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OXIDATIVE METABOLISM OF MONONUCLEAR
PHAGOCYTES

T. Rossi, P. Bellavite, A. Dobrina, P. Dri and G. Zabucchi

INTRODUCTION

The process of phagocytosis in polymorphonuclear leukocytes and
in macrophages is assoclated with dramatic changes of oxidative
metabolism. These changes include an increase in oxygen cone
sumption, 1in 072 and uzo2 generation, and in glucose catabolism
through the hexose monophosphate (HMP) pathway (Sbarra &
Karnovsky 1959; Iyer at al. 1961; Rossi & Zattl 1964; Paul &
Sbarra 1968; Gee ot al. 1970; Rossi et al, 1972; Klebanoff &
Hamon 1972; Babior et al. 1973; Curnutte & Babior 1974: Rossi et
al, 1975; Karnoveky et al, 1975; Root et al. 1975). A similar
stimulstion of oxidative metabolism is also induced in the ab-
sence of phagocytosis when the phagocytie cells are exposed to
# variety of membrane perturbing agentsg (Strauss & Stetson 1960;
Grabam et al. 1967; Zatti & Rossi 1967; Rossi et al. 1971;
Patriarca et al. 197)a; Karnovsky 1972; Romeo et al, 1973;
Rapine et al. 1974; Kakinuma 1974; Goetzl & Austen 1974; Gold-
Stedn et al. 1975). These metabolic changes are usually referred
to as 'the respiratory burst' of phagocytes,

It 15 widely accepted that the biclogical significance of the
respiratory burst s that of providing a battery of highly re~
active compounds that can be used for the killing of micro-organ-
isms either in the phagocytic vacucle or in the extracellular
environment. The triggering mechanism of the respiratory burst,
as well as the nature and the localization of the enzyme respons-
ible for the increase of 02 consumption and 072 and H,0, produc-
tion, are still controversial (Xarnovsky 1962; Rossi ot al, 1972;
Patriarca et al. 1977).

It is widely accepted that the first stepin the O2 consumption
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consists in the activation of an oxidase that catalyzes the
univaient reduction of 02 with formatlion of 072. Evidence has
been ocbtained in our and other laboratories that the physiologi~-
cal electron donor for this reaction (s NADPH (Iyer et al. 1961;
Rossi & Zattd 1964, 1968; zatei & Rossi 1965; Patriarca et al.
i371b; Rossi et al, 1972; Hohn & Lehrer 1975; DeChatelet ot al.
1975; Babior et al. 1975, 1976). The main fate of 0%, 18 to
dismutate to H,0, (2072 + 26" f,0, + 0,) either spontanecusly,
With a rate conatant of 1x10° M !sec”! at pH 7.4, or by cata=-
lysis of superoxide dismutase {SOD}, with a rate constant aof
2x107 M lsec”) at pH 7.4 (McCord et al. 1977). Part of the 07
1s released outside the cell or into the phagocytic vacucle,
where it can also dismutate to “202‘ The "202 formed inside the
cell can be degraded by two mechanisms, a catalatic one, in

which soz iz alven back for each molecule of azoz (Hzo2 . HZO +
502). and a peroxidatic one, in which a reduced compound is
oxidized and uzo 18 formed (u202 + an o 2H20 + R}, The main
reactions far HZO2 degradation in phagocytic cells are catalyzed
by NaN3-sensitive catalase and peroxidase, and by NuNJ-xnsensitive
glutathione peroxidase. Par: of the R202 e8capes degradation and
is released outside the cells or into the phagocytic vacuole.

On the basis of the above reactiona, the following con=-
cluslens can be drawn: 1} The Oz consumption that is measurable
during the respiratory burst does not correspond to the total
amount of 0, reduced to 072, since this compound does not accu-
muiate. The stoichiometric relationships between the actual 02
censumed and the O » 9enerated dopend on the mechanisms of H.O

272
degradation and on the amount of H 0, accumulated., If ali uzoz

1s degraded by a catalatic mechanxgm? four 072 are yenerated as
intermediates for one ©, actually consumed. If, on the contrary,
all the peroxide is degraded by a peroxidatic mechanism or is
accumulated, two 072 axre formed for one O, actually consumed.
Thug, the actual stoichiometric relationship between the measur-
able oxygen consumed and the 072 generated as intermediate can
vary between 1:4 and 1:2, the variance depending on the relative
importance of the various reactions for RZOZ degradation. The
variable factor in the ratio 02:0-2 is 02, while the amount of
0‘2 generated does not change, 2) The steady-state rate of 0,
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consumption and 072 and llzo2 generation and recovery, depends
on the activity level of the NADPH-oxidase and on the rate at
which 072 and H,0, are utilized in the coll or released into
the surrounding medium. 1) By using cytochrome ¢, which is
directly reduced by 072. and scopoletin or other compounds such
as homovanillic acid, which are oxidized by "202 in the pre-
sence of horseradish peroxidase, only the amounts of 0~2 and of
H2°2 released outside the cell ecan be measured, 4) The amounts
of 0-2 and Hzo2 that are released depend on the rate of their
formation, the rate of their intracellular degradation, and,
wherever the oxidase is located, the rate of their diffusion
across the plasma membrane.

It is widely known that the stimulation of the oxidative
metabolism in phagocytic cells, measured as 02 consumption and
HMP activity, 1s highly wvariable, depending on cell type, on
the sources of phagocytic cells, on the animal species, on the
type of stimulant used and, in macrophages, on the functional
state (elicited, activated) (Myrvik 1972; Ros2i et al. 1975;
Karnovsky et al. 1975; Nathan & Root 1977; Johnston et al, 1478).
However, the agreatest variability, concerns both the absolute
measurable values of 0, and H,0, and, chiefly, the relation-
ships between these values and the 01 actually conzumed. The
extreme cases of thig variability are represented on the one
hand by polymorphonuclear levkocytes of mammalian species, and
on the other by alveolar macrophages of rabbit and guinea pia.
The enhanced O2 consumption is always associated with a consis-
tent production and release of 072 and 8202 in polymorphs,
whereas none or only traces of these intermediates appear to be
produced in alveplar macrophages of many mammalian species (Paul
et al. 1970; Gee et al, 1970: Klebanoff & Hamon 1975; DeChatelet
et al, 1975; prath & Karnovsky 1975; Biggar et al, 1976; Tsan
1977) .,

To explain this extreme variability, the following hypotheges
¢an be advanced: 1) The assoclation between 02 consumption and
O-2 and H202 generation is nobL a general feature of all the
phagocytlc calls. 2) During the respiratory burst, only a
portion of o2 is reduced, with formation of these intermediates,
and this amount varies in different cell types. 3) In all phago-
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cytic cells the stimulation oF ©, consumptlion is associated
with the generation of 0'2 and 5202’ but in some cells these
intermediatos are degraded as fast as they are formed.

We have reinvestigated these problems in rabbit alveoclar
macrophsges, In this paper evidence is provided that in these
cells: 1) The stimulation of 0, consumption 15 associated with
the generation of 0-2 and 8202. 2) The activities of the
enzymes responsible for the intracellular utilization of 0-2
and “z°z are so high that the actual release of these inter—
medintes is very low. 3) The state of activation induced by BCG
is associated with a greater regpiratory burst and with a
change of the equilibrium between the rate of formation, the
rate of degradation, and the rate of diffusion across the plasma
membrane of 072 and nzoz. 30 that the intermediates are released
into the extracellular medium Lin larger amounts, both as ab-
sclute value and as percentage of the amount generated.

The first part of this paper deals with a comparative study
on the various svents of the respiratory burst in BCG-activated
alveclar macrophages (AM} and in polymorphonuclear levkocytes
(PMNL} of peritoneal exudate. In the second part the differences
between normal and BCG-activated AM are presented.

MATERTALS AND METHODS
Pragaration of the cella

Alveolar macrophages (AM) were obtained by tracheobronchial
lavages with physiological saline from normal rabbits and
rabbits injected intravenously 15 days carlier with 10 mg BCG
(kindly supplied by Istituto Vaccinogeno Antitubercolare, Milan,
pended in 1 ml sterile saline containing 2% Tween 80.
Polymorphonuclear leukocytes (PMN) were isclated from peri-
toneal exudates induced by the injection of 100 ml 1% sodium
caseinate solution, as described elsewhere {(Rossi et al., 1978).
After lysis of the contaminating erythrocytes by a brief hypo-
toni¢ shock, the cells were centrifuged for 7 min at 200 g and
resuspended Ln Krebs-Ringer phosphate (XRP) buffer (pH 7.4)
containing 0.5 mM Cacl2 and 5 mM glucose. Differential counts
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were carried outr on May-Grinwald-Giemsy stained smears. The
cell preparations from normal animals contained 90-%8% macro-
phages and those from BCG-infected animals 82-80%. These latrer
Proparations showed more heterageneity in cell 8ize, cells with
basophilie Cytoplasm, and 2~ 44 giant multinuecleated colle,

The contaminating granulocytes amounted to 1-3% in both Am pre-
parations, The peritoneal exudates Contained BS-95% pMmy,

Metadolic assays

Oxygen consumption was measurod polatoqraphtcally with a Clark
type oxygen electrode a8 previously described (Romeo et al,
1973b) .,

Hydrogen peroxide wWas measured fluorlmotrically by the con-
version of the non fluorescent compound 3—melhoxy-4-hydroxy-
phenilacetic acid (homovanillie acid, HVA) to the highly flup-
rescent 2,2‘-d1hvdroxv—3.3'-d1n¢toxydiphen11—5.5'-diacetic acid,
catalyzed by horseradish pPeroxidase (HRP) in the bresence of
H2°2' Two experimental Procedures were employed: with the first,
the accumulated 8202 was measured in the Supernatants of samples
withdrawn from the electrode vessel where Oxygen consumption

were added to a Spoctrophotoflucrimetric cuvette containing
2.5 ml XRP, 0.p2 mM HVA, and 20 49 HRP, and the increase in
fluerescenceo was compared with appropriate standards of n20
This procedure was employed for the Hzo2 determinations re-
ported in the columns I and II of Tahle I. In the second proce-
dure, HVA (0.8 mM) and HRP (20 #9/ml) were included in the in=-
cubation mixture where oxygen consumption was balng continuously
recorded, and the fluorescence developod wag measured in the

2t

eémployed (n the other experiments. The kinetie pattern of nzo
release during the respiratory burst Was also monitored by

recording the increase in flucrescence with a CGA model DCIN00
spectrophotofluorimeter,
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Superoxide anion was measured by the superoxide dismutase
(S0D)-inhibitabie reduction of cytochrome c in samples with-
drawn from the slectrode vessel 4 min after the addition of the
stimulatory agent (Dri et al. 1978). The determinations wers
carried out in reaction mixtures from which HVA and HRP were
omitted. This was done Lo prevent the re-oxidation of reduced
cytochrome c by HRP in the presence of “202 released by the
cells.

2 and Hzoz released
from AM given in the Tables throughout the paper arec given
after subtraction of the values of contaminating PMN.

The production of l"COZ from 1-'%C-glucose was determined as
described previously (Romeo et al. 1973b).

All values for 02 consumgtion and for O+

Enzyme assays were performed on total homogenate of cells,
or 100,000 g pellet, or supernatant, ss indicated in the Tables.
Superoxide dismutase activity was assayed according to McCord
et al. {1977), catalaae activity according Lo Bellavite et al.
(1977), glutathione peroxidase and reductase according to
Gennaro et al. {19783), peroxidase activity according to Romeo
et al. (1373¢), and glucose~6-phosphate dehydrogenase according
to Patriarca et al. (1973).

RESULTS AND DISCUSS1ON

U, consumption and o

3 and nzo

ralgage from PMN and BCG-activated aN

2 2

The results concerning O, consumption and ©-., and H.0, releasc
paiens-

by rabblit PMN and BCG-activated AM during phigocytoiii arm
presented in Table 1. The data in column [ show that in PMN the
respiratory burst is associsted with a consistent release of 072
and of H,0,, whereas the respiratory increment of AM is accom-
panied by the release of only a small amount of O+, From the
values for 072 and H202 released by both AM and BMN it appeais
that the stoichiometric relationship between the amount of 0
and that cf H,0, does not correspond to the expected stoichio-
metry of 2:1, as indicated by the reaction of dismutation. In

fact, since the released 072 dismutates Lo Hz 2¢ the expected

o
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value for H202 In the extracellular medium of PMN and AM should

he at least about 57 and 2.2, respectively. This discrepancy
can be explained by the procedures employed for the measurement

of the two compounds. 07, was measured by adding cytochrome ¢

2
at the beginning of the respiratory burst. Under these condi-

tions the free radical is trapped as soon as it is released from
the cell, H202. on the contrary, was measured at the end {4 min)

of the recording of O, consumption, i.e,, by withdrawing samples

from a separate e\ectiode chamber {(containing no cytochrome o)
and by adding HRP and HVA, Thus, with this system only the
amount of the peroxide that escaped degradation was measured,
When the respiratory burst pccurs in the presence of NaN]
{column ILl), which inhibits catalase and peroxidase, the actual
amount of 02 copsumed is associated with an almost stoichio-
metric accumulation of M?O2 in PMN, whereas only traces of the
peroxide become measurable in AM. Tt is worthwhile to point out
here that in this condition the staichiometric relationship
betwean 02 and H202 in PMN indicates that about 70t of the
peroxlide derives from intracellular socurces and about 30% from
dismutation of the released 0+
almost all of the H,0,
adding HRF and HVA tc the incubation medium to trap the peroxide

05

2 In AM in the same conditicn
15 degraded. When H?02 is measured by

as it is released or formed from 072, a definite amount of H2

becomes detectable in the AM suspending medium {column IIX).

Comparison of the amounts of O, actually consumed and of

2

H202 measured makes it evident that the percentage of consumed
0, recovered as Hzo2 ig very low in AM and very high in PMN.

These results clearly indicate that the main mechanisms for H201
degradation involve Naﬂj-senstLVe reactions (catalase and
peroxidase) in PMN and NaN_-insensitive reactions {glutathione

3
peroxidase) in AM.

This group of results permita us ta draw the following con=-
cluaions: 1) The use of appropriate devices makes it possible to
show that AM too are able to release 0,0, during the respiratory
burst; and 2} in any case, the amount of the peroxide detectable
outside the cells represents a very low percentage of the 0,

actually congsumed.
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Table 2. Enzyme activities in rabbit PMN apd BCG-activated AM

Py (8) aMo(B)

€7187 Speciflic azen? Specific

ut/107 cells activity 0*/107 cells activity
o GEH-paroxidase 6.2 4 1.8 36.5 53.0 ¢ 137.0 Q4:,2
0 GESG-reductase 5.1 ¢ 0.7 0.0 52,72 4.0 7.1
o Catalarse 9.8 ¢ 3.0 2841 262.0 * 31,0 RETOR
& Peroxidasse 323.0 ¢ 125.0 974.8 20.4 » 3.0 19.4
o sop 1.3 ¢+ 0.2 2.5 9.4 1.7 4.6

Values are moans : SBM. The number of expariments s given in parentheses.
0 = measured (n 100,000 q supernatant, 4 = measured in 100,000 g pellet,
B« neasured in total homogenata,

* mmol NADPM/min for GSH-peroxidase and GSSG-reductage, umol 1120&/:1:5 for
catalase, nmol tetraguaiscol/min for peroxldaze. One unit of‘s roxide
digmutase (SOD) is the amount of enzyme that causes a decrease of 0,0125
OD/min in the reduction of cytachrome c.

Activitias of the enzymes rosponsible for G
and SCG-activated AN

2 and Ilzo2 degradation tn PMN

The difference betwoen the release of 072 and f,0, in PMN and in
AM prompted us to investigate the activities of the reactions
involved in the intracellular degradation of these intermediate
products of 0, reduction, The resulta {n Table 2 show that the
activity of glucathione peroxidase, glutathione reductase,
catalase, and superoxide dismutase is higher in AM than in PMN,
whereas the peroxidase activity is higher in PMN. The pattern

of the enzymatic aclivities indicates that, compared to PMN, AM
havae very active mechanisma for H202 degradation. Since catalase
usually has a low affinity for Hzo2 and the activity of peroxi-
dase is very low, it is likely that the main mechanism of H202
utilization involves the activity of glutathione peroxidase
coupled with that of glutathione reductase (glutathione cycle),
This 15 in agrecment with the data presented by others (Vogt et
al, 1971),
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Yég. 1, ERifect of bacf.gﬁa or Halyadditicn on the
€O, production from 1 '*C glucoss by rabbit PMN and
BCG-activated AM., Assay medium:3x10°% cells (n 1 ml
KAP containing 0.5 oM CaCl,, 0.2 nM Glucosd and 0.2
Kt 1- % glocose. oOpsonizdd Bacillus mycoides were
uced a5 stimulatory agent (ratio cell/bacteria, L/100).
Vertical bars indicate the SEM. R=resting calls,
B = colls plus bacteria.

min
01 2 3 ¢ 5
X

%5 nmoles Ky0,

2 AM
2x106 AM i

) ]
B.mycoides ce B.mycoldes

Fig, 2. Spectrophotofluorometr e assay of H o:)2 production
by BCG-activated AN during phagocytosis in r.gn absence and
in the presente of cytechalaging. Assay medium: 2.5 rml Xnp
containing % mM glugose, 0.5 me Cacl e 0.02 ¥ WV, 20 pg
HRP, and 2 m# NaM,. Ratio cell/bactefia 1/100. Ca & ug/mi,
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The utilization of "202 via the glutathione cycle ia coupled
with an increased activity of the HMP pathway. On this basis
the efficlency of the glutathione cycle can be investigated by
measuring the effect of externally added Hzoz on "‘co2 produc-
tion from 1-'“C-glucose, which in these cells indicates the
rate of glucose oxidation via the HMP pathway. The results in
Fig. 1 show that the HMP-stimulatory effect of excgencus "202
is much greater in AM than in PMN. Furthermore, in AM the
intensity of the stimulation of the HMP pathway activity by
C.05 mM Hzoz clogely approximates the maximal stimulation in=-

duced by phagocytosis.

Effect of cytochalasin B on the respiratory burst of ROG-induced AM

The results presented above ralse the problem of whether the
small percentage of H202 accumulated represents the total amount
that 1s formed or the amount that escapes the intracellular de-
gradation. To investigate this point, we treated the cells with
cytochslasin B (CB), which increases the release of lysosomal
enzymes and 072 by phagocytic cells during the respiratory burst
(Zurier et al. 1973; Goldstein et al. 1975; Roos et al., 1976:
Root & Metcalf 1977). Fig. 2 shows the spectrophotofluorametric
recording traces of H202 production in Nauj-trcatod AM during
phagocytosis. It can be seen that CB markedly reduces the lag of
fluorescence increase, which means that this drug increases

the rate of the release of uzoz or of LLs precursor 072 through
the plasma membrane. It is worth pointing out that CB inhibits
phagocytosis and reduces the intensity of the associated respir-
atory burst (Malawista et al. 1971; Romec et al. 1977; Root &
Metcalf 1977).

In an attemptto acguire more Lnsight into the effect of CH,
we carried out simultaneocus measurements of 02 consumption and
O-2 and H,0, production by PMN and AM in the presence of CH. The
data in Table 3 show the following. 1) By inhibiting the rate of
phagocytosis, CH induces a decrease in the intensity of the sti-
mulation of oxygen consumption in both PMN and AM. 2) CB en-
hances the release of 072. In fact, despite a decrease in the
total amount of 02 univalently reduced, as shown by the decrease
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Table 3. 0, consumption and 072 and H,0, release by phagocytesing
rabbit PMN and BOG-activated AM In the absence and in
the presence of cytochalasin B

CB
N () AN (6} PHN (3) M o(4)
o, 203.6 + 29.4 1.3 1 (2.8 79.3 + B.7 8.1+ §.7
(18,8 ¢ %.4) 1101.3 4 12.4) 1 60.3 ¢ 18.4) (116.1 + 16.0}
o'-2 105.9 £ 20.7 6.0 5 1.4 114.9 ¢ 15.3 24.5 ¢+ 9,
{ 9.2+ g.1) (o) (247 ¢ 0.4) | .22 13.1)
1,0, 163,0 & 25,2 7.1t 1.9 77.4 ¢ 20.8 9.6+ 1.7
( 7.8+ 3.8 10 (29.4x 4.5) ( 3.6+ 2.6)
Percentage 0? £0.0 10.9 9.6 25.0
recovered
as Il.‘,o2

The differences becween phagocytoaing and resting cells are reporzed. The
values ara expressed as nmol/4 min/1,5x107 celis & SeN. Reating values are
given in parentheses, ror aseay conditions, see¢ Table 1. 5 ug/ml CB, 2 mM
Han

T

in the measurable O2 consumed, the amount of 072 raleased is
markedly increased in both PMK and AM. 3) CB also increases the
amount of “z°2 measurable in the extracellular medium, In AM
the percentage of O2 actually consumed recovered as Hzo2 rises
from 10 to 25% in the presence of CB, whereas in PMN the amount
of "202 fecovered in the extracellular medium ig virtuwally egual
to all the O2 consumed, 4) When CB is present, the stoichic~
metric relationship between 0-2 and Mzo2 in AM Indicates that
ali 8202 formed in the extracellular medium derives from dis-
sutation of the 0-2 released. In PMN, CB alsg changes the
stoichiometric relationship between o-2 and H202 released. When
the drug is absent, the amount of nzoz deriving from the dis-
mutation of the released 072 is about 30%, whilé in the pre-
sence of CB is about 70%. This indicates that the offect of
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CB on the release of these intermediates is not due to total
or partial inhibition of vacucle formation, but to an in-
creased rate of diffusion of 072 across the plasma membrane.

Apart from the mechanisms by which CB causes these effects,
which are in agreement with the findings of others (Roos et al.
19765 Root & Metcalf 1977), the results of this set of experi-
ments indicate that the type of the respiratory burst in AM
is similar to that of granulocytes. In other words, the uni-
valent reduction of oxygen followed by formation of H202 is
operative and substantial in AM as well.

In an attempt to get a better insight into the etffect of CB,
which by inhibiting the phagocytic act reduces the respiratory
increment, we employed a soluble stimulatory agent, the lectin
concanavalin A (Con A).

Fig. 3 shows the spectrophotofluorometric recording traces
of “202 production 1in NaNJ-trented AM during the stimulation of
the metabolism by Con A. Con A alone induces a very slight
increase in fluorescence, thus indicating & very small release
of 5202 {trace A), When the lectin i% added to CB-treated AM, a
very rapid and marked increase in fluorescence takes place,
which indicates that under these conditions a substantial
amount of peroxide is recovered outside the cells (trace B).

A similar effect is cbtained when CB is added after Con A
{trace C).

The amount of H70, measured in CB-treated AM was unexpected-
ly high compared with that detected in the experiments pres-
ented above. This fact prompted further experimeénts in order to
investigate the effect of CB on all of the events of the respir-
atory burst induced by Con A. Datsa obteined by the simultaneous
measurement of oxygen consumption, 072 and H202 given in Table 4
are following: 1) Con A amlone induces increased oxygen COnsump—
tion in association with a consistent release of ofz and H,0, in
PMN, whereas in AM the amount of the intermediates is markedly
lower. The relationship between the 02 consumption and the
release of the Intermediates {5 similar to that observed when
the stimulation is induced by phagocytosis {Table 1}. 2) In both

PMN and AM, CB markedly enhances the activation of oxlidative

metabolism triggerad by Con A, measured as 0? consumed and 0:2
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¥ig. 3. Bpectrophotofiuorometric assay of uzo
production by BOG-activated AM stimulated by csn-
canavalin A in the absence and in the prasence of
cytochalasin B. For experimental conditions, see
Fig. 2. Concanavalin A 100 ug/ml.

normat AM i
‘ r N T T m“"‘ al
4 2 3 L
BCG~
activated

B.mycoides

¥
L5 n moles 0y

Fig. 4, Polarographic assay of O, consumption by
nornal and BCG-activated AM during phagocytosis.

Assay medium: 2 ml KRP containing 1.5x107 cells, '
5 glucose, and 0,5 mM CaCl,. Ratio cell/bacteria

1/100 . A
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Table 4. O, consumption and 072 and 1,0, release by rabbit PMN and

BCG-scrivated AM stimulated hy concanavalin A in the
aboence and presence of cytochalasin 8

Con A Con A + CB
PMN () Mo(4) PMN (2) AN (4}

02 52.6 ¢ 17.8 4.3 £ 5.7 106,3 * 10,4 75.6 * 6.9

(18.6 ¢+ 5.4) (101.3 t 12.9) ( 60,3 & 16.4) (116.1 * 16.8])
072 30,3 ¢ 11,9 3.7t 1.8 98,1 ¢+ 41.) 8.4+ 9.8

1 9.2+ 8.1) (] | 24.7 ¢ 0.4) ( 6,22 3.1)
5207 37.6 + 21.4 2.3 2158 23,4 2 42.7 1.8+ 2,2

( 7.6+ 3.5 (o) (29,4 ¢ 4.% | 3.6+ 2.6)
Yercentags 02 7.5 8.6 B87.8 44.7
racovared
as 3202

The differences betwesn concanavalin A-treatedand resting celle are reported,
The values are expressed as nmol/4 min/i.5x107 cells * SEM. Rexting values
sre given in parenthesas, For assay conditions, see Table L. 5 ug/nl CH,
10G wg/ml concanavalin A and 2 mM NaNJ.

and H202 formation and release. These results clearly suggest
that the increased amount of O'2 and uzoz detected in the extra-
cellular medium (s due to a double effect of CB. The first of
these cffects is a potentiation of the stimulatory activity of
Con A with increased generation of 072 and “202‘ The mechanism
by which CB induces this atimulation is unknown. Tt should be
pointed out here that CB does not modify the &mount of Ip-label~
led lectin bound to the surface of the cell (data not shown).
The second effect consists In an increased availability of both
of the intermediate products of oxygen reduction in the extra-
cellular medlum. Under these experimental conditions the amount
of Hzo2 measured in the extracellular medium reaches a value
close to 50% of the 02 actually consumed. The mechaniss under-
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Table 5, Percentage of C, recovered as H. 0, in BOG-

2 272
activated rabbit AN during the respiratory

burse induced by phagocytosis and concana-

valin A
Phagocytosis Con A
6.5 1 2.8 {4) 0.3[0-0.61 14}
. an) 8.9 2.0 (W) 5.8 £ 2.8 16)
* NANJ + CB 25,7 £ 1.7 {4) 44,7 £ 7.4 16}

Table 6. Ingestion of bacteria {Bacillus mycoides) by
normal and BOG-activated rabbit aM

Normel BOG- BCG-activaced
Horuml + NAN, activated + Nauz

Percentage macrophages 97 o4 6 96
containing bacteria

Avaerage number of bac- 10 11 10 11
teriajcell

Percentage cells con- L] \7 12 10
taining 2-4 bacteria

Percentage cella con- 55 0 52 42
talning 5-10 bacteria

Percentage cells con- 37 51 36 48

taining > 10 bacteria

—

Por experinental derails see text,
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lying this increased availability might be related to an in-
creased rate of diffusion (permeability) of 072 and of H,0,
through the plasma membrane, or to their production at sites
less accessible to enzymes active in their degradation, or to
an Inhibition of some of the mechanisms of their degradation.
The latter possibility is unlikely, because, as we have seen, CB
does not modify the activities of 50D, catalase, peroxidase,
glutathione peroxidase and reductase, as measured Ln the appro-
priate cell fractlans.

Although we need further investigations to clarify the
mechanisms by which CB causes this double effect, the results
obtained with this experimental model, that is, Con A plus CB,
show that in AM too a respiratory burst can oceur in which the
values of the various parameters (oxygen consumed, 072 and H202
released) and their guantitative relationahip lie in the range
of the values obtained in the granulccytes of the rahbit and
other mammalian species.

The results presented sc far can be summarized as follows:

1) The respiratory burst in BCG-induced AM is associasted with
the production of 072 and H,0,. 2} In these cells the eguilib-
rium between the rate of formation of these intermediates, the
rute of their degradation, ané the rate of their release is

such that, under physiclogical conditions, only small amounts of
072 and "202 are released outside the cells, This eguilibrium
can be modified by appropriate experimental conditions, and the
intermediates can be released at higher rate. Table 5 gives the
percentage of 02 actually consumed recovered as Rzo2 during

the respiratory burst induced by phagocytosis and by Con A under
various conditions.

The respiretory burst in normal and (n BOG-induced AN

It is known that the activated state of macrophages is sssoci-
ated with a greater stimulatiorn of HMP during phagocytosis
(Myrvik et al, 1972; Romeo et al. 1974; Karnovsky et al. 1975;
Rossi et al. 1975). The polarographic traces of 02 consumption
during phagecytosis (Fig. 4) show that in BCG-activated AM

the rate of oxygen uptake is also higher than in their normal
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counterparts, Since this Aifforence could be due ta a nigher
rate of and capacity for ingestion of bacteria, we measured the
ingestion of bacteria by normal and BCG-activated AM. The
measurements were carrled out on samples of cells withdrawn
from the chambers of the oxygen electrode during the recording
of the respiration and stained according to May-Grlinwald=Giemsa.
The results presented in Table 6 clearly show that under these
conditions the rate of phagocytosis Ls gimilar in normal and
BOG-activated AM. Thus, the greater gstimulation of o2 consump-
tion by BCG-induced AM reflects an enhanced metabolic perturb-
ability of these cells during phagocytosis,

rable 7 shows comparative data on the 02 consumption and the
0-2 and H202 reiease by normal and BCG-induced AM, In the lat-
ter cells the amount of O+, and H,0, recovered in the extra-
cellular medium during thnhrespxr;L;ry purst 15 higher than in
the former cells., This finding is confirmed by the kinetic ana-
lysia of "202 rolease from normal and pCG-activated AM during
the respiratory burst induced by Alfferent stimulants and in the
presence of CH (Fig. 5}. The spectrophotof)uorometric Lraces
show that in normal NaN3-treatcd AM, nzo2 is only measurable
during the respiratory burst induced by bacteria or by Con A
when CB is present. In BCG-activated AM, howaever, u202 is re-
Jeaged under all of the conditions of stimulation, in both the
absence and the presence of CB. It is worth mentioning that the
amounts of 072 and H,0, released are higher in BCG-activated AM,
both as absolute values and in relation to the amount of 0, ac-
tually consumed. The data in Table 8 summarize this phenom;non
with respect to the release ol uzoz.

The results presented so far indicate that compared with
normal AM, BCG-activated AM show a larger resplratory burst and
a higher release of 0:2 and "202 {into the extracellular medium.

To understand the reason for the dilferent release of O-,
and H202 in the extracellular envircnment, we compared the )
activities of the enzymes responsible for the intracellular
degradation of the two intermediates in normal and BCG-activated
AM. The data presented in Table 9 show that there is a marked
difference between the enzyme-activity patterns of normal and
BCG=activated AM. In the latter cells the activircy of gluta-
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noemal AM BCG-activated AM,
2x10P cells 2x105 colis
R P
] [}
B.avycoides B.mycoides
ce B myeolde; cB Bmymdu
Con A
4‘__)———/ & Tnmate Ha0;
A
. COA ¢s cin 0746 mn

Fig. 5. Spectrophotofluorometric assay of B O, pro-
duction by normal and BCG-activated AM smufaze
Bacteria and concanavalinA in the absence and in the
presence of cytochalasin B. For experimental condi-
ticns, see Figs 2 and 3.

a0k 4 Normal PMN (Gexp)  BCG-activated AM (Texp)

cpm x10'3/nCi /w’:m;/ﬁ min

O

Fig. 6. Effect of bacteria or asdition on the
“Coz production from 1-14e¢ uluc&d by norsal and BOG-
activated aM. Por experimental conditions, sea Fig, 1.
R = resing celle. B = cells plus bacteria.
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Table B, DMarcentaga of 02 recovered as uzo! in normal and BCGractivated

rabblt AM during the respiratory burst induced by phagocytosis

and concanavalin A

Normal HBiG~activated
Phaqocytosls Con A thagooyrosis Con A
0 14) 0 (5 £.5 £ 2.8 {4 0.300-0.61 (4}
* HaN 0.6(0-2) (4 a (5)- B.% = Z.0 (9) $.8 « 2.8 (6}

3
+ MAN’a +CE 4.5 = 2.5 (4) 26.2:8.9 (9) 25.8 = 7.7 (4} 44.7 £ 7.4 (8)

Table 9. Enzyme activities in rabbit normal and BOG-activated AM

Normal (5) BOG-activated (8)

a7in? Specific . 2 Specilic

u*/107 cells activity u*/10° cells activity
0 GaSH-paroxidase 254.2 ¢ 36,0 306.2 7%3.0 t 137.0 941.2 P <0.0t
0 GE5G~reductase 36.4 ¢+ 4.8 A6.2 52,7 ¢+ 4.0 57.1 p <C.025
0 Catalase 313.5 £ 12,0 368.8 262.0 £+ 31.0 340.2 L=
& Paroxidass 62.8 ¢ 1%.2 69.8 0.4 ¢ 3.0 19,4 p <0.05
0 s0D 16.3:¢ 3.} 9.0 9.4 ¢ 1.7 4.5 p <0.08
o GeEP-DH 197.3 ¢ 34,5 234,98 459.0 ¢ 73.2 533.7 p <a.0)

The maan ¢+ SEM is reported, The nunber of experiments is given in parenthases.
o = peasered in 100,000 g superpatant, A = measured in 100,000 g pellet, O =
measured in total homogenate. The significanceof the differences was calculated
according to Student's C-rest,

* amol WADPH/min for GSH-percxidase, GSSG-reductase, and GHP-DH, mol H,0,/min
for catalase, nmol tetraguaiacol/min for peroxidase. One unit of supefokida
dlsmutase (SCC) s the amount of enzyme that causes a decreasze of 0.0125 00/
min in the reduction of cytochrome c.
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Table 10. Extra respiration and 072 and 8,0, release in NaN -troated BOG-

Activated AM during the respiratory buyst fnduced by phagotytonis

and concanavalin A in the ab and pr of Cc3
Phagucytosing Con A-treated

{6) CB (4} (4 cB 14}

Extra 02 Cansurng- 7.3 L 12,8 ja.l £ 8,7 24.1) t 5.7 7%.6 * 6.9
Tion

of2 6.02 1.5 24.5 4 9.1 3.7 4 1.8 484 + 9.8
1,0, 7.1 1.9 9.6 £ 1.7 2.1 1.5 33.81:2.7
uzoz darived from 3.0 32.2% 1.85 24.3

dismutation of

072 released (nmoles)

The values are given as nmol/4 min/1.5x107 cells. For assay conditlons, see
Tahles | and 4.

thicne reductsse and, particularly, of glutathicne percxidase,
are higher and those of peroxidase and superoxide dismutase are
lower than in normal AM. This pattern indicates thatl BCG-induced
celis are endowed with a yreater capacity to degrade “zoz' mos b=
ly by the glutathione cycie, and have a lower capacity ta cata-
lyze the anzymatic ﬂismu:atan of 072. Furthermore, we da not
xnow whether the ohserved enzymatic activities reflect an actual
difference in the total and in the relative capacity of the
cells to utilize 072 and "202' However, the higher stimulation
of HMP pathway activity by exogenous H202 in BCG-Lnduced AM
(Fig. 6} indicates that, at least under conditions of overloag-
ing, the glutathione cycle is more efficient in the activated
cells than Ln the normal cells,

The observation that BCG-activated AM release more 9202
during the resplratory burst, in spite of the greater efficiency
of the glutatbione cycle, deserves some comment. At first sight
it would appear that in these cells the activity of glutathione
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peroxidase (3008 increase; Table 9) should counteract the higher
generation of the peroxide due to the greater respiratory burst
(50% increase; Table 7). Some hypotheses can be advanced to
explain this discrepancy: 1) Tt is likely that in BCG-activated
AM the rate of dismutation of 072 catalyzed by SOD 1s inadequate
with respect to the ecnhanced generation of the radical. This
nypothesis is supported by the fxpding that. the release of 072
is also higher in these cells during the respiratory burst.
Furthermore, if the intermediate that escapes the degradation

is mostly O%,, a consistent amount of H,0, found in the extra-
cellular environment should derive from the spontancous dismuta-
tion of the released 072. This seems to be the case (Table 10},
2) A second explanation, which does not rule out the first, is
that the glutathione cycle 1s actually unable to cope with the
higher rate of H 0, generation during the respiratoxy burst.

In fact, despite a high activity of glutathione peroxidase, the
actual efficiency of the glutathione cycle is controlled by the
activity of the key enzyme glutathione reductase, whose activity
i1s only slightly incressed in BCG-activated AM. Furthermore,

the increased activity of the NADPH oxidase during the respir-
atory burst may compete for NADPH with glutathione reductase,
and this represents another limiting factor for the activity of
the key enzyme and hence for the efficiency of the glutathione
cycle. 3) Finally, it could not be excluded that a modificatiocn
of the plasma menbrane takes place in BCG-activated AM, re-
sulting in a higher rate of diffusion of 072 and of “202' This
hypothesis could be consistent with the finding that in the ac-
tivated cells the greater release of 072 and of 5202 0CCurs
independently of their maximal rate of generation as, for example,
when the intensity of the respiratory burst induced by bacteris
is decreased by CA,

Apart from these explanations, which at present are conjec-
tural and reguire further investigation, the data presented show
that the state of activation induced by BCG in alveolar macro-
phages is associated with: 1) an increased stimulation of the
oxidative metabolism; 2) a modification of the egquilibrium
between the rate of formation, the rate of degradation, and the
rate of diffusion #cross the plasma membrane of 072 and of Hzoz.



1210 ¥, Rossi et al.

such that these intermediates are released into the extracellu-
lar environment Ln higher amount both as absolute value and as
compared to the amount of oxygen actually consumed., These
modifications indicate that, although the release of 072 and
Hzo2 is extremely low compared with that oceurring in other
phagocytic cells such as PMN, the efficiency of the bactericidal
and cytocidal mechanisms linked to the respiratory burst is
greater in the activated macrophages than in normal AM.

SUMMARY

The respiratory burst of rabbit AM is associated wlth the forma-
tion of superoxide anion and hydrogen peroxide, In normal cells
these intermediates are not released, owing to the high effi-
ciency of the Intracellular mechanisms for their transformation
and deqradation. When appropriate devices are used in vitro a
small amount of both superoxide anion and Hzoz will be released
into the extracellular envirenment.

The state of activation of AM induced by BCG 15 associated
with an enhanced metabolic perturbability, In activated AM the
greater respiratory burst (s also accompanied by & modification
of tha equilibrium between the rate of formation and the rate of
degradation of the intermediate products of oxygen reduction,
and as a result, during phagocytosis part of the intermediates
is released intoc the extracellular environment in higher amounts,
both as absolute values and as percentage of the amount generated.
Thus, the process of activation of AM Incresses the efficiency of
the bactericidal mechanisms linked to the respiratory burst.
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