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PROLOGUE 

Voluminous literature exists on the mechanisms by which cells and tissues are destroyed 
in infectious and inflammatory sites. Microbial toxins,’ their enzymes‘ ’ and cell-wall 
components,“’ I’ leukocyte and platelets-derived hydrolases and oxy4en radicals,” I ’  

cationic polypeptides,Iy A arachidonic acid and metabolites, cytokines,-’.” coagulation 
factors and fibrinolysin,” cytotoxic antibodies and complement components,2K nitric 
oxide.” platelet activating factors,”’ killer lymphocytes,” as well as additional, still 
undefined, agonists have all been incriminated as putative agents capable of injuring 
cells. Special attention has, however, been devoted in the last decade to the role of 
reactive oxygen species (ROS)” as the main agonists responsible for causing tissue 
destruction in inflammatory conditions. Todate, over 100 human disorders have been 
connected with an excessive generation of ROSi7.’4.i5.’2 47 

The pivotal role played by leukocyte-derived ROS, in cellular injury, was often 
supported by showing that their removal ameliorated and even totally prevented the 
initiation of cellular damage (see below). The exact nature of the ROS involved in the 
initiation ofcellular damage is, however, still controversial. While superoxide has been 
advocated as the main toxic oxygen radical,’’ HzOz, OH. ROO., NO and additional 
more exotic radicals were considered to be the main  culprit^.'^ ”.” 47 Screening the 
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490 I .  GINSBURG A N D  R. KOHEN 

voluminous literature on the role of ROS in cellular injury suggested, however. that 
theseagents. alone. might not beable to reproduce thecomplexevents which contribute 
to tissue destruction and that a "cross-talk" (see 47) among ROS and additional 
proinflammatory agonists (multiple synergism) might possibly be the main cause of 
cellular damage in inflammatory and in infectious sites. 

A support for this hypothesis stems from studies showing the ability of certain 
agonists (LPS, cytokincs) to "prime" leukocytes to secrete excessive amounts of ROS 
upon stimulation by additional agonistsJX.'' and from studies on the mechanisms of 
cellular damage induced by catalase-negative haemolytic streptococci"' and by other 
toxigenic 

There are striking similarities between streptococci and activated phagocytes. Both 
cell types secrete numerous extracellular hydrolases and membrane-damaging agents 
which allow them to depolymerizc the extracellular matrix and the inflammatory 
exudates and to freely migrate in tissues. Both phagocytes and streptococci possess 
adhesion molecules, Fc receptors for immunoglobulins and receptors for complement. 
These facilitate adherence to surfaces of targets and the delivery of toxic agents without 
the interference of inhibitors present in body fl~ids.'~.' '  Most importantly, however. 
both cell types also generate large amounts of H2Oz (see ''.J5.50). 

In  1959 i t  was demonstrated" that H?O?-producing group A streptococci which also 
possessed a potent cell-bound hemolysin (streptolysin S), induced membrane-permc- 
ability changes in Ehrlich ascites tumor cells. Such injured cells were disintegrated by 
the addition of sub-toxic amounts of a streptococcus thiol-dependent proteinase ( a  
synergistic phenomenon). Similarly, streptokinase-activated human plasmin also dis- 
integrated tumor cells which had been injured by complement-dependent cytotoxic 
antibodiw5? These studies suggested that proteinases could amplify cell damage 
initiated by membrane-damaging agents (a true synergism). 

Therefore. the possibility that by analogy to streptococci, activated phagocytes 
might also injure target cells by employinga well-orchestrated "cross-talk" among their 
secreted agonists, is plausible. 

The purpose of the present review is, to discuss those publications which have 
described the role played by combinations among ROS and additional putative 
proinflammatory agonists (microbial hemolysins and ampiphiles, cationic proteins, 
proteinases, phospholipases, fatty acids, cytokines, xenobiotics) in cellular injury and 
in the release of membrane-associated lipids. 

I n  Vitro Models of C'rllulur Injurji 

Most in vitro models designed to study the mechanisms ofcellular damage in infections 
and inflammation have been conducted with activated neutrophils (PMNs), eosino- 
philes and with macrophages. A variety of mammalian cells (targets) grown in mono- 
layers were labeled either by "chromium (cytotoxicity assay) or with 'H-arachidonic 
acid (to measure lipid release). Leukocytes were then layered upon the targets to allow 
adherence and then activated by various agonists (phorbole esters, ionophores, 
arachidonic acid metabolites, opsonized bacteria, chemotactic peptides, cationic poly- 
electrolytes, immune complexes), The release of radioactivity from the cells was 
measured in the supernatant fluids after different periods of incubation. The possible 
role played by specific leukocyte-derived agonists in cellular injury was evaluated by 
the inclusion of putative inhibitors (scavengers of ROS, chelators of transition metals, 
proteinase inhibitors, PLAr inhibitors etc). Also, the employment of leukocytes either 
from patients suffering of chronic  granulomatous  disease (CGD) or of 
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O X  I D A N l S .  NON-OX I DANTS AN 1) T lSSl l  E DAMAGF 49 I 

myelopcroxidasc delicicncy (scc ") yielded important information on the possible role 
played by selective ROS in cellular iiijury. I t  might. thcrcforc be helpful to employ i n  
vitro models. which test the role played by combinations among well-delincd ngonists 
representing thosc rclcascd by activated leukocytes iltid i n  the presence of appropriate 
antagonists. 

Dc;fiiii/ioii.\ 

Throughout the review, the terms "synergism or synergistic" will be ilpplied to thosc 
conditions under which a mixture oftwo or more of the agonists. tested together. cithcr 
enhanced cell death or the solubilization of membrane lipids the sum ofthc val~ics 01' 
which was greater than that induced by each of the individual agonists alone. Such 
coincidental synergy should be differentiated from a true synergism where one toxic 
agent enhanced the toxic effect of another agent (see ")). 

The term "priniing"4X.J'J will be used to describe the ability of certilin agonists to 
promote the enhancement of the generation of :I certain agonist (e.g. ROS) by Icuko- 
cytes activated by another iigonist (scc section K) .  

Rolo of'0.vidrrnt.s in Ccllulrrr lnjiirjq 

Voluminous literature has been published on the mechanisms of oxidative cell dilmilgc 
as related to the pathogenesis of inllammatory conditions." l')"' '7 Most publications 
deal with the role played by ROS generated by activated PMNs. by milcr<>phiigcs and 
by oxidants generated by the xanthine-xunthine oxidase system." A special attention 
has also been devoted to the biochemical changes induced in momnialian cells by 

and by H~OJ"  hX and to the toxic role played by metal-catalyzed 
generation of OH. and RO0..".35.3"."7 Oxidants might act directly on mcmbranc lipids 
to cause oxidation and pcroxidation injury,I5 and to enhance membrane lluidit and 
permeability. Indirectly, HzO? caused a steep drop in adenine nucleotidcs.h'.'l '" 
inhibited glycolysis i t  induced mitochondria1 swellin and membrane damage.'" 
and also caused DNA strand breaks (Reviewed in.'" ) H?O?, also iiltercd signal 
transduction in mammalian cells.hx I t  activated endothelial cells. selectively by up- 
regulating intracellular adhesion molecules and major histocompatibility coniplex 
~lass- l ,~ ' i t  modulated the respiratory burst in human PMNs,"'it activated complement 
in normal human and phospholipase D in endothelial cells.7' The anti-mct- 
abolic effects of H202 are probably instrumental in lowering the capacity of cells to 
repair damages. This might expose them to the toxic effects of other leukocyte-derived 
agonists. 

HOCl I4.3X.3').5?.54 

Y .  - i t  

4r 5 1  57 . 

Collrhorulion Bmceen Microhid Hrinolwins iind 0.vidunts 

Group A hemolytic streptococci elaborate two potent hemolysins. streptol sin 

addition to their hemolytic activities, both agents also possessed distinct cytopathic 
properties and also caused disruption of lysosomes (reviewed in"'). The mechanisms 
by which SLS and SLO hemolyzed red blood cells and also killed nucleated cells might 
be due to an alteration of membrane  phospholipid^,',^" to the elevation of intracellular 
calciumR7 and possibly to the activation of PLA2.R'.*7 The ability of streptococci to 
produce large amounts of HzOz, suggested, therefore, that synergism between hemoly- 
sins and peroxide might explain, in part, their distinct virulence. 

S(SLS)'.5".7J and a thiol-dependent and porin-forming streptolysin 0 (SLO). 15s:  
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492 I .  GINSBUKG A N D  R. K O H t N  

Ct)ll killitig 

Ehrlich ascitcs tumor cells” and rat heart cells in culture7~ which had been exposed 
either to group A streptococci possessing cell-bound SLS or to cell-free SLS(SLS). 
developed distinct cytopathic changes. These were characterized by swelling and by the 
development of large pseudopod-like structures (blebs). On the other hand neither 
bovine aortic endothclial cell~(EC)”’.~’ nor monkey kidney epithelial cells ( BGM) 
were damaged even by large amounts of SLS (50-100 hemolytic units-H.U/ml). How- 
ever, a distinct synergistic cell killing occurred if either glucose-oxidase.*f’ ’‘ xnnthine- 
xanthine oxidase” or pa raq~a t . ’~  (agents capable of generating H202). were employed 
together with SLS. (distinct synergistic reactions). Cytotoxicity was strongly inhibited 
either by catalase. by trypan blue (an SLS inhibitor) or by phosphatidyl cholinc.’“ h” 

Since EC which had been pretreated with SLS and then washed could still be killed by 
the addition of H?O2.” i t  was assumed that SLS was irreversibly bound to membrane 
phospholipids.’” where i t  caused subtoxic darnage which could be amplified by ;in 
oxidant ( a  synergistic reaction). Unlike SLS. streptolysin 0 (a thiol-dependent pore- 
forming toxin) was directly cytotoxic even at a very low concentration ( 1-2 H.lJ/ml).” 
However, oxidants further increased cell killing which was blocked by cholesterol. 
Killing of EC and of BGM cells by mixtures cithcr of SLO or of SLS with H102 \\‘;IS 

further increased (also in a synergistic manner) by the addition of trypsin.’”S1 ( a  triple 
synergy. see below), suggesting that oxidants and membrane perforating agents might 
have affected both proteins and lipids and prepared the grounds for a protease 
attack.“ ’,The reasons for the relative resistance of both EC and BGM cells to SLS as 
compared with SLO. is not known. 

BGM cells which had been exposed to non-toxic amounts of AAPH (am his 
amidinopropane dihydrochloridc) a generator of peroxyl radical (ROO.)‘” were dso  
killed in a synergistic nianner by the addition of SLS.” Cytotoxicity was further 
enhanced by the addition of trypsin. BGM cells treated simultaneously with GO. 
AAPH and trypsin were also killed in a syneqistic Cell killing by mixtures 
ofSLS. H2O2. and trypsin was inhibited by Mn”,” by carrot juice and by a novel PLA2 
inhibitorKh suggesting that activation of PLA? might be involved i n  cell kil l ings’ 

E, Coli hemolysin. also a pore-forming cytotoxin. stirnulatcd human PMNs to 
generate enhanced amounts of superoxide and also induced the release of elastase and 
PAF.” The amounts of toxin employed did not hemolyze rcd blood cells. This 
hemolysin also proved to be a potent inducer of phosphoinositide hydrolysis. Inositol 
phosphate and diacylglycerol formation was found to parallel degranulation. the 
respiratory burst and lipid mediator generation in human PMNs treated by the 
hemolysin. Its activity was found to be greater than that induced either by f-M LP. PAF. 
LTB, or by the ionophorc A23187. The ability of this hemolysin to generate the release 
of proinflammatory agonists suggested that these agents niight also act i n  concert to 
enhance cell damage. 

Taken together i t  might be postulated that other toxin-producing microorganisms 
(staphylococci. clostridiae) might also destroy host cells by synergism among their 
secrctcd toxins.x4 These findings might perhaps also shed light on the mechanisms by 
which activated phagocytes induce cellular damage in infectious and in inflammatory 
sites (see below). 

R i h w  ( ~ ~ ~ i ~ t i ~ , l i i ( l ( ~ l i i ~ ,  t i c id  r i d  riirtnholilc~.v 

Mammalian cells treated, even by large amounts of hydrogen peroxide, did not lose 
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OXIDANTS. NON-OXIDANTS ANDTISSUE DAMAGE 393 

significant amounts of membrane-associated li ids ") ')' The possibility that synergism 
among oxidants and SLS, which killed cells7' '''I might also result in the solubilization 
of membrane associated lipids was investigated. Mixtures of SLS and GO-generated 
H20? killed both EC and BGM cells but failed to solubilize significant amounts of 
arachidonic acid unless a proteinases was also present" (a triple synergy). Such 
mixtures also solubilized large amounts of PGE? and 6-keto PGF. The release of 
arachidonate was strongly inhibited by soybean trypsin inhibitor (SBTI). Although the 
mechanisms by which trypsin facilitated the release of membrane lipids are not known. 
i t  might be speculated that oxidized membrane proteins and lipids might be more 
readily detached and cleaved by proteinases." These results might d s o  suggest that 
both microbial and leukocyte-derived proteinases might also facilitate the release of 
large amounts of proinflammatory, arachidonic acid metabolites, even from dead cells 
which are always present in large numbers in inflammatory sites. This however depends 
on the additional presence of membrane-damaging agents (hemolysins, phos- 
pholipases. free fatty acids, lysophosphatides. cationic proteins). 

Colliihorcition h(~t\ivtvi microhiid ~i i i ip iphiI t*~ tiriil o.viriunts iri c*cll killirig 

Gram positive and Gram negative bacteria elaborate important siirfiice-associnted 
ampiphiles, lipotcichoic acid ( LTA)".y3 and lipopolysaccharide ( LPS).' '."" Both 
ampiphiles can bind spontaneously, via their lipid moieties, to membrane 
phs~pholipids'."~'~ and to sensitized them to agglutination b antibodies and to ii 
further lysis in the presence of antibodies and complement (passive immune ki l l ) .  
Both LTA and LPS served as adhesion agents which facilitated the binding of bacteria 
to cell surfaces and the delivery of toxic agents. LPS also bound via its lipid moiety to 
LPS-binding proteins (LBP) present in serum.IOI This also enhanced LPS-bearing 
particles, to associate with the surfaces of monocyte-derived macrophages. Both 

activated com lement and acted as potent stimulators of the P,  generation of tumor necrosis factor.4. "' 

Yh.YX l , K Y  . 

L T A I I I ?  and ~ p s 3  5.YJ.95 

I S/utiits iiiitli LTA: LTA, which had been released from Gram positive bacteria by 
phenol. was not cytotoxic to a variety of cells in culture: However, endothelial 
cells (EC) which had been sensitized by LTA and then treated with anti-LTA, IgG, i n  
the absence of complement, could be killed by the addition of subtoxic amounts of 
GO-generated H20?.7' Paradoxically, however, cell killing also occurred when mixtures 
of IgG and peroxide were added to EC. Since the toxic activity of the IgG could be 
removed by adsorption either upon streptococci or upon EC. it was postulated that the 
IgG preparation might have contained antibodies cross-reactive with EC (Reviewed 
in5"). 

Human PMNs which had been "primed" by streptococcal LTA. generated syner- 
gistic amounts of superoxide, H ~ O L  and luminol-dependent chemiluminescence and 
also released large amounts of lysosomal enzymes when treated by anti-LTA globu- 
lin."" However, unlike LPS, LTA failed to prime PMNs for enhanced generation of 
superoxide when challenged either with the chemotactic peptide, fMLP, or with 
phyt~hemagglutinin'"~ (see below). Generation of superoxide by LTA-coated PMNs 
in the presence of anti-LTA IgG was very markedly enhanced by the addition of 
by-stander. untreated, PMNs. This suggested that mi rating PMNs might amplify the 
respiratory burst by PMNs already coated by LTA."'An amplification of superoxide 
generation by PMN-coated LTA was also observed when small amounts of nuclear 
histone (a cationic protein) were added together with the anti-LTA, IgG, suggesting 

5Il.Yh VX 
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494 I .  GINSBUKG A N D  K.  K O H E N  

that cationic agents might have "opsonized" the immunoglobulin and facilitated its 
interaction with the LTA-coated PMN surfaces. Enhanced amounts of superoxide 
were also generated by PMNs which had been mixed either with LTA-coated fibro- 
blasts or with LTA-coated epithelial cells. This suggested that LTA could be presented 
to PMNs by non-neutrophilic cells provided that anti-LTA globulin was also 
present."'7 

LTA derived from a variety of streptococcal and staphylococcal species stimulated 
perirheral blood monocytes to generate superoxide in the absence of added antibod- 
ies.' '""This suggested that this ampiphile might act as a cross-linker of receptors for 
LTA present upon the cells. No experiments, however, were performed to test the 
possible effect of anti-LTA antibodies on superoxide generation by LTA-treated 
monocytes. The stimulation of monocytes to generate superoxide depended on extra- 
cellular calcium and was accompanied by the release of arachidonic acid."" 

Since LTA induced the release of ROS, lysosomal enzymes and a variety of addi- 
tional agonists, including nitratel"'.'"' and TNF ( 102) and since proteinases markedly 
enhanced the binding of LTA to mammalian cells.""' it might be speculated that LTA 
could play an important role in cellular damage caused by Gram positive microorga- 
nisms in vivo (see "I). 

2 Sludies it*ilh LPS; The mechanisms b which LPS primed PMNs for enhanced 
respiratory burst was studied in detail."'x '' The effect of LPS was due neither to an 
increase in its avidity for NADPH oxidase nor to its affinity for NADPH. The LPS 
effect was associated with early events of signal transduction, and intracellular ca" was 
a crucial intraceIIuIar messenger in LPS priming."' Since LPS priming was accompa- 
nied by a rise in PLA? activity which could be inhibited by mepacrine, it was postulated 
that PLA? activation was a fundamental component of priming with LPS. The en- 
hanced generation of superoxide and its dismutation to H202 following LPS priming 
might contribute to cellular injury. This might be further enhanced, in a synergistic 
manner, i f  additional proinflammatory agonists were also present. 

Human platelets incubated with small amounts of LPS released a protein which 
primed human PMNs for enhanced generation of superoxide following stimulation 
with f-MLP."" A short-term exposure of guinea-pig macrophages either to muramyl 
dipeptide or to LPS caused enhanced release of superoxide in response to immune 
complexes, but not to PMA.IoX On the other hand, a longer exposure (24 hrs) also 
resulted in an enhanced superoxide generation by PMA suggesting that the mecha- 
nisms of superoxide generation by macrophages stimulated by immune complexes 
differed from those induced by PMA. Human blood PMNs treated with LPS also 
showed enhanced expression of C3bi receptor, phagocytosis ofopsonized bacteria, and 
peroxide generation. which were blocked by the inhibition of intracellular calcium- 
dependent processes.' '' 

Taken together, it might be postulated that ampiphiles (LTA, LPS) release either 
following exposure of bacteria to leukocyte-derived proteinases or following 
bacteriolysis induced either by cationic proteins, phospholipase"' or by penicil- 
lin,''h."7 might occur in vivo. These might contribute to cellular injury via activation 
of the respiratory burst, the release of lysosomal hydrolases and the activation of the 
complement cascade. I t  would also be important to establish whether LTA and LPS 
which had been released from bacteria, either under physiological or pathological 
conditions, possessed the same properties as ampiphiles obtained by harsh chemical 
treatment (e.g. phenol, butanol). Such preparations are traditionally used in experi- 
mental models: 

114.1 I 5  

5.YJ.~l5.11lX I I1  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



OXIDANTS. NON-OXIDANTS A N D  TISSUE DAMAGE 49 5 

COLLABORATION BETWEEN OXIDANTS AND POLYCATIONS 

1 Rnlt of Polj*crrlion.v 

Cationic polyelectrolytes are abundantly present in mammalian cells (reviewed and 
). Although most of the polycations possess distinct anti-micro- 

they were also highly cytotoxic to a variety of both normal bial activi ies2? XI ix.1 2 1  .I 

and malignant cells.12' ''I I t  is important to note that cationic agents of mammalian 
cells are always sequestered within membrane-bound structures (azurophilic granules 
of PMNs, granules of eosinophils, cell nuclei). This prevents them from interacting. by 
electrostatic forces. with negatively-charged domains present upon all mammalian cells 
which could cause cell agglutination and damage to their membranes. "'"'* In addition 
to their microbicidal and cytocidal properties, polycations also function as potent 

as en- 
hancers of the binding of PMNs to endothelial cellsI3' as potentiating agents in 
immune-complex c y t o t o ~ i c i t y , ' ~ ~ ~ ' ~ "  as modulators of complement activation'", as 
enhancers of tissue permeability,'42 as releasers of histamine from basophils."' as 
stimulators of cytokine generation by a T-cell hybridoma.lJJ and as potent stimulators 
ofautolytic wall enzymes in bacteria.IJ5 In general, polycations were able to agglutinate 
cells" to induce cross-linking of surface com onents and to alter membrane permeabil- 
i ty by forming ion-channels in lipid bilayers. ".'" The activities of polycations could 
be inhibited by a variety of polanions.'.2.'J' The most extensive research on the role of 
polycations as c to1 tic a ents a ainst mammalian cells had been performed with 

and to a lesser ex- defensins,- with eosino hi1 cationic proteins,12",'22.12'.1~1 
tent, with synthetic polycations.- ' 

Cytotoxicity induced either by his tone^^'.^' or by defensins'46,'4* depended on their 
initial binding. b electrostatic forces, to negatively-charged domains present on the 
cell surfaces (see ). This could be inhibited either by heparine,'" by polyglutamate or 
by polyaspartate. The toxicity ofdefensins depended on several metabolic events which 
could be inhibited either by azide, 2-deoxy glucos, cytochalasin B or by lysosomal and 
calmodulin-mediated  inhibitor^.'^^ This suggested that internalization of the polyca- 
tion was essential for its cy to t~x ic i ty . ' ~~  This, however was unaffected by inhibitors of 
protein synthesis.IJh On the other hand, inhibitors of endocytosis failed to inhibit the 
cytotoxicity to endothelial cells induced by synthetic polycations.'" Since the cytotox- 
icity ofdefensins to targets was strongly inhibited by serum (presumably by albumin),IJh 
it was postulated that activated PMNs which secreted defensins might injure cells only 
by an intimate contact, forming intercellular clefts which could exclude inhibitory 
serum components. (see"). 

Paradoxically and unexpectedly, internalization of cationized Cundidu ulhicuns by 
fibrosarcoma cells which did not elicit a cytotoxic effect, very markedly enhanced 
tumor growth and spread when injected into mice.177 This enhancement might have 
been linked with the massive infiltration of neutrophils around the tumors. 

The role played by the highly-cationic cathepsin G, elastase, CAP57, Cap 37, 
lysozyme (cationic antimicrobial proteins) and the slightly cationic, lactoferrin, as 
microbicidal agents had been recently reviewed124 and will not be discussed in the 
present review. 

discussed i n  -11 ?J.II8 111 

'0 171 117 as stimulators of the respiratory burst in leukocytes,- ' opsonlns,?l). ' 1 2  I 7 4  

34 IZI.I?L.Y4(I '$: ' ' 

"I I?#. I zx. I?') 

x, 

2 Colluhorution Belween Polycutions and Oxihnts 

Since activated PMNs and EO generated ROS and also released granule components, 
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(defensins, leukocyte cationic proteins, MPO. EPO) the possibility that polycalions, 
might collaborate with ROS to enhance cellular damage, is plausible. 

Bovine pulmonary cndothelial cells (EC), monkey kidney e ithelial cells (BGM), 
pneumocytes, and tumor cells, which had been labeled with ’ Cr and then exposed 
either to a mixture of subtoxic amounts of HzOz, and defensins’”’ or to a mixture of 
peroxide and a variety of cationic agents (histone, polyarginine. lysozyme, 
ribonucleasc. s ermine, chlorhexidine. polymyxyn B, CETAB). were killed in a syner- 
gistic Cell killing could be totally inhibited either by catalase or by 
pol yan i on s. 77 ” Si m i 1 a r I y , sch i s tosom u I a of Sch isiosomci ntunsoni which had been ex- 
posed either to oxidant-producing eosinophil cytoplasts or to PMNs were killed in a 
synergistic manner by the addition of eosinophilic cationic proteins.’” Both the poly- 
cations and the oxidant had to be present, simultaneously, to induce synergistic cell 
killing.77 ”.”” On the other hand BGM cells which had been exposed to large amounts 
of histone, to allow binding to membranes and then washed. could still be killed by the 
addition of H2O2.’’ However, cells first exposed to glucose oxidase-generated HzO2 and 
then washed, werc not killed following the addition of h i~ tone . ’~  However, treatment 
of EC by GO which had been cationized by complexing with poly-L-histidine, and thcn 
washed could be killed by the addition of histone7’ suggesting that the binding of 
cationized GO to the cell membrane facilitated the direct delivery of peroxidc, upon 
thc cell membrane. Cationized GO was also found to be several fold more toxic than 
unmodified GO. when instilled into the rat trachea.“ While serum albumin had a strong 
inhibitory cffect on the killing of targets by mixtures of defensin and peroxide“6 it  had 
only a partial inhibitory effect on the killing of EC induced either by mixtures of histone 
and pcroxidc or by mixtures of CETAB and peroxide.79 Cytotoxicity induced by 
mixtures of histone and peroxide was totally inhibited by polyanethole sulfonate.” The 
toxicity of mixtures of CETAB and peroxide to EC was further enhanced by subtoxic 
amounts ofcrystalline trypsin”, suggesting that membranes which had been modulated 
by polycations and by oxidants became more susceptible to proteolysis.” I t  was morc 
difficult to dem~nst ra te ’~  synergism among H:O!, proteinases and histone as the latter 
was rapidly degraded by the proteinase. This obstacle was overcome by replacing 
histone by poly-D-lysine which is known to be resistant to  trypsin-like enzymes. Under 
such conditions” a distinct synergistic cell killing was also obtained. which was 
inhibited by soybean trypsin inhibitor (SBTI). 

A variety of synthetic polycations (polyarginine, polyhistidine) enhanced the toxic- 
ity of immune complexes in a rat model of acute immune complex-mediated tissue 
damage’ (reversed Arthus phenomenon). Similarly to cationized bacteria,I7‘ I“’ the 
cationized immune complexes also very significantly enhanced the generation of 
superoxidc by PMN, in vitro. Since the infusion of PEG-SOD prior to the induction 
of the Arthus reaction markedly depressed skin permeability, i t  was postulated that 
ROS generated in vivo were involved in the enhanced permeability observed. Also, the 
cationized immune complexes bound more avidly to the tissues and persisted there for 
longer periods (see ‘7” ) .  

The mechanisms by which polycations synergized with oxidants to enhance cellular 
damage is not fully known. It  might, however be postulated that alterations either of 
the plasma the induction of cross-linking of surface structures, or the 
formation of voltage-dependent ion channels (functional “hol~s”’~’ )  might have al- 
lowed the free diffusion of ROS into the cell interior to  affect intracellular structures 
and functions (see ’’ ”). 
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3 

Extensive research had been congltted on the toxicity of the highly-cationic neutrophil 
myeloperoxidase ( MP0)'4.3X.3y.'S- - and the eosinophil peroxidase (EPO)"' Ih' both in 
vitro and in vivo. 

The unique finding that MPO, EPO and lactoperoxidase," when combined with 
H:Oz and with a halide (mostly with C1 and Br) could generate hypohalus acids,"'='i3 
was a major contribution to the understanding of how activated PMNs and eosinophils 
killed bacteria, parasites but also injured mammalian cells. Both MPO and EPO are 
highly cationic proteins (Pb9.0).  These can avidly bind, by electrostatic forces, to 
negatively-charged domains present on surfaces of both microorganisms and mamma- 
lian cells. While their activities could be inhibited by heme-inhibitors (azidc, aminotri- 
azole), the toxicity of HOCl could be inhibited either by taurine or by methionine." 

Colkrhorrr tion het\\vrii ni~~eIopL.rosirlrrsr cmd o s i r l m t s  

N )  ifi vitroiiiodds; Thequestion ofwhether HOCl generated by activated PMNscould 
destroy target cells, via the MPO-H102-halide system, was i n ~ e s t i g a t e d . ' ~ ~ ' ~ ~ " ~ ~  While 
MPO-deficient PMNs were cytotoxic for target cells, PMNs from CGD patients failed 
to kill cells. However. the cell-free MPO-glucose oxidase system did destroy EC. This 
was inhibited by scavengers of HOCl suggesting that a prior binding of MPO released 
from granules might have secured the direct delivery of HOCl upon the targets.l5'.''i I t  
also pointed to the importancc of Hz02 as a major cytotoxic agent generateh by viable 
PMNS." h' 

Either activated leukocytes, cell-free MPO or EPO were cytotoxic to pneu- 
mocytes.I'X to tracheal epithelium." and to human nasal epithe1i~m.l~" Cytotoxicity 
occurred only if the cationic agents had been allowed to bind to the mammalian cells 
prior to the addition of peroxidase and a halide. Under these conditions toxic oxygen 
metabolites could be delivered directly upon the targets without the interference of 
inhibitors." Unlike MPO or EPO, other cationic agents (histone, defensins, poly 
cations, cationic deter ents) (see above) could kill mammalian targets when simply 
mixed with peroxide.7F7" The damage induced in cells injured by MPO, EPO-H?O? 
system was characterized by swelling, by the formation of blebs and by exfoliation. 
Another important observation was that whereas chloride was the most effective halide 
for MPO killing,'y bromine was more effective than chloride for killing by EPO.'" 

The ability of both native and denatured MPO to function as a cationic agent and 
as an activator of the autolytic wall enzymes in staphylococci, was demonstrated.'"' I t  
suggested that high concentrations either of MPO or of EPO might, under certain 
conditions (e.g. low pH) also function as polycations rather than as an enzymes. I t  was 
demonstrated that egg white lysozyme (also a cationic protein) which lost its catalytic 
property (lysis of M. Iq'sodcJikticus) still continued to functionbas a polycation and to 
activate the autolysis of staphylococci (a charge-dependent reaction)." 

Certain cationic aminoglycoside antibiotics (tobramycin, gentamycin) strongly in- 
hibited the killing of epithelial cells by the MPO, HzOz. halide system.'" Protection 
against MPO and H?Oz was also observed with thioether-containing antibiotics 
(ticarcillin and teftazimide). The aminoglycosides, which converted HOCl to hydro- 
philic non-toxic chloramines were unable to prevent the oxidation of sulfhydryls and 
methionine induced by HOCI. The aminoglycosides protected lung epithelial cells 
against the cationic MPO by binding to negatively-charged surfaces (a competitive 
phenomenon). 

Treatment of articular cartilage either by reagent HzOz or by peroxide generated by 
GO, inhibited protcoglycan synthesis but had no effect on its degradation."' On the 
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other hand, HOCI, ;I product of MPO+H202+CI system degraded proteoglycanlhi.lhh 
and also inhibited its synthesis."' Cleavage of the proteoglycan core protein was near 
the hyaluronic acid binding region but there was no evidence that also cleaved 
glycosaminoglycan chiiins.lh- Since this effect was partially inhibited by an elastase 
inhibitor, i t  was suggested that HClO might act together with proteinascs to cause a 
net increase in degradation (a synergistic reaction). 

111 vivu i w r l d s :  The role played by the EPO-H20:-halidc system in glomerular injury 

bronchoconstriction and vasocon~triction'~~ was studied. Tissue alterations depended 
on the ability of EPO to bind to and to catalyze halogenation of the targets. Since heme 
inhibitors (azide, aminotriazole) abrogated the pathological changes induced either by 
MPO or by EPO, i t  appeared that these highly cationic agents acted not simply as 
polycations but as catalytic agents which also had the capacity to bind to membranes 
by electrostatic forces. 

i n  t h e  rat,15J.l'5 i n  . the toxicity to  the isolated working rat heart"' a n d  i n  

4 )  

Since HOCI. the compound generated by MPO, was shown to be a potent toxic agent. 
the elucidation of its mechanism of action on cells and on the matrix of connective 
tissue mi h t  contribute to the understanding of the pathophysiology of intlamma- 

Murine macrophagc-like tumor cells in culture which had been treated by 10-20pM 
of HOCl showed, I )  oxidation of plasma membrane sulfhydryls, 2 )  inactivation of 
glucose and aminoisobutyric acid uptake, 3) loss of cellular K +  and 4) and increased 
cell voIume.lhX At higher concentrations (>50 pM), a general oxidation of SH-methio- 
nine and oftryptophane residues and the formation of carbonyls was detected. A loss 
in ATP was dso  seen. By comparison, NAD degradation and ATP depletion caused 
by HzO? preceded cell death by several hours. Formation of DNA breaks. a major 
feature of HzOz-induced injury," " was not observed with HOCI. Thus, targets of 
HOCl were distinct from those of HzO' with the exception of I ceraldehyde-3-phos- 
phate dchydrogenase which was inactivated by both oxidants. 

The question ofwhether HOCl generation in physiological environment is detrimcn- 
tal to mammalian cells is controversial. I t  was that despite the absence of 
tissue toxicity associated with the use of HOCl in the wounded soldiers, this oxidant 
possessed distinct cytotoxic activity in vitro. At 0.5'%,. a concentration of HOCl safely 
used in vivo, a complete in vitro solubilization of skin and liver tissue occurred. 
However, ifthis amount of HOCl was added to slices of tissues that had been suspended 
in wound secretions, the solubilizing action of HOCl was totally lost. In  a physiological 
environment, even millimolar quantities of HOCl preferentially reacted with endogc- 
nous amine-containing moieties to yield the derivative chloramine. These newly-gen- 
erated chloramines exerted strong microbicidal activities but had little, if, any ability 
to damage normal tissues. The limitation that applied to HOCI-mediated damage in 
vivo could be circumvented if the highly cationic MPO or EPO could first be bound to 

Wciss"' their targets where they delivered toxic oxidants, directly upon targets. 
concluded that "given the information, my own enthusiasm for implicating HOCl 
rilunc. as the primary key to the neutrophil's tissue destructive potential has been 
blunted by the surfeit of 70-year-old clinical data". I f  HOCl can be considered a major 
toxic oxidant only under strict physiological conditions (a prior binding of MPO). then 
this oxidant might still function in synergy with other proinflammatory agonists 

Mrchmiisi iu of Actioii of HOC'I oii  Mriiiiiiirrliuii C~dls 

tion.3x.? 9 & 5 3  I 5 7 . l O i . I f i I > . l I ~ H  

5 Y? 

W . 1 5 7  I55 
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gzneratrd by activated leukocytes. One possibility is that HOCl might inactivate 
a-I-trypsin inhibitors present i n  plasma and in the interstitial tissues to facilitate thc 
action of leukocyte-derived elastase, collagenase, gelatinase and cathepsin G on cells 
and tissues. This might be a true synergism where one agent potentiated the action of 
another agent. (see ). 

COLLABORATION BETWEEN PROTEINASES AND OXIDANTS 

PMNs, eosinophils and macrophages secrete a variety of both acid (cathepsin G )  and 
neutral proteinases (elastase, collagenase. gelatinase) which might depolymerize a wide 
variety of substrates, including extracellular matrix proteins. Proteinases also activated 
xanthine dehydro enase to xanthine oxidase.’”’ modulated neutrophil-induced super- 
oxide responses, caused cell detachment from matrices and enhanced tumor 
metasthesis.”’ Proteinases might also facilitate hydrolysis of oxidized proteins.“ “The 
possibility that the simultaneous attack by oxidants, proteinases and by membranc- 
damaging agents (including xenobiotics) might enhance cellular damage and the release 
of membrane-associated lipids. is plausible. 

I#  171 17h 

( I )  Rok of /r:,psiii: Subtoxic amounts of GO-generated H?OI acted synergistically 
either with crystalline trypsin, chymotrypsin, cathepsin G or with pancreatic elastase 
to kill EC in c ~ l t u r e . l ~ ~  I ” Cel1,killing was markedly inhibited by ROS scavengers 
(catalasc, dimethylthiourea, Mn“).7’Crystalline trypsin also enhanced, in a synergistic 
manner, the killing of EC and of BGM cells when combined with oxidants and with a 
variety of membrane-damaging agents (PLC, PLA? lysolecithin),7‘ including ethanol. 

h )  Rok o J ’ r / r r . s / u . s c ~ :  Neutrophil-derived elastase mi h t  lay an important role in the 
destruction of the matrix of the connective tissue ‘ “4 This highly cationic enzyme 
can interact, by electrostatic forces, with negatively-charged domains present in con- 
nective tissue matrix. Its activity could be greatly facilitated if both serum a-l-protein- 
ase inhibitor and the secretory leukoproteinase inhibitor,’’ were destroyed. Since HOCl 
generated by the PMN myeloperoxidase-H?O?-halide system could destroy these in- 
hibitors it might be postulated tbat HOCl generated during PMN activation might be 
delivered direct1 upon targets. Elastase could also interact with chondrocytes via a 
specific receptorh’ and endocytosis of elastase (presumably due to its cationic nature) 
was secondary to cell binding. Studies on the degradation of heparan sulfate pro- 
teoglycan ofsubendothelial matrix, by neutrophil elastase and the MPO-H?O?-chloride 
system1Xh showed that neither elastase alone nor the MPO system alone could induce 
degradation of proteoglycan. However, when a 4-hour exposure to elastase was 
followed bya 15minuteexposure to the MPOsystem, thedegradativeeffect wasgreater 
than the additive (a synergistic effect). On the other hand, greater than an additive effect 
was not observed either when elastase followed the addition of the MPO system or 
when the two agents were added together. The binding of the cationic elastase to 
sulfated glycosaminoglycans also resulted in a partial inactivation of the enzyme. I t  
was concluded that PMNs which adhered to glomerular endothelial cells and basement 
membrane released both ROS and granule enzymes, at the point of attachment. This 
might have caused damage by a collaboration between oxidants and proteinases. 

The question whether leukocyte-derived proteinases also acted in concert with 
oxidants generated by the NADPH oxidase of phagocytes to destroy matrix, is 
controversial. The chemotactic peptide fMLP induced the release of MPO from PMNs 

lY.165, XI1 I 
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which generated HOCI.'X'Thcaddition ofclastase resultcd in  the release of more matrix 
components than induced by the individual agents. On the other hand either intact 
PMNs or cytoplasts which lacked granules but still generated ROS. failed to signifi- 
cantly enhance either elastin or collagen degradation by purified neutrophil elastase. 
These findings suggested that matrix proteolysis correlated more closely with the 
release ofazurophilic granules than with the generation of ROS by NADPH oxidase. 

ROS generated by the xanthine-xanthine oxidase system mediated elustase-induced 
injury to isolated lung and endothelium."' Lungs isolated from rats that had been fed 
;I tungsten-rich diet had negligible levels of xanthine oxidase (XO) activity and after 
exposure to hyperoxia. developed less acute edematous injury during perfusion with 
purified elastase. Also. tungsten-treated bovine arterial endothelial cells i n  culturc 
produced less superoxide and after exposure to neutrophil elastase leaked less albumin 
than XO-repleted monolayers. I t  was postulated that tungsten acted by lowering the 
amount o f X 0  thereby decreasing the amounts of ROS which might have inactivated 
proteinase inhibitors. This could facilitate the action of elastase (see "'). 

The mechanisms o f  PMN damage to human alveolar extracellular matrix (ECM) 
was sti~died. '~ '  Since scavengers or ROS (catalase, SOD) failed to inhibit the solubiliza- 
tion of the ECM. but inhibitors of neutrophil serine protease, elastase and cathepsin 
G markedly inhibited ECM degradation. it was suggested that ROS might not be 
involved i n  matrix degradation. 

Lysis of ox RBC by PMA-activated human PMN was reported.IhX RBC lysis 
correlated with the quantity of a membrane-bound neutral proteinase. Sincc the 
solubilized proteinase acted synergistically with added H?O? to lyse the RBC. i t  was 
assumed that activated PMNs lysed cells by synergy between oxidants and a cell bound 
neutral protcinase. This was probably due to a close contact between the RBC and the 
activatcd PMN. This is essentially similar to the conditions which allowed the cell 
bound hemolysins of streptococci to lyse RBC and to kill targets (see above). Also, 
both MPO and EPO were toxic to targetsonly if  first allowed to bind to the targets."'.'" 

Sarcoma cells (MCA-I) were killed, in a synergistic manncr, when first exposed to 
non-lytic amounts of HJO? and then treated with a macrophage-derived cytotoxic 
factor possessing neutral serine proteinase activity.'xu On the other hand. exposure of 
thecells to thecytotoxic factor prior to the addition ofperoxidedid not causecell death. 
I t  was suggested that the sequence of the addition of the two factors was important to 
secure cell death. The necessity to follow a strict order of addition of the reagents might 
be due to the possibility that a prior exposure to the peroxide diminished the capacity 
of the targets to cope with a protease attack. 

Oxygen metabolites and neutrophil elastase were found to synergistically cause 
edematous injury in isolated rat lungs.'" Lung injury could also be shown when 
PMA-activated PMN cytoplasts (which generated ROS but lacked granules) were 
infused into the lungs in combination with added PMN elastase."' I t  was suggested 
that elastase was a necessary component for the maximal development of acute 
edematous injury in isolated lungs perfused with activated PMNs. A similar mechanism 
might also occur in acute adult respiratory distress syndrome (ARDS). More recently, 
it was demonstrated that neutrophil elastase acted synergistically with Hz02 to inacti- 
vate thrombomodulin of endothelial cells. This could contribute to microthrombi 
formation at the site of inflammation."'" I t  further demonstrates the important role 
which might be played by a "cross-talk" among leukocyte-derived agonists in cellular 
damage in infections and in inflammatory sites. 

The possiblc role played by proteinases as priming agents for the enhanced genera- 
tion of superoxide was investigated."" Cathepsin G and elastase decreased the order 
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and increased the lateral mobility of the neutrophil membrane lipids and primed a 
superoxide response to f-MLP and to PMA. The enhanced amounts of superoxide 
generated and its dismutation to H?O? might contribrute to enhanced cellular damage 
especially when combined with membrane-damaging agents (see below). 

Rolc of' ~.ilrtolloi,rotc~inLuL.s 

The role la ed b oxidants in the activation of latent metalloproteinases was investi- 
This issue was studied in detail by Weiss." Metallo roteinases capable of gated: 

degrading collagen were synthesized in latent, inactive, forms.". " Unlike PMNs from 
CGD patients, normal PMNs could activate latent collagenase suggesting that ROS 
might be responsible for this effect. The active ROS responsible for collagenase 
activation was identified as HOCl which also activated latent gelatinase. The mecha- 
nisms of enzyme activation might involve a thiol-driven intramolecular perturbation 
that unmasked the active site of the metalloproteinase.'" Thus the activities of both 
PMN collagenase and gelatinase were highly linked to the MPO system and HOCl 
generation (a true synergistic effect"). Although the in vitro activation of colla enase 

Furthermore, i t  was suggested that activation of collagenase was due to cathepsin G 
and that the role of HOCl was indirect."jh While Weiss et al suggested that gelatinase 
could also be activated in vitro by HOCI,"' i t  was recently shown'"" that the ratio of 
HOCl to enzyme employed by Weiss e t  u/.IY' caused distinct inactivation of 
gelatinase.""' It was recently stressed that in order to activate coliagenase under in vivo 
conditions a strict ratio of enzyme/HOCI had to be used""' and that conditions of 
enzyme inactivation in vitro might not be relevant under in vivo conditions where 
HOCl scavengers are present. An endogenous activation of latent collagenase, by 
plasminogen activator, in rheumatoid synovial cells, was also reported."j6 I t  suggested 
that bacteria -possessing plasminogen activators (streptococci, staphylococci, clos- 
tridia) might also activate metalloproteinases in inflamed sites which might also 
synergize with oxidants to amplify cell damage. As suggested by Weiss7') "the latent 
collagenases are specifically structured so that they can transform the oxidized poten- 
tial of HOCl into the enzyme-catalyzedy degradation of the interstitial pericellular, and 
basement membrane associated collagens. 

w.18 IX , y. 
P. 

?91.1 IVlh was corroborated other authors have reported contrary results. by HOCIIY?."' 

Colluhorution Among Pltospolipusrs, Futtj% Acids und Oxidants 

PLA?, and PLC are both implicated in many metabolic and in pathological processes 
) The presence of a membrane-associated PLAz in PMNS'"' -"' and the in- 

volvement of this enzyme in the respiratory burst which lead to enhanced generation 
of ROS'"' '07 suggested that it might participate in cellular injury in infectious and in 
inflammatory conditions. The highly hemolytic phospholipases A? and C (PLC) 
present in venoms of snakes and bees and in certain microbial species, respectively, 
probably function as distinct cytotoxins and as virulence factors.'.- 

Both the free fatty acids and the lysophosphatides which might be released from 
injured cells following the activation of PLA? might injure by-stander cells due to their 
membrane-damaging properties. 

EC and BGM cells which had been pretreated by subtoxic amounts of PLA? from 
pancreas, from snake and bee venoms and by PLC from Clostridium Wdchir were 
killed in a synergistic manner by GO-generated HzOz. Cell killing induced by PLC was 
further enhanced, also in a synergistic manner, by the addition of crystalline trypsin (a 

(I.?.h.197 201 

..7h 79 
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triple-synergy). Trypsin was also absolutely essential for the rclcasc of substantial 
amounts of' tritiated arachidonic acid, PGE? and 6-keto PGF from EC treated by 
mixtures of peroxide and PLC."' Both cell killing and the release-of lipids were strongly 
inhibited by SBTl as well iis by cutalase. Mn" and by DMTU. ' A similar synergistic 
cell killing and the release of membrane lipids also occurred when HGM cells u'crc 
exposed to mixtures of lysophosphatidyl clioline(lysolecithin). wiith peroxide and 
trypsin.'" The possibility that the synergistic killing of BGM cells by mixtures of' PLC 
o r  SLS with oxidants (H201. ROO.) wus associated with the activation of the mcm- 
brane-associated PLA2 was also investigated. Cells which had been preincubatcd with 
a novel PLA: inhibitor (carboxymethyl cellulose -CMC, coupled to phos- 
puhtidylethanolamiiie)xf' became highly rctractory to killing by these agents. The PLA: 
inhibitor also depressed the lysis of RBC by SLS. On the other hand. CMC alone. \\;IS 
inactive. 

P M N s  which had been primed by subtoxic  concent ra t ions  ei ther  01 '  
I y so p hosp ha t id y I c h o I i ne ( L L ). 1 y so ph os ph ii t id y I i nos it 01, o r o f I y so ph o s ph ;i t id y I g I yc- 
erol, generated enhanced amounts of superoxide and H202  when further stimulated by 
a variety of agonists (immune complexes, poly-L-histidine fM LP.): Thcsc 
lysophosphatides were also highly hemolytic for human RBC. On the other hand. 
eq u i -  mo I a r co ncen t rii t io 11 s e i t h e r of 1 y s o  p hos ph ;i t id y I c t  h ii n o I ;i in i nc o r  o 1' 
lysophosphatidyl scrinc (phospholipids with polar headgroups) posscsscd neither hc- 
niolytic nor priming activities for enhanced generation of superoxide. However. both 
these agents when combined with cytochalasin B. became highly stiniulatory for 
superoxide gencrat ion .'Ir) Under s i in i la r conditions both a rach idon ic acid ;i nd 
cicosapentanoic acid also possessed stimulatory activities for the enhanced generation 
of superoxide when tested with PMA.'"' 

The activation of PLA. in phagocytes suspended in  albumin-contuiiiing media 
might result in the release of free fatty acids. which might synergize with ROS generated 
by activated phagocytcs to kill by-stander cells. Subtoxic amounts either ofuruchidonic 
acid. eicosapentanoic acid or of arachidic acid became highly cytotoxic to BGM cells 
when combined with H2O. and also released substantial amounts of tritiuted 
arachidonated upon the addition oftrypsin.x' Both cell killing and the release of lipids 
were inhibited by antioxidants as well as by proteinase inhibitors. 

Taken together it appears that synergism among phospholiposes fatty acids. oxi- 
dants and protcinascs might lead to cellular damage in inllammatory sites and that 
lysophosphatides in addition to their direct toxic effect on cells might also serve as 
priming agents for the enhanced generation of ROS by phagocytes. I t  might also be 
speculated that lysophos hatides and free fatty acids released i n  ischemic and 
reperfused organs (see 'I",' ' )  might also act in concert with ROS generated either by 
the xanthine-xanthine oxidases system or by activated phagocytes. to cause cellular 
damage. 

'l l \  1114 

P 

Collrihorulioti Ariiotig Elhiinol, O.\-iilrt~~s, Tuurocholiitc~ irritl Protcuws 

The consumption of ethanol was found to be accompanied by the generation of ROS" 
but the role of the latter in cellular injury induced, by ethanol. in vivo, is still not clear. 
The possibility that ethanol might synergize with oxidants and with proteinnses to kill 
targets was investigated with BGM and with fibroblasts monolayers.-" Cells which had 
been exposed to subtoxic amounts of ethanol (6- I O%,) V/V bccamc rounded but were 
not killed, even after 4 hours of incubation. On the other hand ethanol at these 
concentrations synergized with subtoxic amounts either of HzO: or of ROO to rapidly 
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kill the cells. Cell killing was further enhanced, also in a synergistic manner, by the 
addition of trypsin (also a triple-synergistic effect). Cell killing was markedly inhibited 
either by catalase, Mn" or by fresh carrot juice. 

BGM cells which had been treated by mixtures ofcthanol, peroxide and trypsin also 
lost substantial amounts of membrane lipids.R' These results are essentially similar to 
those obtained with a series of other membrane-damaging agents (SLS, PLC.LL, 
PLA.)." ") -, 

A quadruple-s ner ism among ethanol, peroxide, taurocholic acid and trypsin also 
killed BGM cclls. I A similar mixture of agonists might be found in stomachs of people 
who consume ethanol and who also have regurgitation of pancreatic juices."." 

g . .  

ARE CYTOK INE-PRI M ED, PHAGOCYTE-DERIVED OXIDANTS 
PROTECTIVE OR DESTRUCTIVE? 

Since a variety of proinflammatory agonists might act in concert with oxidants to 
markedly enhancecellular damage, it seems that agents and conditions which enhanced 
either the synthesis or the secretion oftoxic agonists from activated phagocytes or from 
tissue sources (e.g. xanthine oxidase) might not only better kill microorganisms but 
might, paradoxically, also destroy the hosts own cells and tissues ( HororNiitOti).\.i(.iis). 
Therefore, the flood of investigations on the role played by cytokines as rimingagents 
for the enhanced generation of leukocyte-derived oxygen species: .-'- ' -' merit a 
special consideration regarding the adverse effects that cytokine treatment might cause 
in patients. Cytokine-primed phagocytes also acquired enhanced phagocytic,;mJ 
degranulation properties,24x higher killing capacities towards a variety of targets-' 
and enhanced antibody dependent cellular cytotoxicity 

The biological significance of the cytokine-enhanced generation of oxygen radicals 
is, however, controversial. While cytokine treatment improved the capacity of hosts to 
deal with microbial infections, i t  was also reported that such an elevati?: was accom- 
panied by complications attributable to cnhanced oxidative stress.--'- While some 
publications showed that chelators of iron were found to inhibit cytokine-enhanced 
cytotoxicity (involvement of OH.) others, have failed to show such an effect. One 
publicatjy'5r showed that the toxicity of TNF was markedly reduced in the presence 
of H20z-.. while another showed that superoxide generation by macrophages was 
depressed by IL-4'5" suggesting that this cytokine might regulate some of the effects of 
the inflammatory response. 

Despite the presence of a large body of evidence that cytokine-treated phagocytes 
generated elevated amounts of ROS and also possessed enhanced cytotoxicity proper- 
ties, little is known whether cytokine-primed phagocytes might perhaps also generate 
elevated amounts of other proinflammatory agonists (e.g. cationic proteins, phos- 
pholipases, proteinases etc) (see "'). I f  indeed such an elevation could occur, it might 
lend support to the assumption that excessive amounts of leukocyte-derived agonists 
might be deleterious to tissues due to multiple synergistic interactions, as suggested by 
the models described above. 

> S ? , > l l  '>lJ 

H o ~ i  Cun ROS Gener~itetl bj- Activu~ed Leukoc~j~tes Overconie the Anriosidunt 
Systems Present in Turgets? 
Screening the literature on the mechanisms of cellular damage by activated leukocytes 
revealed that the amounts of HzO? (micromolar concentrations) generated by activated 
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PMNs were not sufficient to kill the targets within the regular assay time (2 -8  hours). 
This was especially true if serum proteins were also added to the media. A more 
significant cell killing occurred after longer periods of incubation ( I  2-1 8 hrs.) and also 
necessitated the employment of a high ratio of phagocytes to targets. The high 
resistance to killing was probably due to the presence of potent antioxidant systems in 
both targets and in the effector cells.-' What was commonly observed in in vitro 
assays, even after overnight incubation, was a detachment of the cell monolayers and 
the formation of clusters of, mostly viable,  target^.'^' The detachment phenomenon 
was most probably caused by the exocytosis of leukocyte proteinases. This could be 
totally inhibited by proteinase  inhibitor^.'^' In  order to facilitate cell killin inhibitors 
of catalase (sodium azidc, amino-triazole"') and of glutathione reductasek' had to be 
added. The removal of proteinase inhibitors by HOCI" also enhanced cell killing. 
However, in the absence of such inhibitors, cell killing took a longer time and was 
probably dependent on synergistic interactions among oxidants. proteinase and addi- 
tional proinflammatory agonists and perhaps also on a site-specific, radical-induced 
membrane damage.'"' The assumption that synergism among oxidants and membrane- 
damaging agents might be the basis for the understanding how phagocytes kill targets 
by overcoming their antioxidant capacities, was based on experiments with SLS." 
While relatively large amounts of H:O: (2-5mM) failed to kill targets within 2-3 hours, 
as little as 50pM ofperoxide becamecytotoxic within 30 min. ifcombined with subtoxic 
amounts of SLS. The mechanisms by which synergism between SLS and peroxide kill 
cells are still not known. Since SLS could be effectively replaced by other membrane- 
damaging agents (SLO, fatty acids, lysophosphatides, PLA?, PLC, cationic proteins, 
proteinases) (see above) it stands to reason that the synergism phenomenon described 
is universal and that additional proinflammatory agonists might also be added to the 
list of agents capable of killing cells. 

'5' 2611 

Morphologicul CIi(iiigcs Iiiduwd h!, S ~ w e r g ~ ~  Aiiioiig Osi(iuiits Meitihrme- Dmwgi i ig  
Ageii ts  uiid Proreinrises 

Cellular injury induced by mixtures of oxidants and membrane-damaging agents 
(lysophosphatides, PLC, SLS, ethanol see be lo^)^' ") ' I 2  was characterized by the 
development of blebs (pseudopod-like structures) usually at one cell pole, which in 
many cases, were totally detached from the cells. These changes were compatible with 
altered plasma cell permeability (see 75, 77,212). 

EPILOGUE: WHERE DO WE GO FROM HERE? 

Taken together, i t  might be speculated that the destruction of cells and tissues in 
infectious and in inflammatory sites might be the result of a well-orchestrated and 
collaborative events which involve at least three major groups of agonists. 1 )  oxidants. 
2) membrane-damaging agents (hemolysins, phospholipases, lysophosphatidcs, fatty 
acids, cationic proteins) and 3) proteinases. All these agents are secreted by bacteria 
and by activated phagocytes, and their presence in inflammatory exudates, had been 
demonstrated. The coordinated "cross-talk" among the virulence factors of strepto- 
cocci, in tissue-destruction, lead to the speculation that invasive and toxi enic bacteria 
might perhaps be looked upon as "forefathers of modern phagocytes . 
"'and HOCI,''.3' both long-lasting oxidants, might be the most important toxic agents 
generated by activated phagocytes. Both oxidants can attack cells from the outside and 

39 7x $4 5 T  hll.?h! H:O? 
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also freely diffuse intracellularly to deplete energy sources and to cause DNA breaks." 
Although both OH. and ROO. might be more toxic than either peroxide or HOCl,'"h 

"Ih they cannot readily cross the cell membrane unless it had been injured by 
membrane-damaging agents. Also the effect ofOH. might be dissipated by excess water 
molecules. Furthermore, its action might also be restricted in a metal-catalyzed site- 
specific n~anncr. '~ '  However, i t  seems that one of the most important property of H?02 
is its ability, at micromolar. sub-toxic concentrations. to synergize with membrane- 
damaging agents and with proteinases to overcome the antioxidant capacities of 
targets, to kill cells and to solubilize their membrane lipids.77 7y.x1 Proteinases might act 
by degrading oxidized proteins more " H?O? is also capable, at subtoxic 
amounts, to affect signal transduction in cellshX and at concentrations likely to be 
generated by leukocytes, i n  vivo. Thus the synergism mechanisms proposed might 
involve amplification of minor damages caused by residual amounts of oxidants which 
survived the scavenging effects of the cell-associated antioxidant.-' 

Oxidants might perhaps also be involved in programmed cell death (apopt~sis).'"'~'~" 
in the oxidation of LDL which become toxic to mammalian cells271 and in the killing 
of targets by N K  cells and by other killer lymphocytes. Complement-mediated cell 
killing might also be amplified by 

To combat the toxic effects of activated leukocytes on tissues, it seems that scaven- 
gers of  oxidant^,'^' '7y might not be adequate as sole therapeutic agents (see '7h) and that 
cocktails containing putative inhibitors of membrane-damaging agents and of other 
"primers" of leukocytes, should be also included in therapeutic regimens. Such agents 
might either be delivered via regular or cationized liposomes (Ginsburg and Bernholtz 
unpublished observations) or  coupled to  cationic polypeptides carriers.2x' "' 
Cationization might serve, to increase their adhesiveness and their uptake by targets.'" 
Finally. i t  might also be proposed that the ability to effectively combat the deleterious 
effects of inflammatory agonists in vivo, might depend on the ability to disrupt, by 
mixtures of antagonists. the synergistic "cross-talks" among oxidants. proteinascs, 
phospholipases, fatty acids, cytokines, cationic proteins, microbial toxins and addi- 
tional membrane-damaging agents, as implied by the experimental models reviewed in 
the present communication. 

Because nitric oxide (NO) has been gaining recognition as an important biological 
mediator").'R'.'x5 and because NO is implicated in the killing of parasites, by activated 
macrophages (reviewed in'xs), its role in cellular damage in inflammation should also 
be considered. NO might interact with su eroxide to generate peroxynitrite, a potent 
cytotoxin, which could degrade to OH..- OH. might then injure targets. Recently. it 
was demonstrated that BGM cells which had been exposed to subtoxic concentrations 
of sodium nitroprusside (a generator of NO), were killed, in a synergistic manner, by 
the addition of mixtures of H:O' and SLS." Hemoglobin, a scavenger of NO, markedly 
inhibited cell killing. Trypsin further enhanced cell killing, in a synergistic manner. and 
also markedly enhanced the release of large amounts of membrane lipids. Paradoxi- 
cally. however, NO was also shown to inactivate superoxide'xx suggesting that under 
certain conditions NO might also function a scavenger of ROS. This paradox should 
be resolved. 

Finally, the findings that mixtures of oxidants and membrane-damaging agents 
could overcome the antioxidant capacities of mammalian cells, and could also enhance 
the release of significant amounts of membrane-associated lipids. if proteinases were 
also included,X'.'Ry seem to be important contributions to the understanding the patho- 
physiology of inflammation. The universal synergy phenomenon described might also 
be used to devise tissue culture assays for the evaluation of the safety ofcommonly-used 
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drugs, pesticides and additional chemicals in common usage. The elucidation of the 
molecular mechanisms of synergy might also greatly contribute to the formulation of 
protective therapeutic measures for the purpose of controlling tissue-damaging inflam- 
matory processes. 
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