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ABstrAcT Phagocytosis by rabbit alveolar macro-
phages (AM) is accompanied by increases in O: con-
sumption, glucose oxidation, and H:O: formation. Two
aspects of the interrelations between these metabolic
features of phagocytosis have been studied.

First, the following evidence indicates that glutathione,
glutathione reductase, and peroxidase serve as a cyto-
plasmic shuttle between H:0: and NADPH-dependent
glucose oxidation: (a) AM contain 5.9 mumoles of re-
duced glutathione per 10° cells and exhibit glutathione
peroxidase and NADPH-specific glutathione reductase
activity; (b) oxidized glutathione potentiates NADP
stimulation of glucose oxidation; (¢) an artificial Hz0s-
generating system stimulates glucose oxidation; (d) the
cell penetrating thiol inhibitor, N-ethylmaleimide di-
minishes glucose oxidation. This effect largely depends
on inhibition of the glutathione system rather than on
inhibition of either H:0O: formation or enzymes directly
subserving glucose oxidation.

Second, three potential H:O:-generating oxidases have
been sought. No cyanide-insensitive NADH or NADPH
oxidase activity could be detected. p-amino acid oxidase
activity was 0.48 +0.07 U/10° cells with p-alanine as
substrate.

INTRODUCTION

Rabbit alveolar macrophages (AM) increase Qo., H20:
levels, and “CO: production from labeled glucose during
phagocytosis (2, 3). These responses show some simi-
_ larities to those described in the polymorphonuclear leu-
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kocyte (PMN)* by Sbarra and Karnovsky (4) and by
Iyer, Islam, and Quastel (5). These studies prompted a
further search for the relevant metabolic pathways in
the PMN. A number of sequences have been proposed
for the PMN, which share the common element that H:0:
is formed from molecular O: by an oxidase and that glu-
cose oxidation via the pentose shunt is concurrently stim-
ulated. They differ with respect to the specific oxidase.
Four oxidases have been implicated: (¢) NADH oxi-
dase (6-8) which requires the regeneration of NADH
by such mechanisms as NADPH-linked lactic acid de-
hydrogenase, pyridine nucleotide transhydrogenase, or
glyceraldehyde-3-phosphate dehydrogenase ; () NADPH
oxidase (6, 8, 9) which requires NADPH regeneration
by glucose-6-phosphate and 6-phosphogluconic acid de-
hydrogenases; (c) white cell peroxidase (myeloperoxi-
dase) which has been proposed as an H:0.-generating
NADPH oxidase (10); and (d) p-amino acid oxidase
(11) which generates H:0: via FADH. without a direct
requirement for pyridine nucleotides. The studies of
Reed (12) indicated that the increased glucose oxidation
is linked to H2O: by a glutathione system involving glu-
tathione peroxidase, and an NADPH-dependent glu-
tathione reductase. The latter enzyme has recently been
described in both guinea pig (13, 14) and human PMN
(14).

The studies reported here have been designed to ex-
amine in the AM these mechanisms which have been
proposed for PMN with particular reference to glutathi-
one--dependent H:0: metabolism in the AM during
phagocytosis. In addition, certain oxidases potentially

! Abbreviations used in this paper: AT, aminotriazole;
ATP, adenosine triphosphate; DAAO, p-amino acid oxi-
dase; EDTA, ethylenediaminetetraacetate; FAD, flavin-
adenine dinucleotide; GSH, reduced glutathione; GSSG,
oxidized glutathione; MPA, metaphosphoric acid; NEM,
n-ethylmaleimide; NADPH, triphosphopyridine nucleotide;
pCMBS, p-chloromercuribenzene culphonic acid; PMN,
polymorphonuclear leukocyte; TCA, trichloroacetic acid.
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responsible for H:0: generation have been sought. In
this connection, it is known that the AM are critically
dependent on oxidative phosphorylation. In the AM,
Qo= and glucose oxidation (2, 15, 16), ATP concentra-
tions (16), cell viability, and particle entry (2, 16) are
readily diminished by inhibitors of oxidative phosphory-
lation. However, while it is likely that much of the O-
consumption is mediated by the numerous mitochondria
present in the AM (17), it has been previously demon-
strated that H=O: formation occurs in resting AM and is
stimulated by phagocytosis in a quantitatively similar
manner to that observed in the PMN (3). We assayed
three of the aforementioned oxidases; in the previous
paper (3), it was shown that AM contain no demon-
strable myeloperoxidase activity, thus excluding this en-
zyme from consideration.

METHODS

Alveolar macrophages. The AM were harvested in
Krebs-Ringer phosphate solution (KRPS) containing 5.5
mM glucose as described in the previous paper (3).

Glutathione reductase. Whole cell lysates were prepared
by freezing (dry ice-acetone) and thawing (37°C) three
times a suspension of AM in KRPS (20-30 X 10° cells/ml).
The enzyme activity of the lysate was assayed by following
the oxidation of NADPH at 340 mg in a Cary Model 14
spectrophotometer (18). To a 1.5 ml quartz cuvette were
added 0.68 ml of 0.067 M phosphate buffer, pH 6.6, 0.03
ml of 12 mmM NADPH, and 0.1 ml of 7.5 mm GSSG. The
reaction was started by the addition of 0.2 ml of lysate
and the change in absorbancy was followed for 5 min. 1 U
of activity was defined as 0.1 mumole of NADPH oxi-
dized/min per 10° cells.

Glutathione peroxidase. Lysates were prepared as de-
scribed for glutathione reductase. The enzyme was assayed
by the method of Paglia and Valentine (19). The cuvette
contained 0.85 ml of the 0.067 m phosphate buffer, pH 7.0,
containing 5 mm EDTA, 0.015 ml of 12 mm NADPH,
0.01 ml GSSG reductase, 0.01 ml of 1.125 M sodium azide
or 0.01 ml of 0.04 M KCN, 0.05 ml of 0.02 M GSH, and
0.05 ml of lysate. The reaction was initiated by the addi-
tion of 0.01 ml of 0.022 M H.0: and the change in ab-
sorbancy was followed at 340 mu for 5 min. The change
in absorbancy/min (AOD/min) was corrected for non-
enzymatic oxidation by measuring the AOD in a cuvette
containing water in the place of the lysate. Nonenzymatic
oxidation of GSH by H:0, was the same whether water
or heated lysate was used. The glutathione peroxidase
activity was proportional to the protein concentration of
the lysate. 1 U of activity was defined as 1 mpmole of
NADPH oxidized/min per 10° cells.

NADPH-NAD transhydrogenase. A suspension of AM
in KRPS (20-30 X 10° cells/ml) was homogenized in a
Teflon-glass homogenizer at high speed for 30 sec. The
homogenate was centrifuged at 16,000 g in a Sorvall RC-2
centrifuge for 10 min. The sediment was resuspended in
2 ml of 10 mM Tris chloride, pH 7.5, and frozen and
thawed three times. The enzyme activity was assayed by
the method of Evans and Kaplan (20). The cuvette con-
tained, in a final volume of 1 ml, 0.5 of 0.2 M phosphate
buffer, pH 6.5, 0.1 ml of 10 mMm KCN, 0.5 ml of 6 mu
NADH, 005 ml of 12 mM 3-acetyl-pyridine NAD. The
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reaction was initiated by the addition of a suitable aliquot
of AM extract. 1 U of activity was defined as 0.1 mumole
of acetyl-pyridine NAD reduced/min per 10° cells.

NADPH and NADH oxidases. A suspension of AM
in KRPS (200 X 10° cells/8 ml) was incubated for 30 min
at 37°C in the presence and absence of latex particles with
or without homologous serum. The suspensions were then
centrifuged at 500 g for 10 min in a Sorvall RC-2 centri-
fuge. The sedimented cells were resuspended in 2 ml of
KRPS, homogenized, and freeze-thawed three times. The
activity of the enzymes in the freeze-thawed homogenate
was assayed by a modification of the method of Zatti and
Rossi (9) with a Clark oxygen electrode (Interscience,
Baltimore, Md.) and a 10 mv X-Y recorder. The reaction
vessel contained in a total volume of 2.0 ml, 0.05 M phos-
phate buffer, pH 6.0 or 7.0, 1 mm KCN, 0.6 mMm NADPH
or NADH, and an aliquot (0.1-1.0 ml) of AM homogenate.
Saponin, when added, was 1 mg/ml final concentration.
© p-amino acid oxidase. AM were washed once in phos-
phate-buffered saline (0.15 M NaCl, 0.105 M potassium
phosphate, pH 7.1). Cytoplasmic granules were isolated as
supernatant 3 by the method of Cohn and Hirsch (21).
The enzyme activity was assayed essentially as described
by Dixon and Kleppe (22) using a Clark O, electrode and
a 10 mv X-Y recorder. The reaction vessel contained 1.59
ml of 0.016 M pyrophosphate at pH 8.3, 0.5 ml of phos-
phate-buffered saline at pH 7.1, 0.01 ml of 0.03 M flavin-
adenine dinucleotide (FAD), and 0.2 ml of supernatant 3.
The reaction was started by the addition of 0.2 ml of 0.75
M p-alanine.

Glucose-6-phosphate dehydrogenase. The AM were ho-
mogenized in KRPS and the enzyme activity of the ho-
mogenate was assayed by the method of Loéhr and Waller
(23). The cuvette contained 0.1 ml of 12 mm NADP, 0.7
ml of 0.05 M triethanolamine buffer containing 5 mM
EDTA, pH 7.5, and 0.1 ml of homogenate. The reaction
was started by the addition of 0.1 ml of 0.04 M glucose-6-
phosphate. 1 U of enzyme activity was defined as 0.1
mumole of NADP reduced/min per 10° cells.

HCOs production from glucose-*C and formate *C.
“CO; production from labeled substrates using whole cells
was measured as described in the previous paper (3). The
effects of NADP and GSSG (Table III), an H:O.-generat-
ing system (Table IV), and of NADP and/or NEM
(Table IX) on CO: production from glucose-1-*C were
determined using cell homogenates. The AM were homoge-
nized in KRPS (20 passes in a Teflon-glass homogenizer)
before use. In a final volume of 4 ml, each flask contained
the equivalent of 4 ml of KRPS, an aliquot of AM homoge-
nate corresponding to 10-15 milion cells, 2 mm ATP, 0.3
wCi glucose-1-*C , and where indicated in the tables, vary-
ing concentrations of NADP or NEM, 30 mm GSSG, 15
mM cystine, 37.5 mM bpL-alanine, 50 ug DAAO. The flasks
were kept in an ice bath until all additions were made;
incubation was for 1 hr at 37°C. Data for these internally
controlled experiments are expressed as per cent of con-
trol. The *CO; counts obtained from intact cells and ho-
mogenates were within *30% of mean counts/10° cells
previously reported for intact cells (3).

Phagocytosis studies. Heat-killed (75°C for 30 min)
coagulase-negative S. albus were used as test particles un-
less otherwise stated. Particle to cell ratios were 150:1
unless otherwise specified. Phagocytosis was assessed by
light microscopy of Gram-stained preparations.

Low molecular weight thiols. Lysates of AM were
prepared by freezing (dry ice-acetone bath) and thawing
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(37°C water bath, 5 min) three times, suspensions of AM
(at least 30 X 10° cells) in 1 ml of KRPS containing 1.6
mM EDTA. Three methods of deproteinization of the
lysates were examined to determine optimal recovery of
GSH: (a) heating for 5 min in a boiling water bath fol-
lowed by cooling in ice, (b) 2% metaphosphoric acid
(MPA) final concentration and neutralization of the super-
natant fluid with KOH to pH 6.8, and (¢) 5% trichloro-
acetic acid (TCA) final concentration followed by ether
extraction until the pH value of the aqueous phase was = 2.
Values obtained for the GSH content of extracts of AM,
or of extracts to which exogenous GSH was added, by the
three methods of deproteinization were in the order heat
= TCA > MPA. All values reported were determined on
the supernatant fluid obtained after centrifugation of the
heat-treated, freeze-thawed extracts for 10 min at 12,1000 ¢
in a Sorvall RC-2 centrifuge.

Total low molecular weight thiols were determined by
the nitroprusside method as described by Beutler (24).
Absorbancy values were compared to those obtained with
GSH as a standard.

Reduced and oxidized glutathione (GSH and GSSG)
were determined enzymatically with glyoxalase I and
GSSG-reductase; respectively, as described by Klotzsch
and Bergmeyer (25). The volumes of added reagents were
proportionately decreased to permit the determination with
0.2 ml of extract in a total reaction volume of 1.0 ml.
Recovery of standard GSH and GSSG added to AM
extracts ranged from 90 to 110%.

Qualitative identification of thiol compounds in AM ex-
tracts was carried out by chromatography on Chrom-AR
500 sheets of silicic acid-impregnated glass fiber with #n-
propanol : water, 80:20 as solvent. Thiols were detected
by a nitroprusside spray reagent described by Toennies and
Kolb (26). R; values of the thiol components in the ex-
tract were compared with those of commercial cysteine,
GSH, and ergothioneine.

Materials. The following were obtained from Sigma
Chemical Co., St. Louis, Mo.: 3-acetyl-pyridine NAD
Grade I, NADPH, NADH, GSSG, GSH, ergothioneine,
glucose-6-phosphate, methyl glyoxal, glyoxalase type I,
p-amino acid oxidase (electrophoretically purified), GSSG
reductase, Type III. Sodium formate-*C, 3 mCi/mmole
was obtained from New England Nuclear, Boston, Mass.,
glucose-1-*C (3.2 mCi/mmole) and glucose-6-*C (2.8
mCi/mmole) from Nuclear Chicago. Bacto-latex particles
were obtained from Difco Laboratories, Detroit, Mich.,,
and Chrom-AR 500 silicic acid-impregnated glass fiber
from Mallinkrodt Chemical Works, St. Louis, Mo. Solu-
ene-100 was a gift from Packard Instrument Co., Downers
Grove, Ill. 3-Amino-1,2,4-triazole was obtained from Nu-
tritional Biochemicals Corporation, Cleveland, Ohio and was
recrystallized from ethanol.

Statistics. Student’s ¢ test for paired samples was em-
ployed.

RESULTS

Enzyme activities. The activities of a number of
enzymes suggested by the considerations previously out-
lined in the introduction are indicated in Table I. The
data indicate the vigorous activity of glutathione re-
ductase and peroxidase. The activities of the reductase
and peroxidase were, respectively, 25 and 200 times
more than their activities measured in the rabbit red

Glutathione-Dependent Peroxidative Metabolism in Alveolar Macrophages

TABLE I
Enzyme Activities in the Alveolar Macrophage

Units of

n* activity}
GSSG reductase 3 2.6 +0.18
GSH peroxidase 5 20.0 30.80

NADPH-NAD transhydrogenase 2 146  +6
Glucose-6-phosphate dehydrogenase 3 4.0 =+0.31
D-Amino acid oxidase 10 0.48 +0.07

* n, number of experiments.

} mumoles of substrate or cosubstrate/min per 10¢ cells
+seEM. Complete definition of units and conditions of assay
are given for each enzyme under Methods.

cell. The reductase was specific for NADPH; no ac-
tivity was observed with NADH., The activities of two
other relevant enzymes are indicated in Table I. These
are glucose-6-phosphate dehydrogenase and NADPH-
NAD transhydrogenase. The activity of the transhy-
drogenase was shown to be 2-3 times greater in rabbit
AM than in human leukocytes (20).

Three possible H2O:z-generating oxidases were sought.
No direct oxidation of NADH or NADPH by a cya-
nide-insensitive NADH or NADPH oxidase could be
detected. Initial attempts to measure these oxidases
were patterned after the spectrophotometric method
employed by Cagan and Karnovsky (7) except that
0.16 mM pyridine nucleotides were employed. No ac-
tivity was detectable spectrophotometrically. Therefore
a number of experiments were conducted employing a
Clark oxygen electrode (9) which permitted the addi-
tion of higher levels of both substrate (0.6 mmole/liter
and AM homogenate (up to 1 X 10° cells). No oxygen
uptake was observed in the presence of cyanide when
either NADH or NADPH was added to homogenates
prepared from resting, phagocytosing, or saponin-
treated AM. However, there was definite p-amino acid
oxidase activity employing p-alanine as substrate (Table
I).

Low molecular weight thiols. In view of the pres-
ence of glutathione-dependent enzyme activities, the
content of low molecular weight thiol-containing com-
pounds in the AM was measured. The values obtained,
expressed as mumoles per million cells, for total thiol,
GSH, and GSSG are shown in Table II. The difference
between the values reported for total thiol and GSH
was determined qualitatively to be due to cysteine by
chromatography on Chrom-AR 500 silicic acid-impreg-
nated glass fibre. The absence of detectable ergothio-
neine on the chromatograms of the extracts of AM can
be taken as an indication of minimal contamination of
the AM preparations by red cells (27).

Relationship of glutathione and H:Os to glucose me-
tabolism. The existence of a glutathione system capable
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TasLE II
Low Molecular Weight Thiol Content of Rabbit
Alveolar Macrophages

mumoles/108
Component cells sEmM*
Total thiol 9.77 £1.40 (3)
GSH 5.90 £0.56 (10)
GSSG 0.35 £0.11 (10)

Total glutathione 6.64 +0.50 (10)

(GSH + 2 X GSSG)

* Numbers in parentheses are the number of determinations.

of utilizing H:0s to oxidize NADPH suggests that the
levels of both GSSG and H:0: might regulate the hex-
ose monophosphate shunt since the latter is controlled
by the availability of NADP (28, 29). The effects of
the addition of NADP and/or GSSG on *COs produc-
tion from glucose-1-“C were measured in AM homoge-
nates. The data indicate (Table IIT) that NADP alone
causes a 629% (P <0.01) increase in *COQOs production
while GSSG alone causes an insignificant increase.
However, GSSG in the presence of NADP causes a
further rise in glucose-1-*C oxidation from 162 to 2609,
(P <0.01). Cysteine alone or in the presence of NADP
had no effect.

The effects of H:0s on “CO: production from glu-
cose-1-*C were studied employing pr-alanine and puri-
fied p-amino acid oxidase (DAAO) as an H:Os
generating system. The results, Table IV, indicate that,
while neither the oxidase nor alanine alone affect CO:
production, their combination stimulates COs: produc-
tion nearly fivefold (P <0.001). This increase is in-
hibited by NEM (P <0.001), suggesting a role for a
thiol-containing substance.

Other experiments in which the pyruvate produced
from bp-alanine by this preparation of DAAQO was

TasLE III
Effects of NADP and GSSG on “CO» Production
from Glucose-1-4C

% of control
Additions to flasks* n} +SEM
Homogenate 100

" + NADP 6 162 +5
" + GSSG 4 115 £16
" + NADP + GSSG 6 260 +8
" + cysteine 2 120 =27
” + NADP + cysteine 2 179 +9

measured as the 24-dinitrophenylhydrazone by the
“direct” method of Friedman and Haugen (30) showed
no inhibition by concentrations of NEM up to 0.5
mmole/liter. Thus, the observed inhibition by NEM
of *CO: production from glucose-1-*C by AM homoge-
nates in the presence of pL-alanine and DAAO cannot
be ascribed to an inhibition of DAAO.

Glucose oxidation and GSH levels during phago-
cytosis. The preceding evidence indicates that the
H:Os-stimulated oxidation of glucose-1-*C can be medi-
ated by the glutathione reductase and peroxidase en-
zyme systems. The next studies were designed to
determine whether this sequence occurs in the intact
AM during phagocytosis. The levels of GSH were
measured in extracts of AM after incubation for various
periods of time (2, 5, 15, and 60 min) in the presence
of test particles (S. albus or latex). Reproducible sig-
nificant differences between the levels of GSH in ex-
tracts of resting and phagocytosing AM were not ob-
served. We therefore employed the cell-penetrating thiol
inhibitor, NEM, which is known to bind intracellular
GSH (31).

The effects of increasing concentrations of NEM on
GSH levels and glucose oxidation were examined.
These data indicate a progressive fall in GSH levels in
resting AM (Fig. 1) as the NEM concentration were
increased. At any given NEM concentration, there
were no significant differences between intracellular
GSH content in resting and phagocytosing AM as in-
dicated by Fig. 1. The control values (no NEM pres-
ent) for GSH in the AM in the presence or absence
of killed S. albus were lower than the level reported in
Table II. In these experiments, which were designed
for correlation with the data on *CO: production from
glucose-*C, the incubation volume was 4 ml (approxi-
mately 7.5 million cells/ml). After the incubation, the

TaBLE IV
Effects of an H:0s-Generating System on
Glucose-1-4C Oxidation

% of
control
Additions* nt =+SEM
Homogenate 5 100
" DL-alanine 5 101 +10
" + DAAO 5 98 +9
” + pL-alanine + DAAO 5 476 79
” + NEM 5 44 +8
” + pL-alanine
+ DAAO + NEM 5 104 22

* Incubations were performed as described under Methods.
The concentrations of compounds added to the homogenate
were: 0.03 mM NADP, 30 mM GSSG, and 15 mM cysteine.

1 n, number of experiments.
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* Experimental conditions were as indicated under Methqds.
The concentrations of compounds added to the homogenate
were 37.5 mM DL-alanine, 50 ug DAAO, 0.04 mm NEM.

1 n, number of experiments.
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Ficure 1 The effects of NEM on GSH content in resting and
phagocytosing AM. Average of four determinations, vertical bars
indicate seM. Incubation conditions were the same as those for *CO.
production from glucose-*C, total volume, 4 ml. After incubation, the
cells were sedimented, and resuspended in 1 ml of 0.10 M phosphate,
pH 68 and GSH determined as described in Methods.

AM were reisolated by centrifugation and resuspended
in 1 ml before GSH assay. In experiments not reported
here, the difference in levels of GSH in the AM (cf.
Table II and Fig. 1) could be accounted for by leakage
of both GSH (up to 36% of total) and GSSG (5%)
from the cells into the supernatant fluid. In this re-
spect, AM differ from red cells since Srivasta and
Beutler (32) have shown that only GSSG is trans-
ported out of red cells. The effects of NEM on *CO:
production from labeled glucose are shown in Fig. 2.
There are striking diminutions in the *COs production
from both forms of labeled glucose in phagocytosing
AM. This contrasts with the effects of NEM on resting

GLUCOSE -1-"c

X CONTROL
8

n
o
o

AM where “CO: production from glucose-1-*C is vir-
tually unaffected while there is a diminution of *CO-:
formation from glucose-6-*C.

The inhibition of glucose oxidation by NEM during
phagocytosis may have been due to the specific binding
of intracellular GSH, the inhibition of thiol-containing
enzymes of the glutathione enzyme system, or to non-
specific binding to any or all of the other thiol-contain-
ing cellular proteins.

Evidence supporting the first possibility has been
presented in Fig. 1. The activities of GSH peroxidase
and GSSG reductase in the presence of the same range
of NEM concentration are shown in Fig. 3, which in-

GLUCOSE -6-¢

o—o resting
e—e phagocytosing

NEM mmoles x 102

FiGure 2 The effects of NEM on *CO; production from glucose-1-*C (left
panel) and glucose-6-*C (right panel) in resting (open circles) and phago-
cytosing (closed circles) AM. Data are expressed as per cent of control -
resting values in the absence of NEM. Average of four experiments, vertical

bars indicate SEM.
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Ficure 3 GSSG reductase and GSH peroxidase inhibition
by NEM. AM were incubated in KRPS in the presence
and absence of the indicated concentrations of NEM for
1 hr at 37°C. The suspensions were centrifuged at 1085 g
for 10 min in the SS34 rotor of a Sorvall centrifuge. After
the centrifuge tubes were drained, 1 ml of 0.067 M phos-
phate buffer pH 7 was added. Cell lysis and enzyme de-
terminations were performed as indicated in Methods.
Average of three determinations, vertical bars indicate
SEM.

dicates that both enzymes are inhibited 509, by pre-
incubation of intact AM in the presence of 0.03-0.035
mM NEM.

Further experiments were designed to assess the
relative importance of the other thiol groups, e.g.,
those in the cell membrane and in enzymes not involved
in the glutathione system.

First, the effect of a blockade of cell membrane thiol
groups by the nonpenetrating inhibitor, p-chloromer-

GLUCOSE -1-'¢
4001
300 |
~
o
S
200}
3
»
100
° ey
o Py 8 12

16

curibenzene sulphonic acid (pCMBS), on GSH levels
and *CO: production from glucose were measured.
These results (Fig. 4) indicated a different response
to that produced by NEM. Glucose conversion to CO:
was diminished only at concentrations of pCMBS (0.15
mmole/liter or above) which also produced consider-
able reduction in cell viability, as judged by rapid
staining by eosin. The intracellular GSH content of
resting AM was unaffected by pCMBS in concentra-
tions below 0.1 mmole/liter: Thus, binding of external
membrane thiol groups does not appear responsible for
the effect of NEM on glucose oxidation.

Second, the effects of the two thiol inhibitors on
particle entry were assessed, since diminished particle
entry could explain the decrease in glucose oxidation.
While these measurements (Table V) are only semi-
quantitative, they showed no major impairment of par-
ticle entry in the presence of either pCMBS or NEM
at concentrations below 0.15 mmole/liter.

Third, NEM might interfere with HsO: production
in the face of normal particle entry. However, NEM
did not affect the catalase-dependent H:O: metabolism
(Table VI) as judged by *COs production from labeled
formate (3) even at an NEM concentration (0.1 mmole/
liter) in excess of that which diminished glucose oxi-
dation. Further, employing the catalase inhibitor amino-
triazole (AT), it is possible to demonstrate that NEM
increases the concentration of H:0: in the intact AM.
The data in Table VII indicate that NEM increases
the inhibition of catalase activity by AT. This increase
in catalase sensitivity to AT has been previously shown

GLUCOSE -6-"*¢

4001 o—o resting
o—e -phagocytosing
300_
‘/;*’\4
100 )
o N S
o 4 8 12 6

pCMBS mmolesx 102

Ficure 4 The effects of pCMBS on CO. production. Glucose-1-#C (left
panel) and glucose-6-*C (right panel) in resting (open circles) and phago-
cytosing (closed circles) AM. Data are expressed as per cent of control
resting values. Average of five experiments, vertical bars indicate SEM.
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to be due to an increase in the fraction of total catalase
existing as catalase: H:O: compound 1 as opposed to
free catalase (3, 33).

Finally, the possibility that NEM might inhibit some
enzyme(s) directly involved in glucose oxidation, e.g.,
glucose-6-phosphate dehydrogenase (34), was consid-
ered. However, the stimulatory action of menadiol di-
phosphate on *COs production from glucose-1-“C by
intact AM was unimpaired by 0.1 mmM NEM (Table
VIII). Since menadiol acts as an electron acceptor for
the oxidation of reduced pyridine nucleotides, the ef-
fectiveness of menadiol in the presence of these con-
centrations of NEM suggests that the glutathione sys-
tem is more critically affected by NEM than are the
enzymes involved in glucose oxidation. Further evidence
supporting the glutathione system as an important site
of action of NEM is presented in Table IX. While
NEM produced a substantial inhibition of glucose oxi-
dation by AM homogenates, partial to complete reversal
of this inhibition can be effected by increasing NADP
concentration.

DISCUSSION

The metabolic responses by rabbit AM during phagocy-
tosis include increases in Qo., in *CO: production from
labeled glucose (2, 3), and increased H:0: formation
(3). As indicated in the introduction, the AM are virtu-
ally obligatory aerobes and a major fraction of their
resting Qo, is cytochrome dependent (2, 15, 16). How-
ever it is equally clear that H-O: is formed by resting
and phagocytosing AM (3). The extreme sensitivity of
the AM to inhibitors of oxidative phosphorylation limits
studies of the metabolic responses to phagocytosis in the
presence of such inhibitors, including cyanide. We have
therefore approached peroxidative metabolism in the AM
by direct measurements of the systems potentially in-
volved.

TaBLE V
Effect of Thiol Inhibitors on Bacterial Entry

Number of AM containing the
indicated range of particles

Bacteria
per cell Exp. Control pCMBS Control NEM
1-5 1 10 9 14 10
2 T 12 10 12
6-10 1 29 31 23 25
2 31 27 26 27
>11 1 11 10 13 15
2 12 11 14 11

50 cells were examined in two sets of paired experiments for
each inhibitor. pCMBS = p-chloromercuribenzene sulfonate
(0.1 mmole/liter), NEM = N-ethylmaleimide (0.08 mmole/
liter), bacteria to cell ratio 25:1.
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TaBLE VI
1CO, Production from Formate-*C

Resting Phagocytosing

% of control
100
143 £24*

% of control

168 +18
163 +21

Control
" + NEM

Mean +seM for five experiments are indicated. NEM, 0.1
mmole/liter. A
* This value not different from control, P > 0.05.

Glutathione system. The presence of GSH, GSH
peroxidase, and GSSG reductase in the AM suggest that
the pathways linking noncytochrome oxygen uptake,
H:O: production, and glucose oxidation take the form
indicated in Fig. 5. This scheme is similar to that origi-
nally proposed by Reed (12) for rat PMN. Further evi-
dence for the proposal derives from the potentiation by
GSSG of NADP-stimulated glucose conversion to CO:
(Table III). The scheme is consistent with the effects
of an H:0:-generating system on glucose oxidation and
the inhibition of H:O:-stimulated CO: production from
glucose by NEM (Table IV). Further, the specific ac-
tivities of GSH peroxidase and GSSG reductase (20 and
2.6 mpmoles/min per 10° cells) are sufficiently high to
explain the noncytochrome O: uptake since they are
compatible with the total rates of oxygen uptake and
*CO: production from Ci- and Ce-labeled glucose (2.6
mpumoles Oz/min per 10° cells, 0.04 mumoles COs/min per
10° cells, and 7 pmoles COz/min per 10° cells respectively)
(3), measured with whole resting cells at 37°C.

The evidence that the GSH system exists and that it
can quantitatively explain these metabolic responses is
clear. The direct demonstration of an obligatory re-
quirement for the system is less secure since binding of
GSH or the SH groups of the enzymes of the glutathione
system in an entirely specific fashion is not possible. The
observations that NEM diminishes the “CO: production
from labeled glucose without either gross effects on
particle entry (Table V) or diminution of catalase-de-
pendent H:0s metabolism (Tables VI and VII) is con-

TaBLE VII
The Effects of Aminotriazole on Catalase Activity
in the Presence of NEM
Control NEM AT NEM + AT
0.78 £0.08 0.71 0.10 0.33 £0.07 0.00

Aliquots from the same AM suspension were incubated under
the indicated conditions for 30 min in KRPS before freeze-
thawing and catalase assay as previously described (3). 0.04
mM NEM, 20 mM aminotriazole (AT). Mean =+SE of three
duplicate experiments are indicated. Catalase activity ex-
pressed as milliequivalents of perborate utilized in 5 min (3).
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TasLe VIII
UCO, Production from Glucose-1-4C

% of control

Cells 100
" 4 menadiol 250 +21
" 4+ NEM 73 £12

" 4 menadiol + NEM 270 =21

Mean =+SEM for three experiments are indicated. 0.5 mm
menadiol, 0.1 mM NEM.

sistent with the glutathione system serving as a shuttle
between phagocytosis-stimulated H:0: production and
NADPH-regulated CO: production from glucose.

As indicated earlier, other possible explanations for
the action(s) of NEM have been considered. First, an
action of NEM on external membrane SH groups seems
excluded by the dissimilarity between the effects of NEM
and pCMBS on glucose metabolism. Second, NEM is
known to inhibit the sulfhydryl-containing enzyme glu-
cose-6-phosphate dehydrogenase (34). Therefore, the
possibility that NEM partially inhibits glucose oxida-
tion enzymes and so accounts for the inhibition by NEM
of *CO: production from labeled glucose (Fig. 2) re-
mains a real one, particularly at NEM concentrations of
0.1 mmole/liter or above. However, there are several
reasons .for ascribing the major effects on glucose oxi-
dation to inhibition of the glutathione system by NEM,
particularly at concentrations of < 0.1 mmole/liter.
609% of GSH is bound at 0.08 mmM NEM (Fig. 1).
GSSG reductase is 809 inhibited at 0.08 mmole/liter
and GSH peroxidase is completely inhibited at 0.04-0.06
mM NEM (Fig. 3). These effects of NEM on the glu-
tathione system, particularly on GSH peroxidase, should
be contrasted with the reversibility of the NEM inhibi-
tion of “CO: production from glucose-1-*C by procedures
which increase the NADP: NADPH ratio. In the intact
AM, the artificial electron acceptor, menadiol, stimulates
glucose oxidation equally in the presence or absence of
0.1 mm NEM (Table VIII). In the AM homogenate,

GLUCOSE-6-P NADP".
G6PD~ X
HMP NADPH

GSH

GS REDUCTASE

GSSG

TaBLE IX
Effects of NEM and NADP on “CO, Production
from Glucose-1-*C

NADP
0.03 mMm 0.3 mm 0.6 mm
No NEM 100 213 +48 398 4137 561 3220
+NEM 23 +£8 106 £33 401 £190 650 3306

AM aliquots were incubated at 37°C in KRPS-glucose in the
presence or absence of 0.1 mM NEM for 1 hr, centrifuged at
480 g in Sorvall centrifuge at 4°C (SS34 rotor) for 10 min. The
cell pellet was resuspended in 3 volumes of KRPS, recentri-
fuged, and pellet resuspended in 9 ml of KRPS before homo-
genization and measurement of 1#CQO; production as described
under Methods. Data are expressed as per cent of control;
mean =£SE of four internally controlled experiments are
indicated.

NADP additions can partially or completely reverse the
inhibition of glucose oxidation by 0.1 mm NEM (Ta-
ble IX). Thus, while a complete analysis of the factors
controlling the pentose shunt and glycolysis in the AM is
beyond the scope of .this paper, our studies provide evi-
dence first that the glutathione system exerts an im-
portant influence on glucose oxidation and second that
NEM exerts a major effect on the glutathione system at
concentrations below 0.1 mmole/liter.

The hypothetical scheme presented in Fig. 5 seems
justified by the foregoing evidence. It is similar to H=0:
utilization pathways described in PMN (12-14) with
the exception that GSH peroxidase activity could not
be detected by Baehner, Gilman, and Karnovsky (14).
However, the latter authors do report a rapid nonenzy-
matic oxidation of GSH by H:0.. The scheme also has
analogies with red cells (34), liver (35), and thyroid
tissue (36). A number of additional comments are rele-
vant. First, the relative importance of glutathione- and
catalase-dependent H:O: metabolism (3) is uncertain but
the latter, as judged by formate oxidation (3) is much
smaller than the stimulation of either Qo: or glucose oxi-

0

OXIDASE

H,0, AH,
e—GS PEROXIDASE |+-CATALASE
H,0 A

Ficure 5 Peroxidative metabolic pathways. GSH =reduced glutathione; GSSG = oxidized

glutathione; G6PD = glucose-6-phosphate

dehydrogenase ;

HMP = hexose monophosphate

shunt; AH. represents unknown hydrogen donors for catalase. GS reductase and GS peroxi-

dase refer to glutathione enzymes.
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dation during phagocytosis. Second, phagocytosis by
PMN is accompanied by striking increases in the oxida-
tion of glucose-1-*C as opposed to glucose-6-**C presum-
ably via the hexose monophosphate shunt (4-6). How-
ever, the rabbit AM responds to phagocytosis with
smaller pari passu increases in “CO: production from
both glucose-1-*C and glucose-6-*C (2, 3). These dif-
ferences may derive from the combination of a pyridine
nucleotide transhydrogenase (Table I) and numerous
mitochondria in the AM (17).

H.Os generation. Our previous studies (3) indicated
that AM peroxidative metabolism was stimulated by
phagocytosis of heat-killed S. albus as judged by in-
creased formate oxidation, increases in the fraction of
intracellular catalase existing as catalase: H:0: com-
pound 1 and increased H:O: present in the dialysate from
phagocytosing AM. A recent study by Paul, Strauss,
Jacobs, and Sbarra (37) failed to show increases in H20Oe
in rabbit AM dialysates during phagocytosis of killed
E. coli. The reason for this discrepancy is not clear.
However both studies demonstrate H:O: to be present in
the 45-min dialysates from resting AM, namely 0.59
mumoles/10° AM (37) and 0.1-0.15 mpmoles/10° AM
(3).

The present studies provide some limited information
on the source of H:0. p-Amino acid oxidase activity
has been demonstrated with p-alanine as substrate. The
potential role of this enzyme as an antibacterial agent
has recently been suggested by Cline and Lehrer (11)
who also indicate the difficulties of ascribing all phago-
cytosis-stimulated H=0O: formation to this enzyme in view
of its specificity for p-isomers. This difficulty is accen-
tuated by the fact that both Qo. and glucose oxidation
increase during the phagocytosis of latex particles by
AM.® In spite of the use of a wide range of experimental
conditions no cyanide-insensitive pyridine nucleotide
oxidase activity could be detected.

Significance of the glutathione system. The potential
role of glutathione as either an anti-oxidant or a pro-
oxidant, depending on the experimental conditions, has
been discussed for many years and recently reviewed
(38, 39). Our data indicate the role of the glutathione
system as an intracellular anti-oxidant with respect to
H:O: especially during phagocytosis. It is reasonable to
suggest the possibility that glutathione serves a more
general anti-oxidant role in protecting the AM, a cell of
critical importance in the pulmonary response to inhaled
particles including microorganisms (40). This hypothe-
sis is suggested by the two main considerations. First,
radiation, ozone, high O: tensions (38, 39), and nitrogen
dioxide (41) all generate highly injurious lipid peroxides,
which, inter alia, diminish lysozomal stability (42).

?Vogt, M., R. E. Basford, and J. B. L. Gee. Unpublished
observations.
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Second, the AM possess vigorous GSH peroxidase ac-
tivity and this enzyme can detoxify lipid peroxides in
other biologic systems (43, 44).
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