined by a modifica-
tion of the guaiacol method of Chance and Maehly (15).
WMhole extracts of freeze-thawed cells were employed. The
assay medium contained 0.1 M phosphate buffer at pH 7.4,
0.5 ml of 100 mmguaiacol, 0.2 ml of extract sample, and
0.02 ml of ice-cold 10 mmH202. Absorbancy changes due
to tetraguaiacol formation were measured at 750 my& in a
Zeiss spectrophotometer and the time required to produce an
0.05 U increase in absorbancy recorded. Results were ex-
pressed in reciprocal seconds per 109 cells. The method
showed a coefficient of variation of ±+7% and a linear
response with time and number of cells. The effect of excess
catalase on the estimation of peroxidase was examined in
view of the presence of catalase in the AMand in view of
the contamination of the white blood cell (WBC) prepara-
tion by catalase containing red cells. No effects on the
peroxidase estimation performed on WBCpreparations were
observed under two conditions: (a) the addition of sufficient
red cells to double the red cell contamination; and (b) the
addition of purified beef liver catalase to increase threefold
the initial catalase activity of the WBCpreparation.

Hydrogen peroxide determination. Hydrogen peroxide
was determined spectrophotometrically on dialysates of AM
as described by Paul and Sbara (6). The nonfluorescent
dye, diacetyl-2,7-dichlorofluorescin (LDADCF), was syn-
thesized by the method of Brandt and Keston (16) and
the fluorescence of the oxidized product of alkali-activated
LDADCFwas measured with an Aminco-Bowman spectro-
fluorimeter. The excitation wave length was 340 my and the
emission wave length 525 miu.

Aliquots of AM (20-60 X 10' cells) in the presence and
absence of heat-killed S. albus (bacteria to cell ratio,
150: 1) were incubated at 37°C in KRPS containing 15%
homologous serum, final volume 5 ml, in dialysis tubing
immersed in 60 ml of KRPS. Samples were removed from
the dialysate at appropriate times for determination of the
I-1202 produced. Control experiments were also performed
in which dialysate obtained from serum KRPS and, where
appropriate, bacteria were assayed. The difference in fluores-
cence between experimental and the relevant control dialysate
was taken as the measure of H202 produced by the AM.
This was reduced by over 90% when commercial catalase
(1 perborate U) was added to the cell suspension. Data
were expressed as the quantity of H202 in the total dialysate
per 1 X 106 cells in dialysis bag.

Metabolic studies. All studies were performed in KRPS
containing 5.5 mMglucose and 15%o homologous serum at
pH 7.4. Approximately 25 X 106 cells were present in each
flask in a final volume of 4 ml. Bacteria cell ratio was
150: 1. 02 consumption was measured for 1 hr in a modified
Gilson respirometer (Gilson Medical Electronics, Inc., Mid-
dleton, Wis.) after respirometer gassing with 100% 02.
Other studies were performed for 1 hr in a Dubnoff meta-
bolic shaker with air as the gas phase.

Approximately 0.3 ,ACi of the following labeled substrates
were employed without the addition of unlabeled substrate:
sodium formate-14C' (3 mCi/mmole), 1-sodium acetate-14C2
(40 mCi/mmole), and 1-sodium pyruvate-14C2 (4.0 mCi/
mmole). The studies with 1-glucose-_4C 2 (4.0 mCi/mmole)
and 6-glucose-14C2 (3.8 mCi/mmole) employed the addition
of approximately 0.3 ,Ci of tracer glucose to each flask in
which the total glucose concentration was 5.5 mm. The

1New England Nuclear Corp., Boston, Mass.
2 Nuclear-Chicago Corporation, Des Plaines, Ill.
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TABLE I
The Effect of Extraction Procedures on

Catalase Activity of AM

Freeze-thawed extract Homogenate

Total Supernatant Total Supernatant

0.55 ±0.05 0.52 ±0.05 0.22 ±0.04 0.02 ±0.01

Catalase activity expressed as milliequivalents of perborate
utilized in 5 min. Mean ±1 SD of three duplicate experiments
shown.

counts obtained with 6-glucose-14C were adjusted to the same
specific activity as 1-glucose-'4C by the ratio 1.05. 14CO2 was
released with 6 N H2S04 in the closed flask and entrapped in
10%o hyamine hydroxide in the center cup. The hyamine was
transferred quantitatively into the counting vials containing
2,5-diphenyloxazole (PPO) and 1-4-bis-2-4-methyl- (5-
phenyloxazolyl) benzene in toluene and counting was per-
formed with a liquid scintillation counter (Tri-Carb,
Packard Instruments Co., Downers Grove, Ill.). All experi-
ments were performed in triplicate.

Anminotriazole. 3-amino-1,2,4-triazole was obtained from
Nutritional Biochemicals Corp., Cleveland, Ohio and re-
crystallized from ethanol. Labeled 5-aminotriazole-'4C (1.5
mCi/mmole) was obtained from Tracerlab Div. of Waltham,
Mass.

RESULTS
Catalase and peroxidase activity. The catalase ac-

tivity in two types of AMpreparations is indicataed in
Table I, which compares duplicate measurements of the
activity present in total extract and supernatant ob-
tained from aliquots of the same AMpreparations after
either homogenization or freeze-thawing. Two points
emerge. First, freeze-thaw preparations demonstrate 2.5
times more catalase activity than homogenized prepara-
tions. Second, 95% of the activity was found in the
supernatant after freeze-thawing while most of the
activity remains in the particulate fraction after ho-
mogenization. The freeze-thaw supernatant was there-
fore employed in the ensuing measurements of the
catalase activity. Further observations, not shown here,
indicated that three cycles of freeze-thawing produced
maximal catalase activity. No loss of catalase activity

TABLE I I
The Effects of Aminotriazole on AMCatalase Activity

Experi-
ment Control Aminotriazole

100 mM 20 mM
1 0.29 0.06 0.16
2 0.24 0.02 0.08

Means of two duplicate experiments are indicated; catalase
activity expressed as milliequivalents of perborate utilized in
5 min.

from the freeze-thaw supernatant obtained by centri-
fugation at 7710 g occurred after high speed centrifu-
gation (up to 100,000 g) indicating that three cycles of
freeze-thawing produced maximal solubilization of
catalase.

The catalase activity, measured in 11 separate prepa-
rations of the AM freeze-thaw supernatant, was 37.3 X
102 U/10' cells with 1 SD of +3.1 X 10' U. This is ap-
proximately 6 times more than rabbit red cells catalase
whose activity was 6.3 X 102 U/106 cells with 1 SD of
0.7 X 10' U. Peroxidase measurements in the AM
showed remarkably little activity, 6.8 ±0.9 reciprocal
seconds/10' cells. This may be contrasted with the
measured peroxidase activity of human polymorpho-
nuclear leucocytes, namely 483 ±31 reciprocal seconds/
10' cells. The minimal peroxidase activity of the AM
preparation may reflect PMN contamination of these
preparations.

The action of aminotriazole on catalase activity. The
effects of AT on the catalase activity of the AMare in-
dicated in Table II. Concentrations of 100 and 20 mm
produce approximately 85 and 66% inhibition of the
catalase activity respectively.

Evidence that the inhibition of catalase by AT is de-
pendent on the presence of H202 (see Discussion) is
provided by the data in Table III. The inhibition is
shown to be of the irreversible type since it cannot be
reversed by dialysis. Further, ethanol, which alone has
no action on catalase, prevents the inhibitory action
of subsequently added AT by decomposing catalase
H202 compound 1 to free catalase (9). Ethanol did
not diminish the inhibition of catalase pretreated with
AT providing further evidence that the AT inhibition
is of the irreversible type.

Particle entry in the presence of aminotriazole. The
results of the semiquantitative intracellular bacterial
counts in the presence or absence of 100 mmAT are
presented in Table IV. No differences were observed.

TABLE III
Factors Influencing A T Inhibition of Catalase Activity

Ethanol
AT

AT AT
Experi- No Ethanol after before
ment Control dialysis Dialysis alone ethanol ethanol

1 0.75 0.04 0.04 0.75 0.73 0.04
2 0.75 0.05 0.06 0.74 0.72 0.05

Six aliquots of AMfreeze-thaw extract were employed for each experiment.
Duplicate measurements of catalase activity (milliequivalents of perborate
used in 5 min) were obtained under the indicated conditions. AT and/or
ethanol in final concentrations of 100 mmand 0.45 M respectively were
added to the appropriate aliquots in the sequences indicated. The aliquots
were allowed to stand at room temperatures for 30 min after each addition
before assay or dialysis.
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Particle entry and catalase activity. The possibility
that particle entry increases H202 levels in the AM
was next examined. Table V indicates a comparison of
the catalase activity measured on aliquots of the same
AM preparations at "rest" and during phagocytosis
in the presence and absence of AT.

The data demonstrate the marked increase in the in-
hibition of catalase by AT in the AMwhich have phago-
cytosed the bacteria. The increased inhibition by AT
after phagocytosis suggests an increase in H202 levels
after phagocytosis. The possibility that this increased AT
inhibition of catalase might be due to an increased in-
tracellular AT concentration after phagocytosis is ex-
cluded by experiments 3 and 4 employing aminotriazole-
4C (Table V). The counts due to labelled aminotriazole

recovered from aliquots of the AM extract employed
for measurement of catalase activity were similar in
the extracts from both resting and phagocytosing AM.

In all four duplicate experiments there was a small
increase (12%) in the control catalase activity after
phagocytosis. This change in catalase activity after
phagocytosis was not due to loss of catalase during the
washing procedures since, while the pooled washing
fluid contained 8% of the final AMcatalase activity, the
amount of catalase detected was similar in the wash-
ings from "resting" and phagocytosing AM. Further,
since no catalase activity could be detected in heat-killed
S. Albus, it seems unlikely that this increased catalase
is derived from the phagocytosed bacteria. The signifi-
cance of this increase in intracellular catalase activity
after phagocytosis is unclear.

Hydrogen peroxide. The quantities of H202 present
in the dialysis fluid at varying incubation times in
resting and phagocytosing AMare indicated in Fig. 1.

TABLE IV
The Effects of Aminotriazole on Bacterial Entry

Control Aminotriazole
Experi- Bacteria
ment per cell 1-5 6-10 >11 1-5 6-10 >11

1 9 32 9 7 28 15
2 No. of 12 28 10 14 23 13

AM
3 11 33 6 9 28 13
Mean 11 31 8 10 26 14

The number of AMcontaining the indicated number of particles are pre-
sented. 50 cells were examined in each of three paired experiments. 20 mm
aminotriazole.

There was a progressive rise in the quantity of H202
recovered by dialysis as incubation is prolonged. Fur-
ther the quantity recovered at any given time from
phagocytosing AM was approximately double that
observed in resting AM. In studies employing intact
cells, up to 0.34 mumoles of H202 were recovered from
10' AMduring phagocytosis.

The effects of aminotriazole on Os utilization. The
effect of AT on Qo2 in "resting" and phagocytosing AM
are presented in Table VI. Each experiment was per-
formed on aliquots obtained from the same AMprepa-
rations and thus each experiment was internally con-
trolled. AT diminishes the Qo2 in the resting AM.
Though these changes are small, they are consistent in
all experiments and the mean values are significantly
different by Student's t test for paired samples at
P <0.01 level. The maximum effect at concentrations
of 0.1 M AT, was an approximately 14% reduction of
Qo2. Particle entry consistently stimulated Qo2 by 55%.
(P < 0.01). The effects of AT on the Qo2 increase

TABLE V
The Effects of Phagocytosis on Catalase Activity and on Aminotriazole Inhibition of Catalase

Rest Phagocytosis

Experi- Inhibi- Inhibi-
ment Control +AT tion AT-14C Control +AT tion AT-"4C

% cOM % cM
1 1.00 0.48 52 - 1.20 0.10 75

0.98 0.48 1.22 0.08
2 1.00 0.54 48 1.12 0.29 60

1.00 0.54 1.14 0.35
3 1.48 1.23 16 191 1.67 0.33 80 209

190 191
4 1.80 1.11 37 187 1.94 0.65 65 184

1.76 1.10 192 1.84 0.62 208

Average 1.31 0.82 39 190 1.48 0.45 75 198

Aminotriazole (AT) 20 mm, AT-14C = 5-aminotriazole-14C, 0.01 jCi of AT-14C added.
Duplicate measurements of catalase activity (milliequivalents of perborate utilized in
5 min) are indicated except for experiment 3. For procedures, see Methods.
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FIGURE 1 H202 recovery f rom resting and phagocytosing
AM. H202 expressed as mnumoles/10' cells in dialysis bag.
Mean +1 SE are indicated; numbers in parentheses are num-

ber of observations.

specifically associated with phagocytosis are evident
from a comparison of the right-hand two columns of
Table V. The Qo2 due to phagocytosis is greater in the
absence of AT than in the presence of AT. The statisti-
cal significance of the differences in Qo2 due to phago-
cytosis in the presence and absence of AT was examined
by an analysis of variance (17). This analysis demon-
strated that the "interactions" relating Qo2 in resting
and phagocyting AM in presence and absence of AT
were statistically different at concentrations of 0.1 M AT
(< 0.01) and at 0.04 M AT (P < 0.05) but not at 0.02 M

AT (P > 0.05).
Formate oxidation. "CO2 production from sodium

formate-"4C was employed to assess the activity of
catalase/H202 compounds in the intact AM. The stimu-
lation of "CO2 production from labeled formate by
phagocytosis is demonstrated by the data in Table VII.
The effects of AT on formate oxidation in the resting

and phagocytosing AM are also shown in Table VII.
AT causes an inhibition of formate oxidation both in
resting and phagocytosing AMat both 100 mmand 20
mmconcentration (P < 0.01 for both concentrations).

Oxidation of glucose, pyruvate, and acetate. The
results of measurements of "CO2 production from 1-glu-
cose-"4C, 6-glucose-14C, 1-pyruvate-14C, 1-acetate-"C in
resting and phagocytosing AM are presented in Table
VIII. Data obtained in the absence of AT indicated the
following: (a) resting AM generate 3-6 times more
'4CO2 from 1-glucose-14C than from 6-glucose-"C; (b)
phagocytosis stimulates 1"CO2 production from both la-
beled forms of glucose, by a factor of varying between
2 and 4 times; (c) "CO2 production from pyruvate is
approximataely doubled by phagocytosis; and (d) 14CO2
production from acetate is not stimulated by phago-
cytosis.

The effects of AT on "CO2 production from these
labeled substrates are also indicated in Table VIII.
Concentrations of 100 mmAT diminished 14CO2 produc-
tion from pyruvate and both 'C and 'C-labeled glucose.
Concentrations of 20 mmAT diminished 14CO2 produc-
tion from pyruvate alone. Neither concentration of AT
affected acetate conversion to C02.

DISCUSSION
Evidence for the presence of HO02 mietabolism. The

demonstration that catalase is present in high concen-
trations in the AMprovides prima facia evidence for the
existence of peroxidative metabolism. This was sup-
ported by using the catalase inhibitor, AT, and formate
oxidation. The validity of these approaches is indicated
by the following considerations. AT is known to pro-
duce two types of inhibition of catalase (10), a reversible
inhibition of free catalase and an irreversible inhibition
in which, according to Margoliash and Novogrodsky, the
AT is bound to the protein moiety of catalase: H202
compound 1 (10). The distinction between these two
types of inhibition is important, since the second type of
inhibition has been used to detect the presence of H202

TABLE VI
The Effects of A T on Qo2 in Resting and Phagocytosing AM

Resting Phagocytosing AQO2due to AQo2 due to
Concen- No. of AQo2 due to AT phagocytosis phagocytosis
tration Experi- A B in resting AM C D AT absent AT present
of AT ments Control AT (A-B) Control AT (C-A) (D-B)

M

0.1 6 4.3 +1.3 3.7 ±1.2 -0.6 40.08 6.7 ±1.4 5.1 4±1.3 +2.4 40.12 +1.4 40.12
0.04 5 3.9 +0.61 3.6 +0.71 -0.3 +0.05 6.2 +0.56 5.6 +0.42 +2.3 +0.10 +2.0 +0.10
0.02 3 3.9 +0.41 3.7 40.20 -0.2 ±0.07 6.1 ±0.42 5.7 +0.36 +2.2 +0.14 +2.0 +0.10

Q02 expressed as ,ul/hr per 106 cells at 37°C and ambient pressure. Mean +1 SE are indicated for A thru D; mean i1 SE of
differences between paired samples are indicated for AQo2 values.
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in biologic systems, notably the red cell (9). The evi-
dence that the inhibition is of the irreversible type in
the AM is twofold. First, dialysis of the AT-treated ex-
tract failed to modify the catalase inhibition. Thus, the
AT was bound to some component of the extract, pre-
sumably catalase protein (10). Second, pretreatment of
the AMwith ethanol completely prevented the AT in-
hibition and ethanol is known to decompose catalase:
H202 compounds to free catalase and acetaldehyde (9,
18). These features of the AT inhibition of AMcatalase,
therefore, suggest the presence of catalase: H202 com-
pound 1 which only exists in the presence of low con-
centrations of H202 (10). Evidence compatible with
increased H202 levels after phagocytosis has also been
obtained from the observation that AMcatalase is more
sensitive to AT inhibition in the presence of intracel-
lular bacteria (Table IV). While the use of AT to de-
tect H202 is indirect, it has the merit of demonstrating
that H202 exists intracellularly. Thus in those experi-
ments (Table V) in which washed AMwere employed
for the preparation of freeze-thaw extracts, it was dem-
onstrated that the AT was irreversibly bound to intra-
cellular catalase. Comparable observations of increased
catalase sensitivity to AT after phagocytosis in the
PMNhave been obtained by Reed (19).

Formate oxidation has been used as a marker of cata-
lase-dependent H202 metabolism in a number of tissues
(20, 21) including the PMN (3, 5, 7) since Keilin and
Hartree showed that catalase as opposed to a number of
other hemoproteins was required for the coupled peroxi-
dation of formate (18). The foregoing data indicate
that formate oxidation by AM is almost completely in-
hibited by 100 mmAT, and is therefore presumably
largely catalase-dependent. Phagocytosis has been
shown to increase formate oxidation (Table VII) indi-
cating increased H202 formation during phagocytosis.

TABLE VII
The Effects of Aminotriazole of "4C02 Production

from Formate-54C

Concen- Resting Phagocytosing
tration
of AT Control AT Control AT

M
0.1 36.8 1:12.1 7.9 10.5 108.8 :425.0 3.9 10.4
0.02 50.8 + 5.1 23.0 42.7 96.9 +21.0 32.5 +3.6

Data expressed as cpm/106 cells per 200,000 cpm added to medium. Mean
4-I SE of two triplicate experiments are indicated.

This increase is quantitatively similar to that observed
inthePMN (3).

The assay of H202 (Fig. 1) confirms that H202 is
produced by resting AM. The increased quantity of H202
obtained from AM during phagocytosis suggests in-
creased intracellular H202 concentrations. While changes
in cell permeability to H202 during phagocytosis could
explain the increased H202 observed during phagocyto-
sis, the preceding l nes of evidence suggest that in-
creased intracellular H202 levels are the correct explana-
tion. Our data for the AMare similar to those of Paul
and Sbarra (6) who obtained values of 0.054 mmoles/
106 cells from resting PMNand of 0.092 mmoles/106 cells
from PMNphagocytosing S. albus after 30-min incu-
bation periods.

It is noteworthy that the three indices of H202 forma-
tion, namely AT inhibition of catalase, formate oxida-
tion, and H202 present in dialysates are all increased
approximately twofold during phagocytosis.

Relation between peroxidative and glucose metabolism.
The classical studies of Iyer and colleagues (3) on PMN
first suggested the relationship between increased Qo2,
increased H202 format'on and increased glucose oxida-

TABLE VIII
The Effects of A T on 14CO2 Production from Substrates-'4C

No. of Concen- Resting Phagocytosing
experi- tration

Substrate ments of AT Control AT P value Control AT P value

M

1-Glucose-14C 4 0.1 22 ±7.1 8 ±3.1 <0.05 90 ±20.1 51 ±t16.1 <0.01
2 0.02 23 ±1.2 23 ±2.1 >0.1 76 ±3.1 70 44.2 >0.1

6-Glucose-'4C 3 0.1 2.3 ±0.3 0.5 ±0.1 <0.01 9.1 ±0.7 1.7 +0.7 <0.01
2 0.02 4.7 ±0.8 4.0 ±0.6 >0.1 10.5 ±1.3 10.1 ±1.3 >0.1

l-Pyruvate-'4C 3 0.1 162 ±14 101 ±6 <0.01 381 ±21 130 ±14 <0.01
3 0.02 104 ±10 83 ±6 <0.05 179 ±19 116 ±12 <0.01

1-Acetate-'4C 3 0.1 35 ±6 32 ±5 >0.1 38 ±8 30 ±6 >0.1
2 0.02 25 ±8 25 ±7 >0.1 23 ±5 27 +5 >0.1

Data expressed as cpm/106 cells per hr of 200,000 initial counts; mean 1I SE are indicated.
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tion during phagocytosis. Our studies indicate a similar
relationship in the AM by providing evidence of in-
creased H202 metabolism during phagocytosis and by
confirming the studies of Ouchi, Selvaraj, and Sbarra
(2) on Qo2 and glucose metabolism. The latter also
demonstrated that phagocytosis by rabbit AMstimulates
Q02 and '4CO2 production from labeled glucose and py-
ruvate. Their observation that 1-4-succinate-'4C oxida-
tion is unaffected by phagocytosis is in accord with our
observations on acetate oxidation since both produce
C02 specifically via the Krebs cycle. Both sets of ob-
servations are different from the results of Oren,
Farnham, Saito, Milofsky, and Karnovsky (22), who
observed smaller increases in Qo2 and glucose conver-
sion to C02 during phagocytosis by guinea pig AM.
These differences may reflect either species differ-
ences or a difference in cell harvesting technique
in that Oren employed minced guinea pig lung. Thus,
at least in rabbit AM, there is an increase in Qo2, glu-
cose oxidation, and H202 levels during phagocytosis
and analogy with the PMNsuggests these to be inter-
related.

The definition of the role of catalase in these inter-
relations must await knowledge of the H202 generating
pathway. Further communications ' will provide evidence
that, in the AM, H202 is in part generated by a w-amino
acid oxidase, an enzyme recently described in PMN
(23), and also that the H202 is coupled to triphosphopy-
ridine nucleotide, reduced form of, (NADPH) in the
AM by a glutathione system (24), similar to that de-
scribed in the rat leucocyte (19). However, two com-
ments may be made on the basis of the current studies.
First, the virtual absence of myeloperoxidase activity
precludes it serving as an H202-generating NADPHoxi-
dase in the AMas has been proposed for the PMN(25).
Second, while caution is required in interpreting evi-
dence based on the actions of AT, it is possible that the
actions of AT are relatively specific for catalase. At
least AT has no general toxic actions on the AMsince
particle entry, cell viability (eosin uptake technique),
acetate oxidation (Table VIII), and ATP concentra-
tions (1) are uninfluenced by 100 mmAT. On the as-
sumption of the catalase specificity two alternative ex-
planations of the AT inhibition of Qo2 and '4CO2 produc-
tion from glucose and pyruvate appear reasonable. First,
catalase activity may determine the H202 production by
an oxidase. The importance of the association of H202-
generating oxidases and catalase has recently been
stressed by deDuve and Baudhuin (21). Second, catalase
may serve in coupled peroxidations linked to diphospho-
pyridine nucleotide, reduced form of, (NADH), as dem-
onstrated by several workers (18, 20, 21) and NADH

3Vogt, M., C. Thomas, J. B. L. Gee, and R. E. Basford.
Urpublished observations.

is a known regulator of glycolysis and pyruvate
metabolism.

Significance of peroxidative metabolism. It is evi-
dent that inhibition of catalase activity does not seri-
ously affect particle entry. Increased H202 metabolism,
therefore, represents a secondary event after particle
entry. Peroxidative metabolism represents a mechanism
capable of increasing glucose metabolism in a manner
similar to that observed in the liver, kidney, and red
cells (20, 21, 26, 27). Finally, the role of H202 as an
intracellular bactericidal agent in PMN has been re-
cently emphasized (6, 7, 8). The tempting idea that
H202 serves a similar role in the AM requires further
study particularly since the AM lack white cell peroxi-
dase activity. This enzyme represents an important com-
ponent of the bactericidal peroxidative systems (8, 28,
29). Deficiency of this peroxidase in PMNis associated
with impairment of Candidacidal activity and subnor-
mal killing rates of certain bacteria (30-32).
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